London model allows. The higher the applied field, the more
strongly the order parameter is suppressed and the more flux is
accumulated in the near-edge layer. On the other hand, when the
vortex jumps inside, the screening is restored to a significant extent
and, accordingly, there is less flux in the near-edge layer (Fig. 3). The
competition between the flux expelled from this layer and the
vortex’s flux determines the sign and amplitude of flux jumps.
Despite the deceptive simplicity of this explanation, there is no
simple way to explain why the vortex entry restores screening while
the field at the edge remains the same. This is a nonlinear property
of superconductors.

We now turn to the question of why the flux jumps are not
quantized, even when the surface barrier is suppressed by edge
roughness, and why the distance between the curves with and
without a vortex is less than ¢, (see Fig. 2). The latter implies that
the vortex’s flux even in equilibrium (that is, not only the corre-
sponding flux jumps) is considerably less than ¢,. This observation
can be explained by the changes in the structure of near-edge
vortices predicted in refs 1-4. Figure 4 plots the measured
amount of flux ¢ carried by a vortex versus its distance from the
disk’s edge. We can see that all our data for different samples and
temperatures fall on a single curve, if plotted in units of the effective
penetration length, .= /A, There is also excellent agreement
with the corresponding theoretical dependence. We note that, for a
typical experimental situation, h and ase about 0.1 wm, and it is
very unlikely that a vortex can jump farther than 1 um from the
edge before being stopped by pinning, even in samples with low
pinning. According to Fig. 4, in such a case the flux carried by
vortices is reduced to about 0.5¢,. Only vortices located as far as
100 pm away from the film edge have their flux quantized with an
accuracy better than 1%.

We have shown that there are two independent effects that lead to
non-quantized penetration of magnetic field in type II supercon-
ductors. The first (theoretically established a long time ago, but
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Figure 4 The amount of magnetic flux associated with a vortex in the centre of a thin
superconducting disk in equilibrium. The solid curve is an approximate theoretical

dependence, ¢ = ¢qy/(o + 7), found numerically in the limit h <, vihere y = hD/ 2 A

and a =11.0 (ref. 3, and V.A.S. et al., manuscript in preparation). Different symbols show
experimental data for three disks with D (in wm) ~2 (upright triangles), ~2.4 (inverted
triangles) and ~4 (squares), h from about 0.13 to 0.17 wm and the superconducting
parameters as in Fig. 2. Because of the surface barrier that is always present (even for a
rough edge), we cannot directly determine H,; and, therefore, the amount of flux carried by
a vortex in equilibrium. To this end, we notice that the theoretical curves (M—Hand @—H)
for L=0and 1 are nearly parallel below H,; (Fig. 3) and, hence, the amount of flux
associated with vortex exit is sufficiently close—within our experimental uncertainty of
10%—to the vortex’s flux in equilibrium. So we have measured the amplitude of flux
jumps for the vortex exit. To obtain different data points for each of the disks, we varied the
penetration length  (Tby changing the temperature from 0.4 K to close to T =1.25K. No
fitting parameters were used, except for a slight adjustment (=10%) of the absolute scale
along the ¢ axis for each of the disks.
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never observed and often perceived as small) arises due to changes
in the structure of near-edge vortices. This should be important in
thin films and, in our opinion, may account for a number of
unexplained observations. The second, unexpected, effect is more
general, and appears owing to the inevitable presence of barriers for
flux motion through a superconducting boundary (for example,
Bean-Livingston barriers). If such barriers are sufficiently high,
nonlinear screening can lead to the extreme situation, causing
‘negative vortices’; but if this is not the case, surface barriers can
still prevent the quantized penetration. One or both of the above
effects can be expected in many—if not most—relevant experi-
mental situations. t
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Nanomechanical oscillations
in a single-Cg, transistor
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The motion of electrons through quantum dots is strongly
modified by single-electron charging and the quantization of
energy levels"”. Much effort has been directed towards extending
studies of electron transport to chemical nanostructures, includ-
ing molecules’™®, nanocrystals’"® and nanotubes'*". Here we
report the fabrication of single-molecule transistors based on
individual C4 molecules connected to gold electrodes. We per-
form transport measurements that provide evidence for a cou-
pling between the centre-of-mass motion of the C¢y molecules and
single-electron hopping'®*—a conduction mechanism that has not
been observed previously in quantum dot studies. The coupling is
manifest as quantized nano-mechanical oscillations of the Cg
molecule against the gold surface, with a frequency of about
1.2 THz. This value is in good agreement with a simple theoretical

§ Present address: Department of Chemistry and Chemical Biology, Harvard University, Cambridge,
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estimate based on van der Waals and electrostatic interactions
between Cg, molecules and gold electrodes.

Single-Cq transistors were prepared by depositing a dilute
toluene solution of Cg onto a pair of connected gold electrodes
fabricated using electron-beam lithography. A break-junction
technique'' was then used to create a gap between these electrodes
by the process of electromigration. The typical lateral size of the
fabricated electrodes was of the order of 100 nm at the point of the
gap formation, and the height of the electrodes was 15 nm. Scanning
electron microscope images of fabricated electrodes reveal that the
gap between two electrodes is not uniform and that the narrowest
gap is formed only between small protrusions (=10 nm) of two gold
electrodes. Current—voltage measurements'' of these electrodes at
cryogenic temperatures without deposited Cg, molecules show that
the size of the gap is consistently about 1nm. In a significant
fraction of the Cg devices, the conductance of the junction after
initial breaking is substantially enhanced compared to devices with
no Cg deposited, indicating that Cg molecules reside in the
junction. The entire structure was defined on a SiO, insulating
layer on top of a degenerately doped silicon wafer that serves as a
gate electrode that modulates the electrostatic potential of Cqp. A
schematic diagram of an idealized single-Cg, transistor is shown in
the lower inset of Fig. 1.

Figure 1 presents representative current—voltage (I-V) curves
obtained from a single-Cg, transistor at different gate voltages (V).
The device exhibited strongly suppressed conductance near zero
bias voltage followed by step-like current jumps at higher voltages.
The voltage width of the zero-conductance region (conductance
gap) could be changed in a reversible manner by changing V. In ten
devices prepared from separate fabrication runs, the conductance
gap could be reduced to zero by adjusting V,, although the gate
voltage at which the conductance gap closed (V) varied from device
to device.
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Figure 1 Current—voltage (/- curves obtained from a single-Cg, transistor at T=1.5K.
Five /-Vcurves taken at different gate voltages (V) are shown. Single-Cgy transistors were
prepared by first depositing a dilute toluene solution of Ggy onto a pair of connected gold
electrodes. A gap of ~ 1 nm was then created using electromigration-induced breaking of
the electrodes. Upper inset, a large bias was applied between the electrodes while the
current through the connected electrode was monitored (black solid curve). After the initial
rapid decrease (solid arrow), the conductance stayed above ~0.05mS up to ~2.0V .
This behaviour was observed in most single-Cgy transistors, but it was not observed when
no Cgg solution was deposited (red dotted curve). The bias voltage was increased until the
conductance fell low enough to ensure that the current through the junction was in the
tunnelling regime (open arrow). The low bias measurements shown in the main panel
were taken after the breaking procedure. Lower inset, an idealized diagram of a single
Ceo-transistor formed by this method.
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Figures 2 and 3 show two-dimensional plots of differential
conductance (9I/0V) as a function of both V and V, for four
different devices. Peaks in 9I/0V, which correspond to the step-
like features in Fig. 1, show up as lines in these plots. As seen clearly
in Figs 2 and 3, the size of the conductance gap and the dI/9V peak
positions evolve smoothly as V; is varied. As the gate voltage was
varied farther away from V_ in both positive and negative directions,
the conductance gap continued to widen and the maximum
observed gap exceeded 270 mV. Many 9I/dV peaks outside the
conductance gap are also observed.

The V,-dependent features described above were not observed in
devices when Cgy was not deposited on the electrodes. In addition,
the coverage of Cy on the electrodes was such that only about 10%
of more than 300 fabricated electrodes show I-V characteristics that
are different from a simple tunnel junction without Cgy. This low
Cygo coverage ensures that the probability of finding multiple Cg
molecules bridging two electrodes is small. Furthermore, many
different devices exhibited similar conductance characteristics that
are consistent with a single nanometre-sized object bridging two
electrodes, as explained in detail below'. Although Cg could not be
imaged directly in these devices because of its small size (~7 A in
diameter), these experimental observations indicate that individual
Cgo molecules are responsible for the conductance features observed
in the experiment.

The global patterns observed in Figs 1-3 can be understood using
ideas borrowed from the Coulomb blockade model developed for
the analysis of quantum-dot transport'. The conductance gap
observed in the data is a consequence of the finite energy required
to add (remove) an electron to (from) Cg. This energy cost arises
from the combined effect of single-electron charging of C¢, and the
quantized excitation spectrum of the Cg-transistor system. The
maximum observed gap in the experiment indicates that the
charging energy of the Cq molecule in this geometry can exceed
270 meV.

The conductance gap changes reversibly as a function of V,
because a more positive gate voltage stabilizes an additional electron

V(mv)

1.0 1.1 1.3 1.4

Vg (V)

Figure 2 Two-dimensional differential conductance (0/9 1} plots as a function of the bias
voltage (1) and the gate voltage (V). Data were obtained from four different devices
prepared from separate fabrication runs. The dark triangular regions correspond to the
conductance gap, and the bright lines represent peaks in the differential conductance.
a—d, The differential conductance values are represented by the colour scale, which
changes from black (0 nS) through pink to white (white representing 30 nSin a, b and ¢
and 5nS in d). The white arrows mark the point where a/aV lines intercept the
conductance gap. During the acquisition of data in d, one ‘switch’ where the entire o/aV/
characteristics shift along the V; axis occurred at 1, = 1.15 V. The right portion of the plot
d is shifted along the 1, axis to preserve the continuity of the lines.
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on Cg. The conductance gap disappears at V, = V. where the total
energy of the system is the same for two different Cg, charge states.
When the gate voltage traverses V. in the positive direction, the
equilibrium number of charges on C¢, changes by one electron from
C to CV7 where n designates the number of charges on Cg. It is
determined by both V,, and the local electrochemical environment,
that is, the work function of the metal electrode and the local charge
distribution around Cgy. While the value of n cannot be determined
solely from our experimental data, previous electrochemical and
photoelectron spectroscopic studies of Cqy on gold suggest that # is
most likely to be zero or one®.

The position of each dI/dV peak outside the conductance gap in
Figs 2 and 3 provides detailed information on the quantized excita-
tions of the single-Cg transistor system'. These 91/3V peaks appear
when a new quantized excitation becomes energetically accessible,
providing an electron-tunnelling pathway between Cg, and the gold
electrodes. Specifically, each d1/0V peak on the V, < V. side signifies
an opening of a new tunnelling pathway where an electron hops
onto Cg to generate CW” in its ground or excited states; these
peaks therefore probe the excitation energies of the C{s™"~ ion. Each
9I/0V peak that appears at V, > V occurs when an electron hops off
C%™” to generate Cly; these peaks thus probe the ground and
excited states of Cgy. The energy of these quantized excitations can
be determined from the bias voltage at which they intercept the
conductance gap', as shown by the white arrows in Fig. 2.

A remarkable common feature of the different devices is that a
quantized excitation is universally observed with an energy of
approximately 5meV. Moreover, this excitation is observed on
both sides of V in most devices, indicating that it is an excitation
of both charge states of Cgo. The exact value of this energy quantum
varied from device to device and ranged from 3 to 7 meV. In some
devices, multiple 9I/0V features with almost identical spacing
appear, as seen in Fig. 2d.

The observed 5-meV excitation could arise from many possible
degrees of freedom of the single-Cq, transistor system. One possi-
bility, which has often been invoked in other nanometre-scale
systems, is the excited electronic states of the system. However,
this possibility is highly unlikely here because the 5-meV excitation
is the same for both charge states of Cqy and also because multiple
excitations with the same spacing are observed. Although the exact
electronic-level structures of the Cg, ions are not known experi-
mentally, theoretical calculations predict that the electronic states
do not follow such behaviour'?.

A more natural candidate is a vibrational excitation of the Cg

3.0 4.0 5.0 6.0 7.0

Vg (V)

Figure 3 A differential conductance plot showing a larger bias-voltage range than those in
Fig. 2. Here two a//aV lines that intercept the conductance gap at V= 35mV are seen

clearly (arrows). The energy quantum of this excitation closely matches that of the Cgy

internal vibrational mode shown in the inset.
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system coupled to an electron tunnelling on and off C4. The
observation of multiple 0I/dV features with identical spacing
would then result from the excitation of integer numbers of
vibrational quanta. Moreover, these vibrational modes would be
present irrespective of the charge state of the Cg.

The internal vibrational modes of the free Cy, molecule have been
extensively studied, both theoretically and experimentally'>?'. The
lowest-energy mode is one with a vibrational quantum of 33 meV
and corresponds to the Cqy deformation from a sphere to a prolate
ellipsoid, as shown in the inset to Fig. 3. In Fig. 3, an excitation that
probably corresponds to this mode can indeed be seen with an
energy of about 35meV. However, internal vibrational modes
cannot account for the observed 5-meV features.

Another possibility is the centre-of-mass oscillation of Cg, within
the confinement potential that binds it to the gold surface, as shown
in Fig. 4. To our knowledge, this mode has not been directly
measured experimentally. However, previous theoretical and
experimental studies have shown that Cg is held tightly on gold
by van der Waals interactions, with a Cgy—gold binding energy of
about 1 eVand a distance of about 6.2 A between the Cq, centre and
the gold surface'>”. Assuming that the Cg—gold interaction
potential can be expressed by the Lennard—Jones form®, the
above parameters can be used to determine the shape of the
potential that describes the Cg—gold binding. This calculation
indicates that the Cg,—gold binding near the equilibrium position
can be approximated very well by a harmonic potential with
an estimated force constant of k =~ 70 N'm™, as is shown schema-
tically in Fig.4. This force constant and the mass M of the Cg,
molecule yield a vibrational frequency of f = 1/2x(k/M)"* =~
1.2 THz and a vibrational quantum of hf = 5meV, where h is the
Planck constant.

Adding an additional electron to Cg compresses the Cgo—surface
bond due to the interaction between the Cgq ion and its image
charge in the metal. A simple estimate indicates that an additional
electron on Cg results in the shortening of the C4p—surface distance
by 6 = 4pm, but it does not significantly change the vibrational
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Figure 4 Diagram of the centre-of-mass oscillation of Cgy. @, A Cgo molecule is bound to
the gold surface by the van der Waals and electrostatic interaction. The interaction
potential is shown schematically alongside. The potential near the equilibrium position
can be approximated well by a harmonic potential with a force constant k. This harmonic
potential gives quantized energy levels with frequency f= 1/27r(k/M)”2. Here M
represents the mass of Cgo and his the Planck constant. b, When an electron jumps on to
Cgo, the attractive interaction between the additional electron and its image charge on
gold pulls the Cgq ion closer to the gold surface by the distance 6. This electrostatic
interaction results in the mechanical motion of Cgp.
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frequency. By comparison, the r.m.s. (root mean square) displace-
ment x,, of the Cyy molecule in the mth vibrational level is given by
x, = 2m + 1)"?x,, where x, = (hf/k)"* =~ 3pm. Although the
exact values of these simple estimates change when the second
metal electrode is included in the model, the qualitative conclusions
of the model remain essentially the same. The present estimates
pertain to the situation where the coupling between Cqy and two
electrodes is strongly asymmetric.

The Cyy—surface vibration discussed above can account for the
5-meV conductance features in a unifying fashion. The first 9I/dV
peak at the boundary of the conductance-gap region is observed
when an electron hops on or off Cg, with the system staying in the
ground vibrational level. Additional d1/dV peaks on the V, < V
side appear when an electron hops onto Cg, to generate C@D™ in
excited vibrational states. The 9I/0V peaks on the V, > V,
side signify, on the other hand, an event where an electron hops
off Cia™V7, leaving Cffy in excited vibrational levels. Multiple 91/9V
peaks on the same side of V. indicate that multiple vibrational
quanta are excited.

This process is thus reminiscent of the Franck—Condon processes
encountered in electron-transfer and light-absorption processes in
molecules, where the vibrational excitation accompanies the elec-
tronic motion®., Within the harmonic approximation, the vibra-
tional matrix elements for these processes can readily be calculated,
and the ratio 6/x, determines the number of vibrational quanta
typically excited by the tunnelling electron. According to the
estimates discussed above, 6/x, = 1 in a single-Cg transistor. The
number of dI/0V peaks visible in Fig.2 in general confirms this
expectation as only a few d1/0V peaks are observed in most devices.

One device that does not follow this general trend is the one
shown in Fig. 2d. As described previously, this device exhibits many
91/0V peaks on both sides of V. In addition, the peak intensities do
not show the simple variations expected from the single-mode
Franck—Condon situation®. The anomalous behaviour may be
related to the highly asymmetric coupling of Cq and the two
electrodes in this particular device. This asymmetry is demonstrated
by the different slopes of the upward and downward 9I/8V lines in
the V-V, plane. The variations of peak intensities may be due to the
presence of other degrees of freedom in the system, such as the Cg
motion perpendicular to the surface normal.

Unexplained features exist in other devices as well. In the data in
Fig. 2a, a small (= 1 meV) energy splitting is observed for many of
the lines. This splitting may arise from the Cg centre-of-mass
motion perpendicular to the surface normal discussed above.
Unfortunately, the nature of the potential for this motion is not
known, owing to the lack of detailed knowledge of the electrode
geometry near Cgq, and quantitative support of this assignment is
thus lacking at present.

The transport measurements presented here demonstrate that
single-electron-tunnelling events can be used both to excite and
probe the motion of a molecule: indeed, the single-Cg, transistor
behaves as a high-frequency nanomechanical oscillator. Further-
more, the oscillations of the Cg4 molecule must be treated in a
quantized fashion, showing that this is a true quantum ‘mechanical’
system. We expect that the coupling between the quantized electro-
nic and mechanical degrees of freedom will be generically important
in electron transport through nanomolecular systems*>*.
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Fullerenes are graphitic cage structures incorporating exactly
twelve pentagons'. The smallest possible fullerene is thus C,,
which consists solely of pentagons. But the extreme curvature and
reactivity of this structure have led to doubts about its existence
and stability. Although theoretical calculations have identified,
besides this cage, a bowl and a monocyclic ring isomer as low-
energy members of the Cy, cluster family?, only ring isomers of C,
have been observed®™ so far. Here we show that the cage-struc-
tured fullerene C,, can be produced from its perhydrogenated
form (dodecahedrane C,,H,y) by replacing the hydrogen atoms
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