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The spin-dependent transport properties of single ferrocene, cobaltocene, and nickelocene molecules
attached to the sidewall of a (4,4) armchair single-walled carbon nanotube via a Ni adatom are in-
vestigated by using a self-consistent ab initio approach that combines the non-equilibrium Green’s
function formalism with the spin density functional theory. Our calculations show that the Ni adatom
not only binds strongly to the sidewall of the nanotube, but also maintains the spin degeneracy and
affects little the transmission around the Fermi level. When the Ni adatom further binds to a met-
allocene molecule, its density of states is modulated by that of the molecule and electron scattering
takes place in the nanotube. In particular, we find that for both cobaltocene and nickelocene the trans-
port across the nanotube becomes spin-polarized. This demonstrates that metallocene molecules and
carbon nanotubes can become a promising materials platform for applications in molecular spintron-
ics. © 2011 American Institute of Physics. [doi:10.1063/1.3603446]

I. INTRODUCTION

Organic spintronics is attracting growing interest as a
new technological platform for cheap logic and memory
devices at the end of the Si roadmap.1, 2 A promising strategy
for constructing molecular spintronic devices is that of
combining non-magnetic electrodes together with magnetic
molecules, the latter being both the source of spin-polarized
carriers and the tool for their manipulation.2, 3 Carbon
nanotubes and, in particular, single-walled carbon nanotubes
(SWCNTs) appear as an intriguing electrodes’ material.
When compared to traditional metals, such as Au and Pt,
which are widely used in molecular electronic devices, SWC-
NTs have many advantages. First, the typical diameter of a
SWCNT is around 1–2 nm, which is roughly the same as the
size of many magnetic molecules. This means that ultrahigh
device integration density can be, in principle, achieved in
future integrated circuits incorporating SWCNTs electrodes.
Second, nearly perfect SWCNTs can be routinely synthesized
by using arc discharge, laser ablation, or chemical vapor
deposition,4 so that they are easily available in large quan-
tities. Third, SWCNTs have been already successfully em-
ployed as electrodes for molecular junctions,5–7 and prelimi-
nary experimental results have shown that devices made with
SWCNTs can perform better than those fabricated with tradi-
tional metal electrodes.8 Finally and most crucial for spintron-
ics, the spin-relaxation length in SWCNTs is extremely long,
thus that nanotubes can be used as spin-conserving channels
with ballistic transport characteristics.9 For all these reasons,
grafting an appropriate magnetic molecule on a SWCNT

a)Author to whom correspondence should be addressed. Electronic mail:
smhou@pku.edu.cn.

in order to construct a molecular spin-device with specific
functionalities, good performance, and high thermal stability,
is an important step forward in organic spintronics.2, 10

Among the many potential magnetic molecules,11–21

first-row transition metal multidecker clusters form an intrigu-
ing and important family, whose spin-polarization is domi-
nated by the 3d electrons of the metal atoms. For example,
the infinite iron-cyclopentadienyl ([FeCp]∞) molecular wire
is predicted to be a half-metallic ferromagnet,15–17 while fi-
nite FenCpn+1 (n > 2) clusters exhibit a nearly perfect spin-
filter effect when attached to platinum electrodes through
Pt adatoms.17 In contrast, the band structure of the infinite
[NiCp]∞ wire is non-magnetic, although the magnetic mo-
ment of finite NinCpn+1 clusters is a periodic function of the
number of NiCp monomers. The spin-transport properties of
such finite clusters can be tuned in a controllable way by
changing the contact geometry.18

In this work we explore another possibility. We inves-
tigate the spin-transport properties of three small molecules,
composed of two Cp rings and one transition metal atom,
either iron, cobalt, or nickel (the molecules are called, respec-
tively, ferrocene, cobaltocene, and nickelocene), and attached
to the sidewall of an armchair SWCNT. Our study is carried
out by employing the non-equilibrium Green’s function
(NEGF) formalism combined with the spin density functional
theory (DFT) (i.e., the NEGF+DFT approach).22–31 Instead
of using organic linker groups, such as amide and pyrrolidine
rings,10, 32 we consider Ni adatoms. Our calculations show
that the Ni adatom not only binds to the sidewall of the (4,4)
armchair SWCNT with a large binding energy, but also that
it preserves the nanotube spin degeneracy and modifies little
the transmission around the Fermi level (EF). Because of the
strong interaction between the Ni adatom and the adsorbed
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metallocene molecules, the density of states (DOS) of Ni
is modulated in a spin-dependent fashion by that of the
molecule, thus that tunable spin-polarized transport across
the nanotube can be realized when single cobaltocene and
nickelocene molecules are attached.

II. CALCULATION METHOD

Geometry optimization and electronic structure calcula-
tions are performed by using the SIESTA package.33 We em-
ploy improved Troullier-Martins pseudopotentials to describe
the core electrons and the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE) for the ex-
change and correlation energy.34, 35 The wave-functions for
the valence electrons are expanded over a finite range nu-
merical basis set of double-zeta plus polarization quality for
all elements, including H, C, Fe, Co, and Ni.17, 18 Further-
more, the basis set superposition error correction is included36

when computing the binding energies of the Ni adatom and
the metallocene molecules adsorbed on the sidewall of the
(4,4) SWCNT. Geometry optimization is obtained by con-
jugate gradient relaxation until the forces are smaller than
0.03 eV Å−1.

The spin-polarized transport calculations are performed
by using the SMEAGOL package,29–31 which is a practical im-
plementation of the NEGF+DFT approach. Since SMEAGOL

uses SIESTA as the DFT platform, we employ the same
pseudopotentials, basis set, and GGA functional, for both
the geometry relaxation and the transport. Considering the
atomic and electronic structure of SWCNTs, a (4,4) arm-
chair SWCNT is chosen as a representative electrode.20, 21, 37

In the NEGF construction the charge density is integrated
over 70 energy points along the semi-circle, 25 energy points
along the line in the complex plane, and 20 poles in the
Fermi distribution (the electronic temperature is 25 meV).
The zero-bias transmission functions for the spin-up and spin-
down electrons (σ = ↑/↓) are calculated from the Landauer
formula:

Tσ (E) = T r [�1Gσ�2G+
σ ](E),

where Gσ is the spin-dependent retarded Green’s function of
the extended molecule (molecule of interest plus a portion of
the electrodes) and �1,2 are the broadening functions of the
left- and right-hand side electrode. It should be noted here that
the broadening functions �1,2 are spin-independent since the
semi-infinite SWCNT electrodes are not spin-polarized. More
details about the numerical implementation can be found in
recent literature.29–31

Our transport simulation cell comprises a 28.53 Å long
portion of the SWCNT, which incorporates the absorption
site, the Ni adatom, and the relevant molecule. This includes
on total 192 C atoms. The electrodes are constructed with the
same (4,4) nanotube which is present in the scattering region.
This means that in the absence of scattering centers the trans-
mission should be an integer corresponding to the number of
nanotube open scattering channels.

III. RESULTS AND DISCUSSION

A. Atomic structure and electronic transport
properties of a (4,4) armchair SWCNT with one
adsorbed Ni adatom

When one Ni adatom adsorbs outside the sidewall of
the (4,4) armchair SWCNT, the atop site is found to be the
most stable binding position (see Fig. 1). In contrast to small
organic functional groups, such as –COOH, –NH2, and –NO2

which also absorb at the atop site,38 the Ni adatom does not
sit directly above the connecting carbon atom but moves
slightly towards the other two neighboring carbon atoms.
Thus, the Ni–C bond direction is tilted by about 31.58◦

with respect to the SWCNT diameter passing through the
connecting carbon atom. The shortest Ni–C bond length
is optimized to be 1.840 Å, which is about 0.18 Å shorter

FIG. 1. Optimized geometric structure for a Ni adatom adsorbed at the out-
side atop site of a (4,4) armchair SWCNT: (a) side view and (b) cross section
perpendicular to the tube axis.
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than the distance (2.022 Å) between the Ni adatom and the
two neighboring carbon atoms. The adsorbed Ni adatom
turns out to be not spin-polarized despite the fact that an
isolated Ni atom has a spin magnetic moment of 2μB, and
that Mülliken population analysis shows little charge transfer
between the Ni and the neighboring carbon atoms. These
results are in good agreement with previous plane-wave
DFT calculations.39 The binding energy for the Ni adatom
adsorbed at the atop site is calculated to be 1.72 eV, which is
slightly smaller than the value (2.0 eV) reported previously.39

The adsorption of a Ni adatom does not change much the
atomic structure of the (4,4) SWCNT around the adsorption
site. In the pristine SWCNT the C–C bond distance is cal-
culated to be 1.438 Å. The Ni adsorption elongates the bond
lengths between the carbon atom at the bonding site and its
three nearest-neighbors, respectively, to 1.479 Å, 1.479 Å,
and 1.441 Å. This is a much more gentle modification than
that occurring after adsorption, for instance, of a –COOH
group at the atop site. In this second case, the same C–C bond
lengths increase to 1.525 Å, 1.524 Å, and 1.540 Å, leading to
an sp2→sp3 transition for the connecting carbon atom and si-
multaneously a large decrease of the transmission around the
Fermi level.38

In Fig. 2(a), we present the zero-bias transmission coef-
ficient for the (4,4) armchair SWCNT/Ni adatom system. We
find that not only the electron transmission is spin-degenerate
along the entire energy range, but also that T(EF) is not per-
turbed by the presence of the Ni adatom. This happens despite
the fact that five transmission dips, reducing T(E) by about
one, appear, respectively, at −1.39 eV, −0.90 eV, −0.39 eV,
−0.33 eV, and 0.54 eV. The reductions in the transmission
can be understood by looking at the DOS projected over the
Ni adatom. As one can see in Fig. 2, there is a one-to-one cor-
respondence between the peaks in the DOS and the dips in
T(E), meaning that the electron scattering is generated by the
interaction between the two low-energy SWCNT bands and
the Ni atomic orbitals. Going into more details, we observe
that the transmission dip at 0.54 eV is mainly caused by the
Ni 4s and 4p atomic orbitals, while the other four dips below
EF are due to the Ni 3d orbitals. Although the electronic con-
figuration of an isolated Ni atom is [Ar]3d84s2, the 4s level of
the adsorbed Ni adatom lies predominantly above the Fermi
level and remains thus unoccupied, whereas the 3d orbitals
are located below EF and are almost completely filled. More
importantly, the Ni adatom does not assume the 2+ configu-
ration, but remains charge neutral. In order to achieve charge
neutrality, the 4s electrons are promoted into the 3d shell and
thus the Ni spin moment is quenched. This contrasts the case
of Fe adatoms on SWCNTs,40 which remain magnetic and
cause scattering mostly in the minority band.

In a pristine armchair SWCNT there are two open con-
ducting channels per spin in a rather large energy range
around EF corresponding to the two linear bands crossing
EF.41 One of them has a π -bonding character, while the other
is π -antibonding (π*) in nature. The π state is even and the
π* state is odd under the reflection symmetry operations with
respect to the mirror planes containing the tube axis.42 It is
then interesting to examine whether the reduction in transmis-
sion due to the Ni adatom is even in the two channels or in-

FIG. 2. Transport properties of a (4,4) armchair SWCNT with an adsorbed
Ni adatom: (a) the zero-bias transmission spectrum for both the pristine tube
(dashed line) and the tube after the Ni adsorption (solid line), here only the
spin-up channel is shown due to the spin-degeneracy; and (b) the projected
DOS for the Ni adatom. Panels (c) and (d) report the zero-bias transmission
spectrum for the two additional configurations where the Ni atom sits on top
of the linking C, respectively, at 1.84 Å (c) and 2.0 Å (d).

terests only one of them (for a complete analysis see Table I).
Although the eigenchannel analysis43–45 shows that at all the
five transmission dips, one conducting channel remains fully
open, while the other is completely blocked, the orbital con-
tribution to the open channel (either π or π*) is different. For
example, the open conducting channel at 0.54 eV (−1.39 eV)
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TABLE I. Scattering-state decomposition of the transmission over the nanotube π and π* channels. Tα→β is the contribution to the transmission coefficient
for scattering from the α to the β channel (note that π→π* and π*→π are equivalent). The energies selected correspond those where T deviates significantly
from the integer value of a pristine nanotube. The second column in the table is for the optimized structure of Fig. 1, while the remaining ones are for a
hypothetical configuration where the Ni adatom is absorbed directly above the linking carbon atom. In this second situation the third column is for a C–Ni
distance of 1.84 Å, while the fourth column is for a distance of 2.0 Å.

I II III

E–EF (eV) − 1.39 − 0.90 − 0.39 − 0.33 0.54 − 1.11 − 0.59 − 0.51 − 0.13 − 0.08 0.21 − 0.85 − 0.48 − 0.41 0.13
Tπ →π 0.88 0.15 0.03 0.78 0.04 0.11 0.17 0.35 0.19 0.04 0.13 0.12 0.27 0.25 0.10
Tπ *→π* 0.00 0.23 0.74 0.00 0.65 0.43 0.30 0.07 0.34 0.52 0.41 0.42 0.19 0.16 0.47
Tπ →π* 0.03 0.26 0.06 0.03 0.16 0.22 0.22 0.19 0.22 0.14 0.23 0.22 0.24 0.24 0.22

is almost completely dominated by the π* (π ) state, whereas
both π and π* almost equally contribute to the channel at
−0.90 eV.

Such a selective orbital contribution to the transmission
can be understood from the occurrence of band splitting and
band mixing in the band structure of the (4,4) SWCNT deco-
rated with a periodic array of Ni adatoms (see Fig. 3).46 For
instance, for an energy 0.5 eV above the Fermi level, band
splitting induced by the adatom occurs in both the π and
π* bands. However, the magnitude of the π band splitting
is much larger than that of the π* one, indicating a larger
interaction between the nanotube π -band and the Ni 4s and
4p atomic orbitals. The situation is a little different at about
1.5 eV below the Fermi level, where an energy band with an
obvious π -bonding character appears. In contrast, at around
−1.0 eV the π and π* bands mix completely due to their
strong interaction with the Ni 3d atomic orbitals and form
together the open conducting channel at –0.90 eV. Notably,
around the Fermi level both the π and π* bands survive the
adsorption of the Ni adatom and thus the two conducting
channels remain open at EF.

The degree of interaction between a foreign atom and
the electronic structure of a nanotube is largely driven by the
relative symmetry of the interacting orbitals.40 An analysis
based solely on symmetry, however, is not possible in our
case since the Ni adatom does not occupy a high symmetry
position over the nanotube lattice. This means that channel
mixing is present. In order to demonstrate that the absorption
position plays an important role in determining the transmis-
sion properties, in Figs. 2(c) and 2(d) we report the zero-bias
transmission coefficient for a situation where the Ni adatom is
directly above the binding carbon atom. In Fig. 2(c) the bond-

FIG. 3. Band structure along the nanotube axis direction for (a) the (4,4)
SWCNT adsorbed with one Ni adatom and (b) the bare (4,4) SWCNT. The
supercell dimension along the nanotube axis is 6 nanotube unit-cell lengths.

ing distance is 1.84 Å, while it is 2.0 Å in Fig. 2(d). These
figures, whose corresponding scattering-state analysis is re-
ported in Table I, show that although the transmission dips
are preserved across the different structures, their intensity
and position can be modified by moving the exact bonding
site. In particular, we note that the double-dip just below the
Fermi level for the structure in Fig. 2(c) is merged into a sin-
gle one as the Ni–C distance increases from 1.84 Å to 2.0 Å,
i.e., when Fig. 2(c) is compared with Fig. 2(d). This indicates
that not only the symmetry but also the precise bond length
plays an important role here.

B. Spin transport properties of single metallocene
molecules attached to a (4, 4) SWCNT through one
Ni adatom

We now move to investigate the transport properties of
single metallocene molecules. Since the electronic structure
of metallocenes in the staggered configuration is essentially
identical to that of the eclipsed one,15, 17, 18 for the sake of
brevity only the eclipsed configuration has been considered
in our study. First, we connect a ferrocene to the sidewall of
the (4,4) SWCNT through the Ni adatom (see Fig. 4(a)). In the
gas-phase, ferrocene has a D5h symmetry, with the five carbon
atoms in each Cp ring being coplanar. The Fe–C bond length
is optimized to be 2.07 Å.17 After the ferrocene molecule is
adsorbed onto the SWCNT sidewall the five carbon atoms in
the inner Cp ring move slightly out of their plane due to the in-
teraction with the Ni adatom. The average Fe–C bond lengths
with the outer and inner Cp rings are shortened to 2.050 Å and
2.055 Å, respectively. Furthermore, the average bond length
between the Ni adatom and the carbon atoms in the inner Cp
ring is 2.169 Å, with the shortest and longest Ni–C bonds be-
ing, respectively, 2.138 Å and 2.196 Å. Since the adsorption
of ferrocene weakens the coupling between the bonding Ni
atom and the SWCNT, the Ni–C bond to the SWCNT is elon-
gated to 1.882 Å. Finally, the binding energy for the ferrocene
molecule to the nanotube through the Ni adatom is determined
to be 1.61 eV. We have also checked, by performing calcula-
tions for the molecule attached to a single Ni atom, that the
zero-point energy is only about 5% of the binding energy, so
that it does not contribute significantly to the bond stability.

In Fig. 4(b), we present the equilibrium transmission
spectrum of the SWCNT/ferrocene system. We find that,
when compared to the case of a simple adsorbed Ni (see
Fig. 2(a)), the ferrocene molecule does not significantly
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FIG. 4. Electronic and transport properties of a (4,4) armchair SWCNT with
a ferrocene molecule adsorbed at its sidewall through a Ni adatom: (a) Opti-
mized geometric structure and (b) the zero-bias transmission spectrum (solid
line) for the spin-up or spin-down electrons. The transmission spectrum for
the pristine SWCNT (dashed line) is also given for comparison. In (c) we
present the DOS associated to the 3d atomic orbitals of the Ni adatom and in
(d) that of the 3d atomic orbitals of the Fe center.

modify T(E), i.e., the transmission still remains spin-
degenerate over the entire energy range and approaches T
= 2 around EF. Certainly, modifications are present, such as
the appearance of additional transmission dips far below the
Fermi level and the suppression of the transmission dip at 0.54
eV [T(E) for E > EF is essentially identical to that of a pris-
tine (4,4) SWCNT]. These two features can be traced back to
the changes of the Ni DOS induced by the adsorption of the
ferrocene molecule (Fig. 4(c)). We note that the Ni 3d contri-
bution to the DOS splits into six well-separated peaks below
the Fermi level. At the same time the Ni 4s and 4p orbitals
are shifted further upward in energy and disappear from the
energy window investigated here (where the pristine SWCNT
has a transmission of two). Although the DOS of the iron cen-
ter in ferrocene, shown in Fig. 4(d), resembles that of the Ni
adatom, the six peaks in the DOS below EF originate only
from the Fe 3dxy, 3dx2−y2 , and 3dz2 atomic orbitals, while the
Fe 3dxz and 3dyz contribution to the DOS is located at about
1.0 eV above the Fermi level. Since the ground state of an iso-
lated ferrocene molecule is a singlet and the molecular states
mainly composed of the Fe 3dxy, 3dx2−y2 , and 3dz2 orbitals
are completely filled, whereas those dominated by the Fe 3dxz

and 3dyz orbitals are empty,17 we conclude that the adsorption
of ferrocence onto the (4,4) SWCNT through the Ni adatom
only affects slightly the Fe 3d occupation.

Next, we connect a cobaltocene to the nanotube. Al-
though the adsorption structure of cobaltocene is almost the
same as that of ferrocene, its effects on the transport proper-
ties of the nanotube are significantly different. As shown in
Fig. 5(a), the most striking feature is that the adsorption of
cobaltocene makes the transmission spin-polarized. In partic-
ular, in the energy range [−0.19 eV, 0.84 eV], T(E) for spin-up
electrons first shows two transmission dips at −0.03 eV and
0.38 eV and then increases and approaches the value of two.
In contrast, the only transmission dip for spin-down electrons
occurs at around 0.72 eV. It can be expected that in this situ-
ation the DOS of the Ni adatom also becomes spin-polarized
(see Fig. 5(b)). This is not the case for the energy range
[−2.0 eV, −0.19 eV], but for higher energies spin-
polarization appears. The spin-up Ni 3dyz and 3dxz atomic or-
bitals contribute, respectively, to the two DOS peaks centered
at −0.03 eV and 0.38 eV. These, together with the Ni 4p shell,
are sufficient to block completely one of the conduction chan-
nels of the nanotube, thus producing the two transmission dips
around EF. In contrast, the peaks in the spin-down DOS orig-
inating from the Ni 3d orbitals are all located below −0.5 eV,
while the DOS peak centered at 0.76 eV is dominated by the
Ni 4p orbitals.

Clearly, the spin polarization of both the nanotube trans-
mission and the DOS of the Ni adatom can be attributed to the
adsorption of the cobaltocene molecule. Similar to ferrocene,
the gas-phase cobaltocene molecule also has an atomic struc-
ture with the D5h symmetry. However, the ground-state
electronic structure of cobaltocene is spin-polarized with a
spin moment of 1μB, since Co has one valence electron more
than Fe. The adsorbed cobaltocene molecule retains its spin
polarization, which can be seen clearly from the DOS of the
cobalt atom presented in Fig. 5(c). For the spin-up electrons,
the two sharp peaks in the DOS centered at −0.03 eV and
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FIG. 5. Electronic and transport properties of a (4,4) armchair SWCNT with
a cobaltocene molecule adsorbed at its sidewall through a Ni adatom: (a) The
spin-resolved zero-bias transmission spectra, the blue dotted line for the spin-
up electrons and the red solid line for the spin-down electrons. The transmis-
sion spectrum for the pristine SWCNT (dashed line) is also given for com-
parison. In (b) we present the DOS associated to the 3d atomic orbitals of the
Ni adatom and in (c) that of the 3d atomic orbitals of the Co center.

0.38 eV originate from the Co 3dyz and 3dxz atomic orbitals,
respectively. In contrast, the spin-down DOS peak dominated
by the Co 3dyz and 3dxz atomic orbitals is centered at 0.76 eV.
Due to the strong interaction between the Ni adatom and the
cobaltocene molecule (the binding energy is calculated to be
1.89 eV), the DOS of the Ni adatom becomes spin-polarized
and forms peaks at these corresponding energies. This modu-
lates the spin transport properties across the (4,4) SWCNT.

Then we investigate the case of nickelocene. The cor-
responding spin-resolved transmission spectra are shown in
Fig. 6(a). Among these three metallocene molecules, the mod-
ulation of nickelocene on the transport across the nanotube
is the largest, since the transmission spectrum of the spin-up
electrons is drastically different from that of the spin-down

FIG. 6. Electronic and transport properties of a (4,4) armchair SWCNT with
a nickelocene molecule adsorbed at its sidewall through a Ni adatom: (a)
The spin-resolved zero-bias transmission spectra, the blue dotted line for the
spin-up electrons and the red solid line for the spin-down electrons. The trans-
mission spectrum for the pristine SWCNT (dashed line) is also given for
comparison. In (b) we present the DOS associated to the 3d atomic orbitals
of the Ni adatom and in (c) that of the 3d atomic orbitals of the Ni center.

electrons in the broad energy range [−1.67 eV, 0.70 eV].
Particularly around the Fermi level, the transmission of the
spin-up electrons shows a broad transmission dip centered at
around −0.25 eV, whereas a relatively sharp transmission dip
for the spin-down electrons appears only at 0.36 eV. Once
again, these spin-resolved transport characteristics can find
their origin in the DOS of the Ni adatom (see Fig. 6(b)). For
the spin-up electrons, the 3dyz and 3dxz atomic orbitals form a
sharp peak at 0.50 eV below EF together with a small shoulder
at −0.23 eV, and also contribute to the sharp peak centered at
−1.21 eV. In contrast, for the spin-down electrons the 3dyz

and 3dxz atomic orbitals of the Ni adatom only dominate the
DOS peak centered at around −0.97 eV, while the DOS peak
at 0.33 eV above EF is mainly due to the Ni 4p atomic orbitals.

Undoubtedly, all of the spin-features are caused by the
adsorption of the nickelocene molecule. Nickelocene in the
gas phase has a spin moment of 2μB, since Ni has one valence
electron more than Co. This means that the doubly degener-
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ate, doubly occupied molecular orbital dominated by the Ni
3dyz and 3dxz atomic orbitals is the highest occupied molec-
ular orbital for the spin-up electrons, while it is the lowest
unoccupied molecule orbital for the spin-down electrons.18

The nickelocene molecule retains the spin polarization even
after it adsorbs onto the nanotube. The spin-resolved DOS
of the nickelocene nickel center is shown in Fig. 6(c). The
Ni 3dyz and 3dxz atomic orbitals form three spin-up peaks lo-
cated, respectively, at 1.46 eV, 1.20 eV, and 0.50 eV below EF.
It is worth noting that both the energy position and the overall
shape of the DOS at −0.50 eV for the nickel center are identi-
cal to the same peak of the Ni adatom. In contrast, the Ni 3dyz

and 3dxz atomic orbitals mainly contribute a spin-down DOS
peak at about 0.33 eV above the Fermi level, though also the
small DOS peak at −0.97 eV is contributed by the same.

Here, we would like to discuss the effects that self-
interaction corrections (SIC) may have on the calculated spin
transport properties of metallocene molecules adsorbed on the
SWCNT, and cobaltocene is selected as the representative ex-
ample for the metallocenes. It is well known that molecular
levels calculated by using local and semi-local exchange and
correlation functionals (local density approximation, LDA, or
GGA) are too shallow (too high in energy) due to the self-
interaction error.47 This may result in an incorrect alignment
of molecular levels with the Fermi energy of the electrodes
and thus an unphysical transmission peak or dip at around EF.
It is therefore interesting to explore whether or not the calcu-
lated transmission dips around the Fermi level for the spin-up
channel of the (4,4) SWCNT adsorbed with the cobaltocene
molecule (Fig. 5(a)) is genuine or simply an artifact of the
self-interaction error contained in the PBE GGA functional.
The atomic self-interaction correction (ASIC) scheme48 ap-
plied to the non-equilibrium quantum transport problem49–52

is used to carry out this analysis. The ASIC corrections are ap-
plied to the cobaltocene molecule and the Ni adatom, not to
the carbon atoms in the (4,4) SWCNT as self-interaction er-
rors for metals are small. The empirical scale factor α, which
is a measure of the deviation of the ASIC potential from the
exact SIC one, is set to be 0.0 (LDA limit), 0.25, and 0.5.
Since our ASIC method is based on the Perdew-Zunger (PZ)
LDA functional,53 we first compare the spin-resolved trans-
mission coefficients of the (4,4) armchair SWCNT adsorbed
with a cobaltocene molecule as calculated by using PZ LDA
with those obtained previously with PBE GGA (see Fig. 7).
As we can see, the overall shape of these transmission curves
is similar. The only exception is for the fact that the trans-
mission dip around 0.72 eV for the spin-down electrons cal-
culated by using PBE moves to above 1.2 eV (not shown
here) when the PZ LDA functional is used. The reason for
this occurrence is that the spin-down DOS peak dominated
by the Co 3dyz and 3dxz atomic orbitals is shifted from about
0.76 eV for PBE to above 1.2 eV for PZ. When α is increased
from 0 to 0.5, the transmission curves for both the spin-
up and spin-down channels around the Fermi level change
slightly with the position of the transmission dips moving
downwards in energy. Thus, for the cobaltocene molecule at-
tached to the (4,4) SWCNT sidewall the SIC does not alter
qualitatively the spin transport properties around the Fermi
level.

FIG. 7. Spin transport properties of a (4,4) armchair SWCNT with a cobal-
tocene molecule adsorbed at its sidewall through a Ni adatom calculated by
using the ASIC method with different scaling factors : (a) α = 0.0 (LDA);
(b) α = 0.25; and (c) α = 0.5.

Since we are interested in engineering the spin filtering
properties of the metallocene/SWCNT systems, our primary
aim is that of finding a molecule producing the largest pos-
sible difference between the transmission coefficients of the
spin-up and spin-down channels around the Fermi level. In
contrast to nickelocene, the adsorption of cobaltocene onto
the sidewall of the (4,4) armchair SWCNT introduces two
transmission dips in the spin-up channel around the Fermi
level, but does not alter the transmission of the spin-down
one. Furthermore, these two transmission dips always strad-
dle the Fermi level even when the SIC functional is con-
sidered, demonstrating the superiority of cobaltocene over
other metallocenes in spin filtering the low-bias current. Cer-
tainly placing a single metallocene molecule exactly above
the Ni adatom adsorbed on the sidewall of a SWCNT appears
as a difficult practical task. One possible way for realizing
such a device configuration is that of using scanning tun-
neling microscope (STM) atomic manipulation. It has been
demonstrated that STM is capable of imaging and manipu-
lating single molecules with atomic resolution, thus one can
use the STM tip to move a metallocene molecule onto the Ni
adatom adsorbed at the nanotube sidewall. STM manipulation
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may, however, be time-consuming and ultrahigh vacuum, low
temperature, and a combination of other conditions may be
needed. Of course, there may also be a chemical way to syn-
thesize our proposed composite material, which has not been
pursued so far. We hope that our work will inspire such a syn-
thetic effort.

IV. CONCLUSION

In this work, we have investigated the spin-dependent
transport properties of single metallocene molecules attached
to the sidewall of the (4,4) armchair SWCNT through a single
nickel adatom. Ni adsorbed at the outside atop site provides
an excellent linkage for metallocene molecules. Since neither
the spin degeneracy nor the transmission coefficient around
the Fermi level of the (4,4) SWCNT is disturbed by the Ni
adatom, any changes in the transport characteristics originate
from the metallocene molecules attached to it. In contrast
to ferrocene, both cobaltocene and nickelocene are able to
cause the spin-dependent blocking of a conducting channel at
certain energies around EF. The exact details of such a mod-
ification of the nanotube transmission spectrum are rooted in
the interaction of the metallocene molecule with the linking
Ni adatom. In particular, we always find that fingerprints of
the DOS of the particular metallic center in metallocene ap-
pear in the transmission. This allows one to modify the spin-
polarization of the current in the nanotube by simply attaching
a magnetic adsorbate to it. We have further demonstrated that
such an attachment is robust, since the binding energies of the
Ni adatom, cobaltocene, and nickelecene molecules are all
calculated to be in the 2 eV range. Thus, the combination of
metallocene molecules and SWCNTs appears promising for
the construction of molecular spintronic devices with tunable
spin transport properties and high thermal stability.
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