
PHYSICAL REVIEW B 86, 155406 (2012)

Electron transport through single endohedral Ce@C82 metallofullerenes
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The electron transport through a single endohedral Ce@C82 metallofullerene bridging between metal electrodes
was investigated with experimental (break junction) as well as theoretical (density functional theory coupled with
the nonequilibrium Green’s function formalism) techniques. The single Ce@C82 molecule junction showing a
high and fixed conductance value was fabricated by direct binding of the metallofullerene to Ag electrodes. The
junction had a conductance of 0.28(±0.05)G0 (G0 = 2e2/h), which was much larger than that of single molecule
junctions having anchoring groups (<0.01G0), but only half that of the single C60 molecule junction of 0.5G0.
The unexpected reduced conductance of the single Ce@C82 molecule junction compared with that of the single
C60 molecule junction was supported by the ab initio quantum transport calculations and was explained in terms
of the localization of electrons in the C82 cage. In the case of the Au electrodes, the single Ce@C82 molecule
junction was not formed by the break junction technique because the Ce@C82 molecule could not be trapped in
the large Au nanogap, which was formed just after breaking the Au contacts.
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I. INTRODUCTION

Developing organic electronic devices is one of the most
active research fields in nanoscale science. Single-molecule
electronics are one of the promising candidates in ultrasmall
organic electronic devices.1 They have a number of potential
advantages, because variety of molecules enable the design of
various functionalities. Based on these backgrounds, a great
variety of single molecule junctions have been investigated.
Currently, fabrication of a single molecule junction showing a
conductance value that are both large and fixed is a prominent
issue due to the fact that such a value greatly improves
device performance.1 Conventional single molecule junctions
utilize anchoring groups (e.g., thiols) which chemically bind
to metallic leads.2–7 These anchoring groups act as resistive
spacers between the electrodes and the molecule, leading to
low conductivity of the single molecule junction. Recently,
highly conductive molecule junctions have been fabricated by
direct binding of π -conjugated organic molecules (benzene,
C60) to metallic electrodes (Pt, Au, Ag) without the use
of anchoring groups.8–12 The conductive π orbital directly
hybridizes with the orbital of the metal electrodes, resulting
in high conductivity. Moreover, the single fullerene molecule
junction preferentially shows a fixed conductance value
due to its spherical molecular shape in the break junction
process.10,12

Among fullerene-related materials, endohedral metallo-
fullerenes (i.e., fullerenes containing metals inside the carbon
cage) have received significant attention, owing to their
remarkable electrical and magnetic properties and possible
applications in future molecular electronics.13,14 The interac-
tion between the metal and the carbon cage play an important
role in determining their unique properties, which distinguish
them from their counterparts with empty carbon cages. Based
on these interests as well as the unique characteristics of

single fullerene molecule junctions, electron transport through
a single metallofullerene molecule has been investigated by
several groups.15–19 Senapati et al. investigated the electronic
structure and electron transport through a single Gd@C82

molecule using theoretical calculations.15 The conductance of
the single Gd@C82 molecule junction was found to be smaller
than that of C82 due to the reduction of the transmission of
the conducting channels caused by the charge localization.
Yasutake et al. investigated electron transport through a single
Tb@C82 molecule on an octanethiol/Au(111) surface via
scanning tunneling microscopy (STM).16 Here the switching
of the single Tb@C82 molecular orientation caused by the
interaction between the electric dipole moment of the Tb@C82

molecule and an external electric field was observed. However,
electron transport through the single metallofullerene bridge
between metal electrodes has never been directly measured.

In the present study we have fabricated a single metallo-
fullerene molecule junction for the first time and investigated
its electron transport properties using a mechanically control-
lable break junction (MCBJ) in ultrahigh vacuum (UHV). The
single Ag/Ce@C82/Ag molecule junction showed a high and
fixed conductance value of 0.28(±0.05)G0 (G0 = 2e2/h),
which was much larger than that of single molecule junctions
having anchoring groups (<0.01G0), but only half that of
the single C60 molecule junction of 0.5G0. The reduction
of the conductance of the single Ce@C82 molecule junction
compared with that of the single C60 molecule junction was
explained in terms of the localization of electrons in the C82

cage using the ab initio quantum transport calculations. In
the case of the Au electrodes, the single Ce@C82 molecule
junction was not formed by the break junction technique
because the Ce@C82 molecule could not be trapped in the large
Au nanogap, which was formed just after breaking the Au
contacts.
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FIG. 1. (Color online) (a) Experimental setup and (b) schematic view of the single Ce@C82 molecule junction. (c), (e) Typical conductance
traces, and (d), (f) histograms of Ag and Au contacts after the introduction of Ce@C82.. The metal electrodes were (c), (d) Ag, and (e), (f) Au.
The black traces and histograms indicate the values obtained for the clean Ag or Au contacts. The intensity of the conductance histograms
was normalized with the number of the conductance traces. The conductance histograms were constructed without data selection from 1000
conductance traces of breaking metal contacts. The bin size was 0.004G0.

II. EXPERIMENT

Soot containing Ce@C82 was prepared according to the
reported procedure14 by the dc arc vaporization method using
a composite anode, which contains graphite and cerium oxide
with the atomic ratio of Ce/C equal to 2.0%. The composite rod
was subjected to an arc discharge as an anode under a pressure
of 150 Torr He. The raw soot was collected and extracted with
1,2,4-trichlorobenzene solvent for 15 h. The soluble fraction
was injected into the HPLC; a PYE column (20 mm × 250 mm
i.d.; Cosmosil, Nacalai Tesque Inc.) was used in the first step
and a Buckyprep column (20 mm × 250 mm i.d.; Cosmosil,
Nacalai Tesque Inc.) in the second step to give pure Ce@C82.

The conductance measurements were performed in a
custom-designed UHV system at 300 K equipped with
a MCBJ.20 Details of the experimental design have been
previously reported by our group.12 The vacuum chamber was
evacuated with a turbo molecular pump (TMP: 250 l/s) or
sputter-ion pump (IP: 270 l/s). Since the mechanical vibration
from the TMP affected the conductance measurements of the
single molecular junctions, the chamber was evacuated by only
IP during the conductance measurements. The base pressure
was 2 × 10−7 Pa. A notched Au or Ag wire (0.1 mm in
diameter, 10 mm in length) was fixed with epoxy adhesive
on top of a phosphorous bronze plate covered with a thin
polymer foil. The substrate was mounted in a three-point
bending configuration inside the UHV chamber. While under
UHV, the wire was mechanically broken by bending the
substrate, and clean surfaces were exposed. The bending could
be precisely controlled using a piezo element, which enable
us to form atomic contacts. 1 ML (mono layer) Ce@C82

was deposited on the Au and Ag contacts with a Knudsen
cell before stretching the contacts. The distance between the
Knudsen cell and the sample was 200 mm. The temperature

of the sample was 300 K and the pressure was kept below
5 × 10−6 Pa during the deposition process. The amount of
deposited Ce@C82 was monitored with a thickness monitor.
dc two-point voltage-biased conductance was measured during
the breaking process under an applied bias voltage of 100 mV
between the electrodes. The bias voltage was sourced by
PCI-MIO-16XE-10 AD converter (National Instrument) and
current was measured by Keithley 6487 picoammeter. The
electric noise level was below 2 × 10−3G0 under an applied
bias voltage of 100 mV in this setup. Typically, the metal
contact was repeatedly formed and broken at 6 Hz. A single
conductance trace of 2500 points were recorded in 80 ms
during the breaking the contact. At least 1000 traces were
recorded for each sample. Artificial selection of the specific
trace was not carried out at the construction of the histogram.
The experiments were performed for five distinct samples.

Figure 1(c)–1(f) show the typical conductance traces and
conductance histograms during the breaking of the Au or
Ag contacts before and after introduction of Ce@C82. The
stretch length is the displacement between the stem parts of the
metal electrodes which are fixed with epoxy adhesive. Before
introduction of Ce@C82, immediately preceding separation of
the Au and Ag electrodes, the conductance was 1G0 (G0 =
2e2/h, where e is the charge of an electron, and h is Planck’s
constant), which corresponded to Au and Ag atomic contacts.1

The corresponding conductance histograms showed clear 1G0

peaks. After introduction of Ce@C82 to Ag contacts, the 1G0

plateau was elongated in the conductance traces, and the
1G0 peak was enhanced in the conductance histograms. A
new sequence of steps appeared in the conductance traces at
the lower conductance region [Fig. 1(c)]. The conductance
value of the steps was an integer multiple of 0.2–0.3G0.
The corresponding conductance histogram showed a peak
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FIG. 2. (Color online) (a) I-V curve and (b) the first derivative
for the single Ag/Ce@C82/Ag molecule junction. The I-V curve was
measured by a direct current (dc) method at 300 K.

around 0.3G0 [Fig. 1(d)]. There were only few steps in
the conductance traces below 0.1G0, and features were not
observed in the conductance histograms below 0.1G0. These
experimental results suggest that the Ce@C82 molecule was
trapped between the Ag nanogap, and the steps in the traces and
peak in the histogram showing values of 1 × 0.2–0.3G0 and
2 × 0.2–0.3G0 could be ascribed to one and two Ce@C82

molecules bridging between Ag electrodes. From repeated
measurements, the conductance of the single Ag/Ce@C82/Ag
molecule junctions was determined to be 0.28 (± 0.05)G0,
which was much larger than that of single molecule junctions
having anchoring groups (<0.01G0).2–6 The appearance of
the sharp peak in the conductance histogram also showed
the formation of the single molecule junction with a fixed
conductance value. We could fabricate a single Ce@C82

molecule junction exhibiting a high and fixed conductance
value via direct binding of the π -conjugated metallofullerene
molecule to the Ag electrodes.

While the single Ce@C82 molecule junctions were formed
using Ag electrodes, they were not formed using Au electrodes.
No plateaus or features were observed in the conductance
traces [Fig. 1(e)] or histograms [Fig. 1(f)] below 1G0 for Au
contacts after the introduction of Ce@C82. The elongation of
the 1G0 plateau in the conductance traces and enhancement
of the 1G0 peak in the conductance histogram were observed,
as is the case with the Ag contacts after the introduction of
Ce@C82.

The current-voltage (I-V) curves were measured for the
single Ag/Ce@C82/Ag molecule junctions by a direct current
(dc) method where each curve was recorded at fixed electrodes
separation at 300 K. The dc voltage was scanned from − 0.2 V
to + 0.2 V (positive scan), or from +0.2 V to − 0.2 V
(negative scan) with step voltage of 0.004 V. The I-V curves
showing similar curves with positive and negative scans were
adopted in the present study. Figure 2 shows the I-V curve and
the first derivative for the single Ag/Ce@C82/Ag molecule
junction, where the I-V curve were obtained by averaging
the six I-V curves. Symmetric upward step in conductance
was observed at ±0.12 V. This conductance enhancement
around ±0.12 V were observed for three distinct samples. The
conductance enhancement could be explained by approaching

the Fermi level of the Ag electrode to the molecular level
of Ce@C82 by increasing the bias voltage. Although simple
comparison between the threshold energy and molecular level
is not appropriate for the single molecule junction,20 there
is some relationship between threshold energy and energy
difference in molecular orbital and Fermi level. In the case
of single Au/benzenedithiol/Au molecule junction, the con-
ductance enhancement was observed at bias voltage of 1 V.21

The energy difference between the Fermi level and HOMO
(conduction orbital) is 1.2 eV for the Au/benzenedithiol/Au
molecule junction, which agrees with the threshold voltage of
1 eV.22 Since the energy difference between the Fermi level
of Ag electrode and conduction orbital of Ce@C82 is much
smaller than the Au/benzenedithiol/Au molecule junction due
to the small energy gap, the threshold voltage decreased to
low value, which might lead to appearance of the conductance
enhancement at ±0.12 V in I-V curves.

Using a similar direct binding technique, we have measured
the conductance of a single C60 molecule trapped in the
Au and Ag nanogaps under UHV at 300 K in the previous
study.12 The conductances of the single Au/C60/Au junction
and Ag/C60/Ag junctions were 0.3(±0.1) and 0.5(±0.1)G0,
respectively. The Table I is the summary of the conductance
for the single C60 and Ce@C82 molecular junctions. The
conductance of the single fullerene molecule was reduced by
the introduction of Ce metal, which appeared contradictory
to the corresponding reduction in the HOMO-LUMO gap.13

In the simple tunneling model,1 the conductance of the single
molecule junction increases with the decrease in the energy
difference between the Fermi level and the conduction orbital
relating to the HOMO-LUMO gap. We will discuss this point
in the theoretical part.

The Au/Ce@C82/Au junction was not formed, whereas
Au/C60/Au and Ag/Ce@C82/Ag junctions were formed in
the present study. These experimental results can be explained
by the difference in the electrode gap distance of the nanogap
formed by breaking the metal electrodes. Figure 3 shows the
length histogram of the 1G0 plateau, which corresponds to Au
or Ag atomic contact.1 Since the probability of the appearance
of the 1G0 plateau was quite low for a clean Ag contact, we
did not evaluate the length histogram for this situation. For the
clean Au, Au/C60/Au, and Ag/Ce@C82/Ag junctions, the Au
and Ag atomic contacts (1G0) broke within 0.3 nm. In contrast,
the Au atomic contact could be stretched up to 1.4 nm after
the introduction of Ce@C82. Most of junction stretched more
than 0.5 nm. Since the Au-Au distance was 0.255 nm, the
1.4 nm stretching breadth indicates the formation of an atomic
chain. Due to the effective interaction between Ce@C82 and
Au, the Au atomic chain was highly stabilized in the presence
of Ce@C82 molecules,23 while long atomic chains were not

TABLE I. Summary of the conductance for the single C60 and
Ce@C82 molecular junctions.

System Conductance

Au/Ce@C82/Au –
Ag/Ce@C82/Ag 0.28 (±0.05)G0

Au/C60/Au 0.3(±0.1) G0

Ag/C60/Ag 0.5(±0.1)G0
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FIG. 3. (Color online) (a) Length histogram of the 1G0 plateau
(Lp) for the Au and Ag contacts at the bias voltage of 100 mV. The
blue, red, green, black curves are the results of the Au/Ce@C82/Au,
Ag/Ce@C82/Ag, Au/C60/Au junction, and clean Au contacts,
respectively. The inset shows the typical conductance trace of the
Au contacts before the introduction of Ce@C82 at the bias voltage
of 0.1 V. The intensity of the length histograms was normalized with
the number of the conductance traces. The length histograms were
constructed without data selection from 1000 conductance traces of
breaking metal contacts. (b) Schematic view of the breaking process
of the Au and Ag contacts. While the single molecular junction was
formed for the Ag contact, the single molecular junction was not
formed for the Au contact due to the large nanogap.

formed for the clean Au and Au in the presence of C60 at
300 K. After breaking the Au atomic chain, the nanogap was
formed between the Au electrodes. The gap size was sum of
the length of the Au atomic wire (<0.5 nm) and contraction
of the electrode (∼0.5 nm).24 The single Ce@C82 molecule

could not be trapped in the Au nanogap due to its large gap
size (∼1.0 nm) as shown in Fig. 3.

III. AB INITIO CALCULATION

We have carried out first-principle calculations for the
single C60 and Ce@C82 molecule junctions in order to shed
light on the experimental observations of the single molecule
junctions. The structure for free Ce@C82 was optimized
using the density functional theory (DFT) using the B3LYP
functional25,26 and the SDD basis (with the SDD effective
core potential) for Ce atom, and 3-21G, 6-31G∗, 6-31 + G∗,
or 6-311G∗ basis for C atom as implemented in the GAUSSIAN

program package.27 The variation of the structure with the
basis set on C was small and the optimized free structure
was used as starting geometry in the following conductance
calculations. The ground-state structure of Ce@C82 has a C2v

symmetry, and the Ce atom is located at an off-cage-center
position adjacent to a hexagonal ring along the C2 axis of
the cage with the average distance from the ring carbons of
2.534 Å at the B3LYP/6-311G∗–SDD computational level.
The B3LYP functional is the most commonly used DFT
functional for fullerene calculations; if it is checked, for
example, at the M06-2X/6-311G∗–SDD level,25 the shortest
Ce-C contact has a similar value of 2.524 Å. In the optimized
free Ce@C82 structure more than two electrons are moved
from the metal to the cage (measured by the Mulliken
atomic charges, though the charge transfer depends on the
calculational treatment and charge definition27). Transport
property calculations was performed using the nonequilibrium
Green’s function (NEGF) formalism and density functional
theory (DFT) as implemented in the ATK 2008.10 code.28,29

FIG. 4. (Color online) Structure models, transmission spectra (black) and MPSH energy spectra (red), and isosurfaces of the MPSH orbitals
at zero bias voltage for the systems of (a) Ag/C60/Ag, (b) Ag/Ce@C82/Ag(α), (c) Ag/Ce@C82/Ag(β). Red ball: Ce; blue ball: Ag; gray ball: C.
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FIG. 5. (Color online) Structure models, transmission spectra (black) and MPSH energy spectra (red), and isosurfaces of the MPSH orbitals at
zero bias voltage for the systems of (a) Au/C60/Au, (b) Au/Ce@C82/Au(α), (c) Au/Ce@C82/Au(β). Red ball: Ce; yellow ball: Au; gray ball: C.

We employed a single-ζ basis set plus polarization with a mesh
cutoff energy of 300 Ry, norm-conserving pseudopotentials,
and a local density approximation (LDA).

We adopted a two-probe model where either a C60 or
Ce@C82 molecule was sandwiched between semi-infinite
gold (Fig. 5) or silver (Fig. 4) electrodes with a (111) surface
cross-section. Hexagonal 5 × 5 × 3 unit cells of 14.40 ×
14.40 × 7.06 Å3 and 14.45 × 14.45 × 7.08 Å3 containing 75
atoms are used for Au and Ag electrodes, respectively. The k

points of the electrodes are set to Monkhorst-Pack 1 × 1 × 50.
The structures are optimized until the maximum atomic force
is less than 0.03 eV/Å. Energy criterion of 1 × 10−5 eV was
used in all the self-consistent calculations. The conductance
of the single molecule junction depends on the atomic
configuration of the metal electrodes.1,2 In the present study
we investigated the (111) surface of Au and Ag electrodes.
Although the absolute conductance value depends on the
geometry of the surface, the relative conductance value is not
sensitive to the geometry of the surface, when we compare the
conductances of the single molecule junctions with the same
geometry of the surface.30 Hence, our results obtained from
(111) surface of Au and Ag electrodes should be robust with
respect to the geometry of the surface. Two configurations of
Ce@C82 were considered between electrodes. In configuration
α [Fig. 4(b)] the C2 axis of Ce@C82 is parallel to the surfaces
of the electrodes, whereas in configuration β [Fig. 4(c)] the
Ce@C82 molecule is rotated 90 deg so that the C2 axis is
perpendicular to the electrode surfaces. The distance between
the molecule and the nearest metallic atoms was determined
by optimizing the geometry of the molecule on top of the
corresponding metallic surface. The relative position of the
Ce atom in the carbon cage was also optimized.

We calculated the binding energies of junctions as Eb =
(Es + Em) − ES+M, where ES+M, ES, and EM are the
total energies for the electrode-slabs plus molecule, for only
the electrode slabs, and for the isolated molecule, respec-
tively. The distance between the molecule and the nearest
metallic atoms was determined by optimizing the molecule
on top of the corresponding metallic surface. The calculated
binding energies of the Au/C60/Au, Au/Ce@C82/Au (α),
Au/Ce@C82/Au (β), Ag/C60/Ag, Ag/Ce@C82/Ag (α), and
Ag/Ce@C82/Ag (β) are 1.20, 1.28, and 1.31 eV, 1.14, 1.26,
and 1.23 eV, respectively. These values were much larger than
the physisorption energy. The weak chemical bond would be
formed between Ce@C82 and Au or Ag electrodes.

The electronic properties of electrodes were calculated with
periodic conditions using the DFT scheme, and the Green’s
function as well as the self-energy of the central scattering
region were obtained using the standard NEGF method. The
electric current I under bias voltage Vbias was finally calculated
using the Landauer-Büttiker formula:31

I (Vbias) = 2e

h

∫ ∞

−∞
{T (E,Vbias)[fL(E − μL)

− fR(E − μR)]}dE (1)

where T (E,Vbias) is the transmission probability at a given
bias voltage Vbias, fL/R is the Fermi-Dirac distribution
function for the left (L)/right (R) electrode, and μL/μR

is the electrochemical potential of the L/R electrode. The
molecular-projected self-consistent Hamiltonian (MPSH) en-
ergy spectra and the corresponding MPSH orbitals were
also calculated to illustrate the mechanism of the electron
transport. The calculated conductances for the Au/C60/Au
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and Ag/C60/Ag junctions are 0.506 and 0.790G0, re-
spectively, comparable with the corresponding experimen-
tal values of 0.3(±0.1) and 0.5(±0.1)G0. The calculated
conductance of the Au/Ce@C82/Au (α), Au/Ce@C82/Au
(β), Ag/Ce@C82/Ag (α), and Ag/Ce@C82/Ag (β) are
0.159, 0.048, 0.212, 0.063G0, respectively. The Mulliken
population analysis reveled that there are 1.11, 1.12, 1.10,
and 1.12 electrons transferred from Ce atom to car-
bon cage in the Ag/Ce@C82/Ag(α), Ag/Ce@C82/Ag(β),
Au/Ce@C82/Au(α), and Au/Ce@C82/Au(β) configura-
tions, respectively. The conductance histogram of the
Ag/Ce@C82/Ag junction showed a single peak at 0.28G0,
indicating the formation of one stable atomic configuration.
The comparison between calculation and experimental results
suggests that the Ag/Ce@C82/Ag (α) junction would be
preferentially formed under current experimental conditions.
Both the experiments and calculations indicate that the
conductance of the Ag/Ce@C82/Ag junction was smaller than
that of the Ag/C60/Ag junction. The measured and calculated
conductance of the former was smaller than that of the later
by 44%32 and 73%, respectively.

Figure 4 shows the transmission spectra and MPSH energy
spectra of Ag/C60/Ag and Ag/Ce@C82/Ag. The correspond-
ing results of Au/C60/Au and Au/Ce@C82/Au are shown in
Fig. 5. The electron transmissions are mainly contributed by
MPSH states above the Fermi level (Ef ), which are LUMO
− LUMO + 2 for C60 systems and LUMO − LUMO + 5
for Ce@C82 systems. The small energy difference between
LUMO − LUMO + 5 for Ce@C82 and the Fermi level could
relate with the conductance enhancement around ± 0.12 V
observed for Ag/Ce@C82/Ag (see Fig. 2). The transmission
coefficients of the major peaks in C60 systems are about 2.5
times larger than those of the Ce@C82 systems. Meanwhile,
the transmission peaks are also much wider in C60 systems than
those of the Ce@C82 ones. The transmission coefficients above
Ef when C60 was used as opposed to Ce@C82 are attributed
to the fact that the electrons are significantly more delocalized
in C60 than those in Ce@C82. As showed in Figs. 4 and 5, the
LUMO and LUMO + 1 MPSH of Ce@C82 are more localized
than those of C60 most probably because of the interactions
between the Ce atoms located at an off-cage-center position,

and the carbon atoms around. This is why the conductance
of C60 systems was several times larger than that of systems
involving Ce@C82. Also, after the rotation of the Ce@C82 from
configuration α to configuration β was performed, we found
that the MPSH states contribute less to the connection between
the electrodes and, consequently, induce smaller conductances
in configuration β.

IV. CONCLUSION

We have investigated single Ce@C82 molecule bridging
between metal electrodes. Single Ce@C82 molecule junctions
were fabricated using a MCBJ at 300 K under UHV. The
electric conductance of the single Ce@C82 molecule bridging
between Ag electrodes was 0.28( ± 0.05)G0. We were able to
fabricate a single metallofullerene molecule junction showing
a high and fixed conductance value via the direct binding
technique. The conductance of the single Ce@C82 molecule
was smaller than that of the single C60 molecule bridging
between Ag electrodes, which was supported by theoretical
calculations. The localization of electron in the Ce@C82

molecule explained the reduction of the conductance of the
single Ce@C82 molecule junction. While the single Ce@C82

molecule junction was formed for the Ag electrodes, it was not
formed for the Au electrodes. The Ce@C82 molecule could
not be trapped in the large nanogap, which was formed after
breaking the Au electrodes.
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