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We present a theoretical study of spin transport through a magnetic C,g molecule sandwiched between
two Au (11 1) electrodes. The ab initio modeling is performed by spin density functional theory and non-
equilibrium Green’s function technique. The results clearly show that the spin-resolved transmission
spectra of C,g molecular junctions exhibit robust transport spin polarization (TSP) characteristics, which

depends on the contact configuration. At the small bias voltage, the conductance of C,g is mainly deter-
mined by the spin-down electrons. The TSP behavior can be effectively tuned by the gate. Our results
indicate that C,g molecule holds promise in future molecular spintronics applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the past years, significant progress in designing, controlling,
and understanding the electronic transport properties in
molecular-scale systems has been achieved, leading to the demon-
stration of molecular electronics, such as molecular transistors,
diodes, and wires [1-5]. Recently, molecular spintronics, in which
molecules are used as spin transport channel, has attracted enor-
mous research attentions since it holds promise for the next gener-
ation of electronic devices with enhanced functionality and
improved performance, especially in high-density information stor-
age and quantum computing [6-8]. Among various potential molec-
ular candidates, fullerenes form a promising family of compounds
owing to its unique cage structure and fanciful electronic structures.
The transport properties of many fullerenes including Cgo [9-11],
CsoN [12-14], Cs¢B [13,14], and Cyo [15] have been extensively
investigated. However, the knowledge of the spin-resolved trans-
port properties through the small fullerenes molecules (<Cgp) is still
limited so far.

As one of the smallest fullerenes, C,g molecule, as illustrated in
Figure 1a, will favor a tetrahedral cage with four unpaired electrons
in an A, open-shell ground state of Ty symmetry [16,17]. Since Cag
molecule is very active, it can form particularly stable endohedral
complexes with tetravalent metal atoms such as C, Si, Ge, Sn, Ti,
Zr, Hf, and U [19-21]. Another way to stabilize Cyg is to saturate
the four singly occupied orbitals (p-like) with four exohedral atoms
(i.e.Hand CI) [18]. Previous experimental and theoretical investiga-
tions mainly focused on its stability, electronic structure, and
superconductivity of Cg and its derivatives [22-25]. To our
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knowledge, the transport behavior of C,g is not reported so far. In
this Letter, we examine the spin-resolved transport properties of
Cog molecule sandwiched between Au (11 1) electrodes with differ-
ent contact configurations. Our calculations clearly demonstrate
the robust transport spin polarization (TSP) in three C,gs molecular
junctions, and the TSP can be effectively tuned by the gate voltage.

2. Computational methods

In our calculations, geometry relaxations and electronic struc-
tures are calculated by using SIESTA package [26] with generalized
gradient approximation in the Perdew-Burke-Ernzerhof form [27].
A double-{ plus polarization basis set is employed to describe the
localized atomic orbitals. The core electrons are modeled with
Troullier-Martins nonlocal pseudopotential [28]. An energy cutoff
for real-space mesh size is set to be 400 Ry. All atomic positions are
fully relaxed with a force tolerance of 0.01 eV/A.

The spin-resolved transport properties of C,g molecular junc-
tions are studied by the real-space nonequilibrium Green’s func-
tion (NEGF) technique in combination with spin-dependent
density functional theory (DFT) calculations implemented in the
ATK package [29,30]. This NEGF + DFT methodology has been
adopted to explain various experimental results successfully [31-
33]. The spin-polarized current-voltage (I-V) curves are obtained
by using the Landauer-Biittiker formula as

V) = [ TaEV)FE - ) ~F(E - o), M

here, T,(E,V) is transmission functions for the spin-up and spin-
down electrons (6 =1/ ), defined as T,(E,V) = Tr[I'\G,I'rG}], G4
is the spin-dependent retarded Green’s function of the extended
molecule, I'; is the coupling matrix between the scattering region
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Figure 1. (a) The optimized structure of C;g molecule. The red, blue and green balls
stand for three types of inequivalent C atoms, named as C;, C; and Cs, respectively.
(b) Spin density distribution of free C,g molecule. Here, the values of the blue and
cyan isosurfaces are all set to be 0.04 and —0.04 e/A3, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this Letter.)

Table 1
The symmetries, and energies (in eV), and population analysis (C;:C5:Cs, in%) spin-
resolved frontier molecular orbitals of Cyg.

HOMO - 2 HOMO -1 HOMO LUMO
Symmetry T, T, Ay E
Energy -5.39 -5.12 -5.07 -2.26
Population 33:63:4 63:19:18 27:15:58 33:62:5

HOMO - 1 HOMO LUMO LUMO + 1
Symmetry Aq T, T, Aq
Energy —7.46 -5.29 —-4.24 -3.80
Population 27:56:17 29:67:4 63:19:18 27:15:58

and the left/right electrode, f(E — 1) is the Fermi function, and
W stands for the chemical potential of left/right electrode,
respectively.

To save computational time of the spin transport calculations, a
mesh cutoff is set to be 150Ry and the Monkhorst-Pack [34]
(1 x 1) K-point grid is used to sample the 2D Brillouin zone. Test
calculations with the larger basis set size, larger cutoff energy,
and dense K-point (i.e. 3 x 3) are also performed, which give sim-
ilar results.

3. Results and discussions

As shown in Figure 1a, the optimized ground structure of C,g
molecule with T, symmetry has four hexagons and twelve penta-
gons. There are three types of inequivalent C atoms labeling with
Cy, C; and Cs in Figure 1a. The number of C;, C; and C3 atoms is
12, 12 and 4, respectively. The nearest neighboring interatomic
C;1-Cy, C—C3, and C;-C5 distances is 1.41, 1.44 and 1.49 A, respec-
tively, which are close to the previous reported values [17]. The
spin-density of Cpg is plotted in Figure 1b. It is clear that the
spin-density distribution on three types of inequivalent C atoms
is obvious different, and the mainly localizes at C3 atoms. The cal-
culated local atomic magnetic moment of C;, C; and C3 atoms is
0.26, —0.07, and 0.45 p;, respectively. The molecular magnetic mo-
ment of Cyg is predicted to be 4.0, which agrees well with previ-
ous reports [17,18]. Table 1 summaries the symmetries, energy
levels and population analysis of the selected frontier molecular
orbitals of Cyg. Clearly, the energies of these molecular orbitals of
the spin-up and spin-down electrons are remarkably different.
For the spin-up electrons, the highest occupied molecular orbital
(HOMO) with A; symmetry and the lowest unoccupied molecular
orbital (LUMO) with E symmetry locates at —5.07 and —2.26 eV,
while for the spin-down electrons, the HOMO with T; symmetry
and LUMO with T, symmetry lies at —5.29 and —4.24 eV, respec-
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Figure 2. (a) Computational model for the proposed molecular spin filter (MJ;).
Here, C;s molecule is coupled to two Au (111) surfaces through C;-Au end
connections, and the atom species are identified by color. (b) The spin-resolved
transmission spectra of the MJ; junction, and the inset shows the I-V curves. (c) The
profile of the spin-resolved local density of states of M]J; at the Fermi level. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this Letter.)

tively. It turns out that the energy gap between the HOMO and
LUMO of the spin-up and spin-down electrons is 2.81 and
1.05 eV, respectively. Moreover, the relative contribution from
three types of inequivalent C atoms to the frontier molecular orbi-
tals is significantly different. The HOMO and LUMO of the spin-up
electrons is mainly contributed by C3 and C, atoms, while the
HOMO and LUMO of the spin-down electrons is dominated by
the C, and C; atoms, respectively. Note that C3 atom has relative
small contribution to the HOMO of the spin-down electrons and
the LUMO of the spin-up electrons. These observations imply that
C,s molecule with large magnetic moment (4.0 u;) is potential
candidate for molecular spintronics.

In molecular electronics, contact configurations are typical fac-
tors to affect their transport properties [9,15,35,36]. We therefore
examine three Cpg molecular junctions, namely with MJ;, MJ,, and
M]s, where the C,g3 molecule couples to the Au (11 1) electrodes with
C;1-Au, C;-Au or C3-Au end connections, respectively. Two Au ada-
toms in the right and left electrodes are adopted in three examined
junctions to reduce the strong molecule-electrode interaction due
to the small C,g molecular radius. The optimized anchoring C-Au
distances in three molecular junctions is very close (about 2.25 A),
and the distance between Au adatom and the nearest neighboring
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Au atom of Au (11 1) surface is about 2.24 A. Figure 2a illustrates the
proposed Cyg junction (M];). The examined molecular junction can
be divided into three parts: the scattering region, left and right elec-
trodes. The scattering region is modeled with a 11.54 x
11.54 x 20.59 A unit cell. Figure 2b shows the spin-resolved zero-
bias transmission spectra of MJ; within the energy window from
—1.0 to 1.0 eV. Here, the Fermi level is set as zero for clarity, and
the empty triangles stand for the molecular projected self-consis-
tent Hamiltonian (MPSH) eigenvalues. The MPSH eigenstates can
be referred as perturbed C,g molecular orbitals (MOs) because of
the presence of Au electrodes [29]. As we can see, Cpg retains its spin
polarization in the junction. The energy positions of the perturbed
MOs relative to the Fermi level match well with the transmission
peaks. The remarkably difference of the conductance behavior of
two spin channels is observed. As for the spin-up (majority) elec-
trons, there are several transmission peaks below the Fermi level,
and above the Fermi level the transmission coefficients are very
small and the transmission spectrum shows flat feature. Upon the
spin-down electrons, several significant transmission peaks locates
at —0.21, 0.05, and 0.10 eV.

In order to quantitatively measure the spin filtering efficiency
(SFE), we define the transport spin polarization at the Fermi level
as SFE = [T, (Er) — T, (E¢)|/[T;(Er) + T, (Ef)], where T, (Er) and T, (Er)
stand for the transmission coefficient of the spin-up and spin-
down electrons at the Fermi level. A positive (negative) value of
the SFE denotes a conductance dominated by the spin-up (spin-
down) channel. The calculated transmission coefficients of two
spin channels (T; and T,) through the Mol; at the Fermi level is
about 1.15 x 1072 and 0.19, respectively, and the SFE of M]J; at
the Fermi level is predicted to be —88.7%. This conductance domi-
nated by the spin-down electrons has been observed in the iron-
cyclooctatetraene (Fe-COT) clusters [37], vanadium-benzene (V-
Bz) clusters [38], manganese phthalocyanine (MnPc) and FePc mol-
ecules [39-41]. As shown in Figure 2c, at the Fermi level electronic
states of the spin-down electrons are almost distributed over the
whole system thus a large transmission conductance is obtained,
while for the spin-up electrons there are hardly any electronic
states on the anchoring C-Au bonds. These results indicate that
C,s molecule sandwiched between Au electrodes acts as a nearly
perfect spin filter.

Actually, this spin-filtering device can works at finite bias volt-
age. The spin-resolved I-V curves through C,g are calculated and
plotted in inset of Figure 2b. The currents of the spin-down elec-
trons through C,g molecule increase monotonously with the ap-
plied bias voltage, and its values are significant larger than that
of the spin-up electrons. The calculated spin-up (spin-down) cur-
rent at 0.4V through Cyg is 0.32 (4.04) pA. The current difference
between the spin-up and spin-down electrons under different bias
voltage can be quantified by the ratio of current defined as
R(V) = |I;(V)/I;(V)|. The calculated R varies from 13 to 31 in the
examined bias range. Such a large ratio in this given range of bias
voltage can be readily measured and is desirable for the real
application.

Now we turn to explore the effect of contact configurations on
the transport properties through C,s molecule. Figure 3a and b
show the spin-resolved transmission spectra of MJ, and M]Js,
respectively. It is clear that the transport behavior of MJ,, in which
two Au adatoms connect to the C, atoms, is similar to that of MJ;.
At the Fermi level, the transmission coefficients for the spin-down
electrons are significantly larger than that of the spin-up electrons.
The SFE of MJ, is predicted to be about —96.7%, which indicates
that transport properties of M], is also primarily determined by
the spin-down electrons. When C,g molecule couples to Au (111)
surfaces via the C3-Au connections in MJs, obvious transport spin
polarization is observed, as shown in Figure 3b. For the spin-down
electrons, a significant transmission peak labeled with = locates at
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Figure 3. The spin-resolved transmission spectra of the Cyg junctions with different
contact configuration. (a) MJ,, (b) MJs. Here, the red solid lines stand for the
transmission curves of the MJs junction under 3.0 V gate voltage. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)

—0.07 eV, while the transmission coefficients in the energy range
from —0.21 to 1.0 eV are negligible. However, the SFE at the Fermi
level is only about —5.0%, which blocks its application in molecular
spintronics. To increase the SFE of M]3 junction, we consider the
gate effect since previous theoretical investigations have shown
that the transport behavior of a single-molecule can be effectively
modulated by applying a gate electrode [42,43]. In our calculations,
the applied gate voltage simply shifts the MPSH energy levels
through inducing an electrostatic potential localized to the molec-
ular region and it does not change the C,g-electrode couplings. The
spin-resolved transmission spectra of M]J; under gate voltage
(Vg =3.0V) as an example is plotted in Figure 3b with solid red
lines. Clearly, the shape of transmission spectra and position of
peaks are obviously tuned by the gate voltage. The transmission
peak (labeled with = without applying gate voltage) of the spin-
down electrons become broaden and crosses the Fermi level, while
the transmission coefficient of the spin-up electrons at the Fermi
level is still very small. It leads to a high SFE (about —90.0%) in
M]s by the 3.0 V gate voltage.

To understand the different transport properties of three Cyg
molecular junctions, we perform the Mulliken population and
magnetic moment (MM) analysis, and calculate the density of
states (PDOS) of these examined junctions. The DOS of the Cyg
and the partial DOS of the Au adatoms are plotted in Figure 4. It
is clear that the spin-polarized transmission spectrum generally
follows the calculated PDOS of the spin-up and spin-down elec-
trons, especially of transmission peak. This indicates that the spin
transport properties of three molecular junctions are mainly deter-
mined by the sandwiched C,g molecule. These large peaks of trans-
mission curve originate from resonant transmission through the
molecular states. Due to the molecule-electrode interaction, the
charge transfer is about 0.25 e transferring from the electrodes to
the Cpg, which is not sensitive to the contact configuration. The
Cps molecular MM in the junctions is highly reduced compared
to those of the free molecule (4.0 y;). The MM is about 2.63,
2.88, and 2.41 u, in MJ;, M]», and MJs, respectively. The similar
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Figure 4. Spin-polarized DOS of the sandwiched C,g molecule in the MJ; (a), M]»
(b), and M]J5 (c) junctions. The insets stand for the corresponding partial DOS of the
Au adatoms in three examined molecular junctions.

reduction of the molecular MM have been observed in the N@Cgq
molecule by the carrier doping [44] and edge chemical modifica-
tion [45]. Note that the atomic MMs of the end connecting C atoms
(C1, C; and G3) of the Cyg are almost quenched (the MMs are all less
than 0.1;), while the Au adatoms are obviously spin-polarized, as
shown in the insets of Figure 4.

As mentioned above, the contact configurations have a notice-
able effect on the electron transport characteristics of the exam-
ined molecular junctions [9,15,35,36,46]. We find that the partial
DOS of the Au adatoms are remarkably different for three different
contact configurations. They are consistent well with the spin-
polarized transmission spectra of M]J; (Figure 2b), MJ, and M]3 (Fig-
ure 3). Figure 5 plots the calculated spin density distribution of
three examined C,g molecular junctions. The unpaired electrons
are largely localized on the C,5 cage, however, the spin density dis-
tribution at the Au adatoms are remarkably different. In the MJ;
and MJ, junctions notable spin density distributes at the Au ada-
toms, while the spin density on the Au adatom in M]s is negligible.
Clearly, in the term of the calculated DOS and spin density results,
it is easy to understand the different spin transport properties of
the Cyg junctions with three different contact configurations.

The presented theoretical results imply that C,g molecule can
be used as a promising candidate for future molecular spintronic
devices. However, it should be pointed out that an isolated Cpg
molecule with T, symmetry is composed of well-separated dan-
gling bonds (spin 1/2 centers) and the C atom has weak spin-orbit

Figure 5. Spin density distribution of three examined C,g molecular junctions: (a)
MJ4, (b) MJ», and (c) MJs. The values of the red and cyan isosurfaces are set to be
0.003 and —0.003 e/A3, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this Letter.)

coupling effects. An external magnetic field is required to form a
stable spin-ordering mainly through the Heisenberg exchange cou-
pling in Cpg molecule [47]. That is to say, one has to bias the Cyg
molecular junction with an applied magnetic field to probe the
interesting spin-dependent transport in experiments.

4. Summary

In summary, we explore the spin transport properties of the Cpg
molecular junctions by using DFT calculations and NEGF tech-
niques. Three different contact configurations are examined. The
spin-resolved transmission spectra of three examined Cpg molecu-
lar junctions depend on the contact configuration and exhibit ro-
bust TSP. At the small bias voltage, the transport property of Cyg
is mainly determined by the spin-down electrons. Moreover, such
TSP behavior can be effectively tuned by the gate voltage. The pre-
sented theoretical results imply that C;g molecule can be used as a
promising candidate for future molecular spintronics devices.
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