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The existence of a quantum loop current in a C60 molecular bridge is predicted using the Green’s
function method. The model for the molecular bridge consists of a C60 molecule attached to one-
dimensional conductive electrodes. It is shown that the loop current is related to the degeneracy of the
energy levels of the C60 molecule. Specific to this loop current is its magnitude which is much larger than
that of the source-drain current. The associated magnetic moment also shows certain remarkable features
such as its inversion with the energy across the molecular levels and the restriction of its direction onto
a single plane.
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Molecular bridges are promising candidates for nanode-
vice elements since organic molecules are flexible and their
doping can be efficiently controlled by organic synthesis
techniques. An increasing number of papers have been de-
voted to materializing the age of molecular electronics (see
review, Ref. [1]). In particular, gold-molecule-gold junc-
tions with thiol chemical bonds have attracted much
interest [2], and some promising applications have been
reported such as parallel molecular bridges [3], negative
differential resistance [4], and logic gates [5]. Among
many types of molecules, the fullerene C60 is suitable
for molecular bridge since its LUMO (lowest unoccupied
molecular orbital) is situated at relatively lower energies
compared to other organic materials. It is also mechani-
cally stable and its electronic and mechanical properties
have already been intensively studied [6]. In a benchmark
experiment toward understanding the electron transmis-
sion through a C60 molecular bridge, its current-voltage
characteristics were measured by deforming the C60

molecule with the tip of a scanning tunneling microscope
[7]. The contact area between the C60 molecule and the tip
was found to play an important role in the drastic increase
of the conductance [8]. With this setup, an electrochemi-
cal amplifier was realized [9]. At the present stage, a
theoretical effort should also be carried out in order to
find and understand novel phenomena in molecule-based
nanostructures which could serve as a basis for fabricating
useful molecular devices.

While current research trends on molecular bridge struc-
tures have mainly been focused on its total conductance so
far, we report in this Letter on the quantum internal cur-
rent through the C60 molecular bridge. For certain electron
energy regions, the internal current shows a large loop cur-
rent which is induced by the source-drain current ISD, and
amounts to several tens of ISD. This is related to the high
symmetry of the C60 molecule entailing the degeneracy of
molecular levels. Furthermore, the magnetic moment as-
sociated with this loop current exhibits remarkable prop-
erties. For instance, its direction changes if the electron
energy is swept across the energy levels of the molecule.
Moreover, under certain conditions, the induced magnetic
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moment is restricted to a single particular plane when the
drain site is varied over any sites for a given fixed source
position.

The model for the C60 molecular bridge is shown in
Fig. 1. A tight-binding approach with one p-orbital per
atom is used, and the source and drain electrodes are as-
sumed to be one dimensional with a single channel. The
resonance integral between nearest carbon sites is referred
to as t and that between the molecule and the electrodes is
denoted as t0. Between the nearest sites in the electrodes,
the resonance integral is also set to t. Because we con-
sider ballistic transmission, the bottleneck of the molecule-
electrode contact should not be smaller than the order of
the resonance integral t. Thus the value of t0 is taken to
be t0 � t�2. This is legitimate because the essence of the
results does not change with the detail value of t0. The site
energy is set to a common value for all sites in the sys-
tem and is chosen as the reference of the electron energy.
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FIG. 1. The model for the C60 molecular bridge. One-
dimensional electrodes are connected to the source and drain
sites of C60, respectively. The origin of the coordinate is the
center of the C60 molecule.
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It is worth noting that the C60 molecule has two different
bonds (1.511 and 1.497 Å) [10]. In our calculation, this
difference is ignored because the bond length difference
amounts to less than 2% and the resonant integrals thus
only differ by less than 2% [10,11]. In this paper, a simple
one-electron description is used and many-body effects are
neglected. We also restrict our investigation to infinitesi-
mally small applied voltages (zero volt approximation).

The electron transmission through the system is cal-
culated by the Landauer-Büttiker formula based on the
Green’s function method [12,13]. In the following, we
discuss the energy density of the current and magnetic
moment, but refer to it simply as current and magnetic
moment, respectively, unless otherwise stated. The inter-
nal current from site j to i is calculated from the Green’s
function Gn, usually referred to as a correlation function
[13]:

Iij �
4e
h̄

Im�c�
i Hijcj� �

4e
h

Im�HijG
n
ij� . (1)

Here, H is the Hamiltonian and ci , the amplitude of
the total electron wave function at the site i. The cor-
relation function Gn is defined as Gn � GRGSGA with
GS�D� � i�SR

S�D� 2 S
A
S�D��, where GR�A� is the retarded

(advanced) Green’s function and S
R�A�
S�D� is the retarded (ad-

vanced) self-energy due to the connection to the source
(drain) electrode. The correlation function is calculated
by setting the occupation function of the source to unity
and that of the drain to zero. The source-drain current
ISD �

2e
h TSD is calculated from the transmission proba-

bility TSD � Tr�GSGRGDGA�.
The calculated transmission probability TSD�E� for the

C60 bridge, where the source and the drain site are set as
shown in Fig. 1, is shown in Fig. 2(a). TSD has a large
value near the molecular level of C60 and a dip just at the
level because of the degeneracy. In the ballistic regime, a
large transmission arises when the electron energy nearly
coincides with the molecular levels since the electron reso-
nantly transmits through the molecule. The dip appear-
ing in TSD�E� is related to the vanishing elements of the
Green’s function connecting the source site to the drain
site at the degenerate molecular levels [14].

Figure 3 illustrates the internal current distribution of
the C60 molecular bridge for the electron energy E �
0.134jtj, slightly below the LUMO. A large loop cur-
rent is induced in the C60 molecule which amounts to
24 times the source-drain current. The induced loop cur-
rent distributes widely over the C60 molecule since it re-
sults from the interaction among the degenerate states at
the LUMO. A large loop current is induced similarly
around the energy regions close to any of the energy lev-
els of C60. To understand the behavior, the electron wave
function of the open system can be expanded in terms of
the molecular orbitals (MO) �fm� at the C60 sites, i.e.,
c �

P
m amfm. The current from the jth to ith site

is given by Iij � 4e
P

m,n H
mn
ij jamj janj sin�un 2 um��h̄.
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FIG. 2. (a) Transmission probability TSD and (b) induced mag-
netic moment M of the molecular bridge. Each component of
M is shown in arbitrary units. TSD becomes large near the
molecular levels, where a large loop current is induced in the
C60 molecule. M also grows near the molecular levels and
changes direction just on the level.

H
mn
ij is the element of the Hamiltonian matrix in the site

representation between the mth and nth component of MO.
The phase of the coefficient am is referred to as um. The
coefficient am has a non-negligible value only when the
electron energy is in the vicinity of the molecular level m.
In other words, all molecular levels except the resonant
levels located nearby the electron energy can be excluded
from the summation. Therefore, a large resonant current is
expected since both the amplitude jamj and janj are reso-
nantly enhanced around the common degenerate level and
the phase difference un 2 um is also enhanced near the
level [15,16]. The phase difference reflects the asymmetry
of the effective coupling between each molecular state and
the electrodes.

It should be noted that the phase of the degenerate states
is induced solely by the source-drain current, and the dif-
ferences are appreciably enlarged just below and above the
degenerate level. Thus the origin of the large current Iij

is a synergetic enhancement of the imaginary part of
the current matrix element between the molecular states.
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FIG. 3. Internal current distribution of the molecular bridge for
the electron energy E � 0.134jtj which is just below the LUMO
of C60. The source-drain current is ISD � 0.0663. There is
an induced loop current in the C60 molecule, whose magnitude
amounts to 24ISD.

Because the electrode current is bounded to a single
channel value 2e�h multiplied by bias voltage, the large
segment current Iij inevitably results in a large loop
current in the molecule.

The magnetic moment arising as a result of the quan-
tum loop current also has interesting properties. Recall
that the induced magnetic moment is expressed as M �P

�i,j� Iij�ri 3 rj��2, where the summation is taken over
each pair, ij, whose corresponding Hamiltonian matrix
element is nonzero, and ri indicates the coordinates of the
site i. The components of the magnetic moment are shown
in Fig. 2(b) as a function of the electron energy. The in-
duced loop current and the corresponding magnetic mo-
ment become large near the molecular levels and change
direction at the levels. This can be understood by exam-
ining the energy dependence of the phase um. The phase
difference un 2 um has a nonzero value in the vicinity of
the correspondent energy level and changes the sign when
the electron energy coincides with the level. This means
that the direction of the induced magnetic moment could be
reversed by sweeping the electron energy near a molecu-
lar level.

A second interesting feature is the drain site depen-
dence of the magnetic moment. The magnetic moment
M�s, d; E� is uniquely determined by designating the
source site s, drain site d, and electron energy E. In
Fig. 4, M is shown for two different source sites while
the drain site d is widely changed. It is clear from Fig. 4
that the induced magnetic moment at this energy always
lies on a plane in the �Mx , My , Mz� space when the source
site is fixed.

The reason why the induced magnetic moment is con-
fined to a single plane is as follows. The induced magnetic
126801-3
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FIG. 4. Induced magnetic moment in the molecular bridge for
the electron energy E � 0.134jtj. The source site s is fixed at
A or B while the drain site d is varied over all other molecular
sites. The magnetic moment is located on a single plane passing
through the source site.

moment can be written in a bilinear form of the coefficients
am and the energy independent vector bases m�m, n�,

M � 2
X

�m,n�
Im�a�

man�m�m, n� , (2a)

m�m, n� �
2e

h̄

X
�i,j�

Hij

Ç
f

m
i f

n
i

f
m
j f

n
j

Ç
ri 3 rj

2
. (2b)

The summation over the MO indices m, n is taken over
only the resonant states closest to the relevant electron en-
ergy. By applying the Green’s function method, the co-
efficients am are obtained for any combination of states
on the degenerate level. The vector bases of the magnetic
moment m�m, n� are then chosen for any particular combi-
nation of resonant states. Here, for simplicity, we consider
only the case where the electron energy is set near the ter-
tiary degenerate molecular level. Let us assume that, by
choosing a proper representation, we can make one of the
coefficients Im�a�

man� zero for any arbitrary drain site d.
Actually this is possible if the following condition is sat-
isfied for an arbitrary d:

Im�a�
1a2� �

jt0j2

t
�E 2 Er �3�1 1 t2 2 2t cos2k�

3 �s1d2 2 s2d1�
3X

m�1

smdm sink � 0 . (3)

Here the value of the mth MO fm�s� �fm�d�� at the source
(drain) site is indicated by sm �dm�, and k is the elec-
tron wave number which satisfies the dispersion relation
E � 2t cosk at the source and drain electrodes. By choos-
ing an appropriate combination of the molecular states at
the degenerate level, it is always possible to satisfy the
condition, s1 � s2 � 0. Then Im�a�

1a2� � 0 for any of
the drain sites. This means that the induced magnetic mo-
ment of the loop current for any choice of drain site is
126801-3
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a linear combination of m�2, 3� and m�3, 1�, lying on the
plane formed by these two base vectors. In other words, al-
though there are three independent current channels inside
C60 which are characterized by their respective magnetic
moments, one of the current channels can be chosen so
that it does not reach the source site.

In summary, we theoretically predict the existence of a
quantum internal current through the C60 molecular bridge,
which is an enhanced manifestation of the quantum elec-
tron transmission. This loop current emerges when the
electron energy approaches the energy levels of the C60
molecule. The quantum loop current is induced by the
source-drain current ISD and amounts to several tens of
ISD. Moreover, interesting properties are also found in the
magnetic moment associated with this loop current. For
example, its direction is reversed if the electron energy is
swept across the resonant levels. Furthermore, under cer-
tain conditions, the induced magnetic moment is restricted
to a single particular plane regardless of the drain site for
any fixed source position. These features could be applied,
in principle, to quantum mechanical devices by using the
quantum coupling to magnetic atoms. Since our results
were obtained in the low-temperature and zero-bias limits,
it is necessary to study the phenomenon under more ac-
cessible experimental conditions. However, note that the
electron mean-free path inferred from a C60 (111) film at
180 ±C [17] is larger than the scattering region, i.e., the C60
molecule and the nanocontacts. Therefore, it is not unrea-
sonable to expect that the quantum loop current could be
observed for some higher temperatures as well. We are
currently investigating the effect of the finite voltage and
the correlation between electrons.
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