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Spin-dependent transport through an endohedral fullerene Co@C60 dimer with gold electrodes is

explored theoretically using density functional and extended H€uckel theory. Density of states spin

polarizations up to 95%, due to spin-splitting of Co 3d orbitals, are found by varying the gate and/

or bias voltage. The current-voltage characteristics and strong (up to 100%) spin polarization of the

current indicate that the device can be utilized for highly efficient spin injection into nonmagnetic

conductors. This finding opens the way to the realization of electrostatically tuned spintronic nano

devices less than 2 nm in size, without ferromagnetic electrodes. VC 2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4803471]

Carbon-based nanostructures, such as fullerenes, carbon

nanotubes (CNTs), and graphene, are promising candidates

for spintronic applications because of their weak spin-orbit

coupling and hyperfine interaction which lead to long spin

coherence lengths.1,2 In particular, the fullerene C60 mole-

cule is an interesting carbon nanostructure that can be used

as a molecular bridge in magnetic tunnel junctions due to its

remarkable structural stability and electronic properties.3,4

One way to generate a spin-polarized charge current is

to encapsulate magnetic atoms or magnetic nanowires in

fullerenes or CNTs.5–20 For example, ab initio calculations

showed that Co atoms in CNTs can provide strong spin

polarization and considerable magnetic moments.5 The elec-

trical and magnetic properties of C60-Co nanocomposites

have also been studied7,11,12 and tunnel magnetoresistance

ratios up to about 30% at low bias voltages were reported,

indicating significant spin polarizations.7 Recent density

functional theory (DFT) studies of encapsulated Co atoms in

C60 molecules18 found hybridization between Co and C60

orbitals and the most stable structure of Co@C60 to have the

Co atom on top of a hexagonal face. Lu et al.19 showed that,

in the most stable structure of Gd@C60, the Gd ion is over a

hexagonal ring of the C60 molecule and the Gd atomic orbi-

tals to hybridize with the C60 molecular orbitals. Moreover,

strong hybridization between the Gd 5d and 6s and carbon

orbitals in Gd@C60 has been observed, both theoretically

and experimentally.20

Magnetic atoms encapsulated in carbon nanocages, like

the C60 molecule, are effectively protected against environ-

mental effects such as oxidization, stabilizing the encapsu-

lated magnetic atoms for potential applications for spin

injection in nanoscale devices. Accordingly, one can propose

magnetic nano junctions to produce high spin-polarized cur-

rents with long spin coherence lengths.21 In this paper, we

explore theoretically the possibility of such molecular mag-

netic junctions in which the carbon nanocage is a fullerene

dimer. Since, among various types of fullerene dimers, C120

in which the two C60 molecules are connected by a cyclic C4

unit, is the simplest one and has the lowest energy as well as

interesting physical and chemical properties,22 we have cho-

sen this isomer of the C60 dimer in our calculation. We note

that the electronic transport properties of a pure C60 dimer,23

N and B doped C60 dimer,24 and Li@C60 dimer25 have been

reported theoretically, however, encapsulation of magnetic

atoms in fullerene dimers has not been addressed in the pre-

vious theories.

We consider an endohedral fullerene Co@C60 dimer

contacted via single gold atoms (as in some experimentally

realized single-molecule electronic devices26,27) by semi-

infinite non-magnetic electrodes, as shown in Fig. 1. The

electronic density of states, degree of spin polarization, spin-

polarized charge currents, and differential conductances for

electron tunneling through Au/Co@C60-dimer/Au junction

as a function of bias and gate voltage in the dimer ground

state, which we find to be ferromagnetic (FM), are studied

by means of DFT calculations of the relaxed geometry and

the extended H€uckel model of quantum chemistry.26,28,29

The extended H€uckel theory (EHT) has been used to study

spin transport in non-magnetic molecules contacted by mag-

netic electrodes30–32 and in single molecule magnets coupled

to the non-magnetic electrodes.33,34 However, the EHT does

not by itself take account of spin polarization effects, and for

this purpose, we generalized the theory to include spin split-

tings calculated within DFT.

We carried out ab initio DFT geometry relaxations for

the Co@C60 dimer sandwiched between two Au atoms using

the GAUSSIAN 09 package with the B3PW91 functional and

FIG. 1. The relaxed geometry of an endohedral fullerene Co@C60 dimer

junction. The gray, pink, and yellow spheres represent C, Co, and Au atoms,

respectively. The effect of the gate voltage, VG, is to shift the molecular

orbitals relative to the Fermi level of the gold electrodes.
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the Lanl2DZ basis.35,36 In the relaxed structure (Fig. 1), the

Co atoms are at off-center positions in the C60 molecules,

with a shortest Co-C bond length of 2.09 Å. We found the

molecules to couple to each other by parallel bonds with a

length of 1.59 Å in agreement with previous studies.24,25,37

The Au-C and Co-Co distances are 2.26 Å and 10.49 Å,

respectively. In Fig. 1, the distance between leftmost and

rightmost carbon atoms is 16.31 Å. Thus, our proposed spin-

injection device has a size less than 2 nm.

The dimer system in the presence of gold electrodes is

described by a tight-binding model Hamiltonian derived

from EHT in a basis of atomic valence orbitals, the 3d, 4s,

and 4p valence orbitals of the Co atoms and the 2s and 2p
orbitals of the carbon atoms. These 498 atomic orbitals form

the basis set for the Co@C60 dimer Hamiltonian that can be

written for an electron with spin r as

HD;r ¼
X

a

�ard†
ardar þ

X
a;b

cab;rðd†
ardbr þ h:c:Þ; (1)

where d†
ar is the creation operator for an electron in an

atomic valence orbital war with energy eigenvalue �ar. cab;r

is the spin-dependent matrix element of the extended H€uckel

Hamiltonian between valence orbitals war and wbr. Since the

basis set used in EHT is nonorthogonal, the orbital overlap

Sab;r ¼ hwarjwbri that we obtain from EHT can be non-zero.

Therefore, we replace cab;r in the Hamiltonian by

cab;r � �Sab;r, where � is the electron energy.38,39 The spin-

dependence of �ar and cab;r results from the spin splittings of

the 3d and 4s orbitals of the Co atoms that are estimated

from DFT calculations for major peaks in the spin density of

states for Co on graphene.40,41 We note that the spin-

dependent electron scattering that arises from these exchange

related spin-splittings is much stronger than that due to spin-

orbit coupling. Therefore, we neglect the latter in the present

model. The spin splitting values modify the Co 4s and 3d
orbitals on-site energies obtained from the EHT parameters.

While the limitations of DFT are well known,26 the present

theoretical approach has explained41 the results of scanning

tunneling spectroscopy experiments42 on Co atoms adsorbed

on graphene. Based on the Hamiltonian Eq. (1), the total

Hamiltonian of the Co@C60 dimer coupled to the left (L)

and right (R) gold electrodes for an electron with spin r can

be written as Hr ¼ HD;r þ RL;r þ RR;r. Here, Rg;rð�Þ
¼ sg;rggð�Þs†

g;r is a self-energy that describes the coupling of

the dimer to the electrode g (¼ L or R), sg;r is the hopping

matrix between electrode g and the dimer whose matrix ele-

ments are given by the EHT parameters. For Au atoms in the

electrodes, we use 6s, 6px; 6py; 6pz; 5dx2�y2 ; 5dxy; 5d3z2�r2 ;
5dzx; 5dzy atomic valence orbitals. Due to the nine valence

orbitals for each Au atom, we model the electrodes, as in

previous work,27,31–34,43 by nine semi-infinite one-dimen-

sional chains of orthogonal atomic orbitals, with one orbital

per site and periodicity a between orbital sites. The one-

dimensional chains are decoupled from each other, i.e., there

is no hopping between orbitals in different chains.

Accordingly, the surface Green’s function matrix for elec-

trode g is gg ¼ �ð1=tÞ eikaI, where k is the electron wave

number and I is a 9� 9 unit matrix.44 We note that the over-

lap matrix S between the dimer and Au orbitals is included

in the calculations. In this study, the Co 3d orbitals have

been shifted in energy, so that the average electric charge,

corresponding to the two spin-up and spin-down states of

each Co atom in the antiferromagnetic (AF) alignment and

calculated from Eq. (1), is close to the Mulliken charge

obtained from DFT using the GAUSSIAN 09 package. In addi-

tion, to locate the position of Fermi energy of the gold elec-

trodes between the HOMO (highest occupied molecular

orbital) and LUMO (lowest unoccupied molecular orbital)

energies of the Co@C60 dimer, all the atomic valence orbi-

tals of the dimer were shifted down in energy by 0.4 t (in

units of t¼ 2.7 eV), relative to their energies in the extended

H€uckel model.

The magnetic moments of the two Co atoms can be par-

allel (FM) or antiparallel (AF). In the FM case, a spin-up

electron travels from a majority spin state of one C60 mole-

cule, induced by its Co atom, to a majority spin state of the

other C60 molecule, induced by the other Co atom, while

spin-down electrons travel from a minority spin to a minority

spin state. In the AF alignment, electrons belonging to the

majority spin state of one molecule travel to the minority

spin states of the other molecule and visa versa. To find the

magnetic ground state configuration, we estimate the total

ground state energy for each spin state in the magnetic align-

ment n (¼ FM or AF) as E n
total;r ¼

P
i E n

i;r, where E n
i;r is the

ith molecular orbital eigenenergy for r spin state and the

summation is over occupied molecular orbitals. We found

the lowest total energy to correspond to the spin-up state of

the FM alignment whose energy is lower than for the AF

alignment by �5:24 eV. Accordingly, to switch the Co@C60

dimer from FM to AF alignment, a strong magnetic field is

required. In the absence of a strong field, the Co@C60 dimer

will remain permanently in its FM state. In the present sys-

tem, the strong hybridization of the Co 3d orbitals and car-

bon valence states results in indirect exchange between the

Co atoms (mediated by the carbon valence orbitals) that sta-

bilizes the FM configuration that has also been reported in

analogous structures.45–47 Therefore, to study the effect of

encapsulated Co atoms on electronic transport through the

dimer bridge, only the FM alignment will be considered.

To calculate the spin states and the degree of spin polar-

ization in this system, we define the spin-dependent Green’s

function of the Co@C60 dimer coupled to the gold electrodes

as Grð�Þ ¼ ½ð�þ idÞSr � Hr��1
, where d is a positive

infinitesimal. Then, the total density of states (TDOS) of

carbon atoms per site for spin r is Drð�Þ ¼ � 1
Np

P4N
a

Imðha; rjGrSrja; riÞ, where the sum is over the carbon 2s,

2px; 2py, and 2pz orbitals, and N¼ 120 is the number of

carbon atoms in the dimer. The degree of density of states

spin polarization P is defined as P ¼ ðD"ðEFÞ � D#ðEFÞÞ=
ðD"ðEFÞ þ D#ðEFÞÞ, where D"ðEFÞðD#ðEFÞÞ represents the

TDOS of spin-up (spin-down) electrons at the Fermi energy.

Note that the spin dependence of electronic states at the sites

of carbon atoms originates from hybridization between car-

bon orbitals and Co 4s and 3d orbitals. To see the effect of

this hybridization on the electronic states, we show in Fig. 2

the TDOS as a function of electron energy for representative

gate voltages VG ¼ þ0:115, 0.0, and �0.177 t/e. In our cal-

culations, the extended H€uckel model parameters describing

both the on-site and intersite Hamiltonian matrix elements are

recalculated for each value of the gate voltage. The dependence
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of the intersite Hamiltonian matrix elements on the gate voltage

(see Ref. 30, Appendix A) implies that hybridization between

the orbitals on different atoms depends on the gate voltage in

the present theory. However, since the same gate potential is

applied to the C60 molecules and Co atoms, the molecular or-

bital features shift nearly rigidly under gating. The chosen posi-

tive and negative gate voltage values in Fig. 2 correspond to

the first peaks (in the absolute value of P in the positive and

negative region of gate voltage) crossing the Fermi level (see

the arrows in Fig. 3). At zero gate voltage, the Fermi level is

located in the HOMO-LUMO gap where no molecular orbital

is available for electrons to tunnel through the dimer (see Fig.

2(b)), and hence little or no spin polarization is expected. By

applying a gate voltage, the encapsulated Co atoms are ionized

due to the gate-induced shift in energy of the molecular orbitals

relative to the gold electrode’s Fermi energy. The effects of the

positive and the negative gate voltage have been shown in

Figs. 2(a) and 2(c), respectively. Comparing Fig. 2(b) with

Figs. 2(a) and 2(c), it is clear that a positive (negative) gate

voltage shifts the molecular orbitals to a higher (lower) energy

and for the value of VG ¼ þ0:115 t=e at which the spin down

states are conductive, there is a significant difference between

the two spin populations, which can cause a strong spin polar-

ization at the Fermi level as shown in Fig. 3. On the other

hand, in the case of VG ¼ �0:177 t=e, the molecular orbitals

shift to a lower energy and, as shown in Fig. 3, a peak in the

spin polarization appears. The results shown in Fig. 3 for P ver-

sus VG indicate that the spin injection can be controlled by

changing the gate voltage and positive or negative values for

the spin polarization may be obtained, depending on the value

and the sign of gate potential. The magnitude of P can exceed

90% for certain values of gate voltage, which is considerably

higher than that calculated for Co-nanowire@CNT (66%)5 and

those measured for Co-cluster/C60 mixtures (70%),7 Co-nano-

particle/Co-C60 compounds (40%),11 and Co crystals (42%).48

To investigate coherent charge transport through the

Co@C60 dimer, we make use of the Landauer-B€uttiker for-

mula based on the nonequilibrium Green’s function

method44 for which the spin-polarized charge current at a

constant bias voltage, Vb, is calculated as

IrðVbÞ ¼
e

h

ð1
�1

Trð�;VbÞ½f ð�� lLÞ � f ð�� lRÞ�d�; (2)

where f ð�Þ is the Fermi function, lL;R ¼ �F 6 1
2

eVb are

the chemical potentials of the electrodes, Tr

¼ Tr½CL;rGrCR;rG†
r� is the spin-dependent transmission

function for electron tunneling through the dimer, and

Cg;r ¼ �2 ImðRg;rÞ is the coupling matrix between the dimer

and the electrode g.

The calculated current-voltage characteristics, I-V, and

the differential conductance spectra, dI/dV, of the Au/

Co@C60-dimer/Au junction as functions of bias voltage Vb

at VG ¼ 0:0, 0.1, 0.2, and 0.3 t/e and at temperature

T¼ 4.2 K for spin-up and spin-down electrons are shown in

Fig. 4. Due to the structural symmetry in the system, we

obtained a symmetrical behavior in the I-V curves with

respect to Vb ¼ 0:0 t=e. Therefore, the results for negative

bias voltages are not shown in Figs. 4(a) and 4(b). The spin

up and spin down charge currents show a step-like behavior

due to the entry of molecular orbitals into the bias window.

The sharpness of the steps depends on the hybridization of

the dimer electronic states shown in Fig. 2 to the gold elec-

trode orbitals. The broadening of the quantized states in the

scattering region causes smooth steps in the I-V curves for

both spin directions. We see that the I-V characteristics of

the Co@C60 dimer reveal a conducting or semiconducting

behavior depending on the value of gate and bias voltages.

This electronic property is strongly spin dependent due to

the spin splitting of Co 3d orbitals40,41 around the Fermi

energy of gold electrodes. This is consistent with the work of

Xie et al.17 who found that hybridization between Co 3d and

C 2p orbitals for Co nanowires encapsulated in CNTs is

strong and results in spin polarization that increases with

increasing thickness of the nanowire.

FIG. 2. Calculated carbon atoms TDOS per site vs. electron energy � for the

endohedral fullerene Co@C60 dimer at various gate voltages: (a)

VG ¼ 0:115 t=e, (b) VG ¼ 0:0 t=e, and (c) VG ¼ �0:177 t=e. The symbol "
(#) corresponds to spin-up (spin-down) electrons. The vertical dotted lines

indicate the position of the Fermi level. All states up to the Fermi level are

occupied (shaded in the plot).

FIG. 3. Degree of density of states spin polarization P at the Fermi energy

as a function of gate voltage. The arrows show the positions of the first max-

ima of spin polarization with varying gate voltage.
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At VG ¼ 0:0, 0.1, and 0.2 t/e, a threshold voltage that is

different for spin-up and spin-down electrons is needed to

generate a charge current through the device. That is, at low

gate voltages for low bias voltages, the device is in an off

state, while at VG ¼ 0:3 t=e, the device is turned on and the

charge current increases linearly, indicating Ohmic behavior

at low biases. Such a behavior is reasonable because in this

situation, the gate voltage shifts the molecular orbitals within

the bias window and more channels for tunneling electrons

through the Co@C60 dimer bridge become accessible.

Furthermore, by comparing the charge currents in Figs. 4(a)

and 4(b) at each bias voltage, one can readily confirm that

the tunneling channels for spin-up and spin-down electrons

are well separated due to the presence of Co atoms inside the

dimer. Thus, our model predicts gate and bias voltage-

controlled switching between off and on states and also

between spin-up and spin-down electric currents. In addition,

the results shown in Figs. 4(a) and 4(b) reveal that the encap-

sulation of Co atoms in fullerene cages is an efficient way

for injecting spin-polarized electrons into a nonmagnetic

conductor by electric current. To estimate the spin injection

efficiency in our model, we calculate the current spin polar-

ization defined as PI ¼ ðI" � I#Þ=ðI" þ I#Þ for each bias and

gate voltage. The results for PI as a function of Vb are shown

in the Fig. 4(c). We clearly see that very high values for cur-

rent spin polarization (�99%) can be obtained in this hybrid

structure. These values depend strongly on the bias and gate

voltages and predict that highly efficient voltage-controlled

spin injection can be achieved using the Co@C60 dimer.

The differential conductances shown in Figs. 4(d) and

4(e) clarify the role of gate and bias voltages in controlling the

spin-polarized transport through the system. To show the con-

ductance gap, i.e., the voltage width of the zero-conductance

region, we have plotted the dI/dV spectra for both positive and

negative bias voltages. In Figs. 4(d) and 4(e), the size of the

conductance gap decreases and the system gradually moves

into a conducting state with increasing VG. The symmetry of

the differential conductances about Vb ¼ 0 confirms the exis-

tence of symmetry in the I-V curves of Figs. 4(a) and 4(b).

The sharp conductance peaks correspond to the step-like fea-

tures seen in the I-V curves and signal the opening of new

conducting channels through the dimer.

In conclusion, we have shown, based on ab initio and semi-

empirical calculations, that very high degrees of spin polariza-

tion can be achieved for electrons tunneling through endohedral

fullerene Co@C60 dimers in their ferromagnetic ground state.

Our results for spin-dependent I-V curves and dI/dV spectra, cal-

culated by means of Landauer-B€uttiker theory, show that these

hybrid structures can be utilized for highly efficient spin injec-

tion into a nonmagnetic conductor by adjusting gate and/or bias

voltages. This electrostatic activation should lend itself to inte-

gration of such nano spin injectors with conventional nano elec-

tronic devices. Also, since magnetic electrodes are not required

to achieve spin injection in this system, the size of the device

required for spin injection is that of the Co@C60 dimer itself,

i.e., less than 2 nm. Therefore as well as being of fundamental

interest, systematic experimental studies of encapsulated mag-

netic atoms in the fullerene dimer based on these findings may

be relevant for nanoelectronic and spintronic applications.

This work was supported by NSERC, CIFAR,

WestGrid, and Compute Canada.

FIG. 4. Calculated spin-dependent electric currents

[(a) and (b)], current spin polarization PI (c), and

differential conductances [(d) and (e)] vs bias volt-

age for the Au/Co@C60-dimer/Au junction, shown

in Fig. 1, at various VG values.
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