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Fysikgränd 3, S-41296 Göteborg, Sweden, Nano-Science Center (Niels Bohr Institute
& Department of Chemistry), UniVersity of Copenhagen, UniVersitetsparken 5,
DK-2100 Copenhagen, Denmark, and Forschungszentrum Karlsruhe, Institut für
Nanotechnologie, 76021 Karlsruhe, Germany

Received May 5, 2008; Revised Manuscript Received June 16, 2008

ABSTRACT

We present a solid state single molecule electronic device where switching between two states with different conductance happens predominantly
by tunneling of an entire C60 molecule. This conclusion is based on a novel statistical analysis of ∼105 switching events. The analysis yields
(i) the relative contribution of tunneling, current induced heating and thermal fluctuations to the switching mechanism, (ii) the voltage dependent
energy barrier (∼100-200 meV) separating the two states of the switch and (iii) the switching attempt frequency, ω0, corresponding to a 2.8
meV mode, which is most likely rotational.

Fundamental studies of electronic transport between elec-
trodes separated by a single molecule are crucial for the
future development of molecular electronics and it has been
the subject of a number of recent studies.1–3 One particularly
fascinating aspect of such devices is the possibility of
exploiting molecular degrees of freedom to realize basic
functionalities like switching.4–22 By default, molecular
degrees of freedom (electronic as well as vibronic) are
determined by quantum mechanics. In the present paper we
focus on the intriguing possibility that quantum motion of
the entire molecule may also play a role in the switching
process.

The first example of such a switching device was the Eigler
switch operated by tunneling of a Xe atom between a metal
surface and an STM tip.23 Because tunneling is a quantum
process the probabilistic nature of quantum mechanics
presents new challenges to operate such devices. For
example, the switching event per se will be subject to
quantum fluctuations resulting in dispersion of the switching
voltages.

In this paper we present a new switch consisting of a single
C60 molecule located in the nano gap between two silver
electrodes. At low temperatures the device switches between

two states with different conductance. By analyzing the
distribution of switching voltages, we are able to extract the
key device parameters such as the barrier separating the two
states of the switch, the attempt frequency etc.

C60 as an experimental test system has the advantage of
being well characterized in previous studies. The electronic
as well as vibronic structure of the C60 molecule is well-
known from experiments24–26 and first principle calcula-
tions.27,28 Electron transport through C60 has been extensively
studied in STM experiments. Already in the 1990s the
transconductance of a single C60 on Cu was measured29 and
more recently a similar study of C60 on silver was pre-
sented.30,31

In our experiments the C60 molecules were placed into a
nanogap prepared in an UHV environment by quench
condensation of metallic electrodes onto a substrate held at
4 K, as described in detail in previous publications.7,32–34 An
approximately 2 nm wide gap between silver electrodes is
evaporated onto an aluminum oxide covered aluminum gate
electrode through a mask elevated above the surface. The
resulting tunneling gap is carefully characterized.33,35 Next,
in the same vacuum cycle, the C60 molecules are sublimated
from a second evaporator typically in ∼1% of monolayer
coverage. At 4 K, the molecules get stuck at the sites where
they initially contact the aluminum oxide surface. After
completion of the molecule deposition, the I-V characteristic
of the gap remains unchanged, indicating that no molecules
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have evaporated directly into the gap. In the last step, one
molecule is trapped in the gap by applying a bias across the
gap while annealing at about 60 K. The combination of
electrostatic attraction to the gap and thermally induced
mobility of the molecules allows one of the widely spaced
molecules deposited on the aluminum oxide surface to diffuse
into the gap. Once the first molecule is trapped, a dramatic
change in the current flowing across the gap is observed. At
this point, the device is cooled back to 4 K, and detailed
measurements are performed.

We have fabricated five C60 devices with gold electrodes33

and two with silver electrodes; they all showed qualitatively
similar behavior. In this paper we focus on one sample with
silver nanogap, which we have chosen for a detailed study
of switching kinetics.

Our fabrication method ensures a clean contact between
the molecule and metallic electrode due to the unbroken
vacuum.32–34 As a result, our C60 devices with silver
electrodes display quantitatiVely the same spectroscopic
features reported in UHV STM studies of C60 on silver.30,31

The data in the bottom panel of Figure 1 is a fingerprint of
C60 on silver and provide direct experimental evidence that
we can trap a single fullerene in the UHV-grade nanogap.

The IV characteristics, including the absence of a gate
effect, indicate that the C60 molecule is positioned very
asymmetrically in the metallic nanogap interacting strongly
with the electrode that it is in direct contact to, and weakly
with the other due to the presence of a ≈ 1 nm tunneling

gap. The whole geometry of the single molecule switch is
hence very similar to the STM setup. However, far better
temperature- and time-stability of our nanogaps allowed long-
term measurements, unconceivable in the STM geometry.

While the high bias scan shown in Figure 1 allows direct
comparisons to electronic features observed in STM experi-
ments, Figure 2 displays a typical sample of the raw data
underlying the following analysis. Scans in this more narrow
bias window yielded very reproducible results allowing the
temperature dependence of switching histograms in both
scanning directions (Figure 2 red/blue) to be sampled for an
extended period of time (6 weeks).

In our analysis of this data we extend the procedure
previously described in ref 7. We consider a bistable system,
where the two states (we shall call them “Hi” and “Lo”,
according to the value of the current through the molecular
junction) are separated by some potential barrier. For the
negative to positive bias sweeps the switch is initially in the
“Lo” state (see Figure 2) and will eventually switch to the
“Hi” state. The probability density that a switching event
will occur at a given time t is given by PS(t) ) ΓLH(V(t))
Q(t). Here ΓLH(V) is the bias (and temperature) dependent
rate for going from the state “Lo” to the state “Hi”, and Q(t)
is the probability a switching event has not occurred prior
to time t. Q(t) satisfy the simple rate equation

Figure 1. Top: sketch of a C60 molecule between two silver
electrodes. Due to the absence of Coulomb blockade behavior the
molecule is most likely attached to one of the electrodes as shown.
Bottom: differential conductance for C60 trapped in a silver gap.
Solid red curves: 32 representative curves for high-conducting
state.36 Dashed line: sketch of the STM data reported in refs 30
and 31 (scaled 10 times and shifted vertically for clarity), where
individual fullerenes on a silver substrate were directly imaged in
UHV. Note similar position of the maxima corresponding to
different molecular orbitals (HOMO, LUMO and LUMO+1).

Figure 2. Current-voltage characteristics at two different temper-
atures. The bias voltage was ramped at 150 mV/s. For every
temperature the 32 representative voltage ramps are shown. For
the blue curves voltage was swept from negative to positive bias,
and for the red curves the bias was swept in the opposite direction.
Inserted are the histograms of the switching events.
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d
dt

Q(t))-ΓLH(V(t)) Q(t) (1)

This is easily solved and we get

PS(t))ΓLH(V(t)) exp[-∫t0

t
ΓLH(V(t′)) dt′] (2)

Because the IV characteristics are recorded by scanning the
bias voltage at a certain sweep rate u so that V(t) ) V0 + u(t
- t0), the switching probability can be given in terms of V:

P̃S(V))
ΓLH(V)

u
exp[-∫V0

V ΓLH(V′)
u

dV′] (3)

Equation (3) can be solved for ΓLH(V):37

ΓLH(V)) u
P̃S(V)

1-∫V0

V
P̃S(V′) dV′

(4)

In other words, from the measured distribution P̃S(V) of the
switching events one can find the underlying switching rate
ΓLH(V) in a straightforward manner.

Following this procedure Figure 3 presents the distribution
of “Lo” f “Hi” switching events, measured at different
temperatures from 4.2 to 22.9 K together with the corre-
sponding switching rates. At higher temperatures the switch-
ing happens at lower voltages, i.e., earlier in time. This means
that temperature promotes switching. Also, at any given
temperature the switching rate increases with the bias voltage.
As the simplest model that accounts for both experimental
findings, one can consider the temperature-induced switching
over a voltage dependent barrier with a switching rate ΓLH(V)
) ω0 exp(-∆(V)/kBT). By plotting -kBT ln (ΓLH(V)), we can try to reconstruct the barrier height ∆(V) as a function

of voltage. The result is shown in Figure 4 with dotted lines.

The model implies that the barrier height should be
independent of temperature. The result contradicts this
assumption because there is no common ∆(V) barrier for all
temperatures. We thus need a more refined model, which
we shall turn to now.

We note first that the typical energies of mass-center
(vibrational or rotational) oscillations of C60 trapped in a
metallic nanogap are about a few millielectronvolts,38 which
is not negligible compared to the experimental temperatures
(≈0.2-1 meV). In fact, below ∼10 K, the characteristic C60

energy is essentially the energy of ground-state fluctuations,
and not kBT, as for the Arrhenius model. This may be the
reason why the Arrhenius model fails to explain the data
and in the refined model we shall consider C60 as a quantum
object.

Without specifying the nature of “Hi” and “Lo” states,
we assume that there is some coordinate, x, associated with
switching, which we will refer to as a “reaction coordinate”.
This coordinate is not necessarily a Cartesian coordinate; it
may well be an angle. In the following we shall use a notation
as if it is a Cartesian coordinate. If, however, it is an angle,
quantities like mass should be replaced by moments of
inertia. The energy landscape along the reaction coordinate
is sketched in Figure 5.

For simplicity we shall assume that the potential is
harmonic out to a coordinate, Rc, and that the system will

Figure 3. Top: observed probability that the system will switch
from state “Lo” to state “Hi” at a certain voltage, when the voltage
is swept from negative to positive voltages. Each observed switching
voltage is represented as a Gaussian with width 5 meV, and all
these Gaussians are added. Bottom: escape rates generated using
(4).

Figure 4. Dotted lines: barrier height, ∆(V), as a function of voltage,
derived from the switching data (same color coding as in Figure
3) in a simple Arrhenius model. The value of the attempt frequency
is such that pω0 ) 3 meV. Solid lines: barrier ∆(V) determined
from the experimental escape rates using a refined model that
includes quantum tunneling and current induced heating through
one additional parameter R ) 7.1 × 10-3; pω0 ) 2.8 meV (cf.
text).
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escape if it makes it beyond this point. The escape rate is
therefore proportional to the probability to find the C60 at x
) Rc.

At zero temperature this probability is defined by the
ground-state dispersion 〈R0

2〉:

ΓLH(V) ∝ exp[- Rc
2

2〈R0
2〉 ] ) exp[- ∆

E0] (5)

where ∆ is the barrier height, E0 is the ground-state energy,
and we used the fact that for harmonic oscillator

∆) 1
2

mω0
2Rc

2

E0 )
1
2

mω0
2〈R0

2〉
(6)

At finite temperature the ground-state energy E0 in (5)
should be replaced with the time-average energy of the
oscillator coupled to a heat bath:39–41

〈E(T)〉 )
pω0

2
coth

pω0

2kBT
(7)

Note that at high temperatures (kBT . pω0), 〈E(T)〉 f
kBT and the switching rate reduces to the Arrhenius law,
whereas in the opposite case of T f 0 the oscillator energy
approaches 1/2pω0 and the quantum result is recovered.

The last ingredient we will add to the model is the heating
associated with a current running from one electrode to the
other through the molecule. This is in part motivated by the
fact that for T ) 11.6 K the switching events are taking place
around voltage V ) 0 (see Figure 3). The observed
probability has a pronounced dip at zero bias, i.e., when little
or no current is moving through the system. This suggests
that the current actually is helping the system getting over
the barrier the more the voltage and the associated current
is different from zero.

When an electron is added to C60, the equilibrium position
of the reaction coordinate is shifted by some amount, and
the coordinate experiences a force. When the extra electron
leaves the molecule, the original equilibrium position is
restored, but an amount of energy is transferred to the C60

in the process. A model containing similar physics was used
in the analysis of the Eigler switch,40,41 where it was shown
that in the presence of a transport current the time-average
oscillator energy reads:

〈E(T,V)〉 )
pω0

2
coth( pω0

2kBT)+R(|eV|- pω0)θ(|eV|- pω0)

(8)

where R ) (G/e2)(Ej/η); G is the sample conductance, Ej , is
the average energy supplied by one tunneling electron, and
η is the relaxation rate of the mechanical oscillations. The
current-induced correction to the average energy is therefore
the energy supplied by passing electrons during the relaxation
time of vibrations associated with the reaction coordinate;
the θ-function in (8) accounts for the fact that electrons can
not excite the reaction coordinate if the bias-supplied energy
eV < pω0. One can show (see the Supporting Information
for the detailed calculations) that in the presence of transport
current the escape rate is given by (5) with an average energy
〈E〉 in the generalized form (8).

Assuming an attempt rate ∼ω0/2π we arrive at the model
with just two fitting parameters: ω0 and R. For any given
choice of (ω0, R) we can reconstruct the barrier height ∆(V)
) -〈E(T,V)〉 ln (2πΓLH(T,V)/ω0) from the switching rate
ΓLH(T,V) measured at temperature T. As shown in Figure 4,
with a proper choice of fitting parameters (pω0 ) 2.8 meV,
R ) 7.1 × 10-3), all the ∆(V) plots collapse into a single
curve. This is the key result of our data analysis. In the
following we treat it as experimentally determined temper-
ature-independent barrier ∆(V).

Because our model (eq 8) includes thermal, quantum and
current induced effects we are able to estimate the relative
contribution of these effects to the over all “Lo”-“Hi”
switching process. This exercise shows that at low temper-
atures tunneling is indeed the dominant switching mecha-
nism. At 4 K and 100 mV bias, for example, the different
contributions to the total oscillator energy are according to
eq (8): 1.4 meV from the quantum mechanical ground-state
oscillations, ∼0.001 meV from the thermal fluctuations and
0.7 meV from the current-induced heating.

Knowing the oscillator frequency ω0 ≈ 4.2 THz, we can
estimate the mass of the tunneling object. As it was
discussed, at low temperatures the dominant switching
mechanism is tunneling, and one can use a simplified formula
(5) to estimate the dispersion of the ground state 〈R2〉 ) Rc

2/
ln(ω0/2πΓ). As the switching actually happens when Γ is in
the range ∼1-10 Hz (Figure 3), we can estimate the
logarithm in the former formula as ∼25, and the tunneling
mass m ) p/ω0〈R2〉 ≈ 25p/ω0Rc

2. The maximum possible
value for Rc ∼ 0.3 Å can be estimated from the fact that the
sample conductance in Figure 2 only changes by a factor of
2, and we arrive at m g 400mp (mp is the proton mass). This
rules out all switching mechanisms involving the displace-
ment of silver atoms in the electrodes and corroborates a
tunneling process involving a mass in the C60 range.

So far, we have made no detailed assumptions about the
nature of the reaction coordinate. The oscillator energy of
pω0 ) 2.8 meV is too small to be assigned to any internal
vibration mode of the C60 molecule,42 so we shall associate
the reaction coordinate with rotation or displacement of the
entire C60 molecule. The latter we can exclude as well,
because the energy required for the lateral C60 displacement
is ∼800 meV,43 which is well above the observed barrier
height of 40-140 meV. On the other hand, the barrier for
C60 rotations, which was calculated to be 90 meV for C60

on Au(110)44 and experimentally found to be 58 meV in a
C60 film45 is in the right range.

The minimum in ∆(V) at V ) 0 in Figure 4 could be a
simple electrostatic effect because the device is in essence a

Figure 5. Simple model for the energy landscape along the reaction
coordinate. The metastable well corresponds to the state “Lo”.
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capacitor obeying the electrostatic relation U ) 1/2C(x)V2,
where the capacitance C(x) depends on the reaction coordi-
nate, x, of C60. Following this analysis, the change in
capacitance, ∆C(x), resulting from switching is reflected in
the scales in Figure 4, and a rough estimate yields ∆C(x) ≈
1 × 10-19 F, which is a fraction (≈20%) of the capacitance
of a C60 molecule on an aluminum oxide surface. However,
this simple analysis does not account for the linear asymp-
totes for both positive and negative biases on Figure 4. This
may be related to the simplified model we have used for the
effects of transport current.

Finally, we shall discuss switching in the opposite direc-
tion. The switching histograms for “Hi” f “Lo” transition
are shown in Figure 6. As in the “Lo”f “Hi” case, we find
that a simple Arrhenius model does not give a reasonable
representation of the data. A refined model (5–8), which
includes quantum effects and heating due to current, gives a
satisfactory fit if we assume that the current induced heating
starts from the threshold bias of 35 meV. In fact, from the
raw histograms in Figure 6 one can clearly see that the
backward switching is mediated by excitation of the 35 mV
mode: at the three highest temperatures the switching
histograms have a clear onset at approximately 35 mV.

For “Lo”f “Hi” switching we assumed that the 2.8 meV
vibration mode associated with the reaction coordinate is
coupled directly to the tunneling electrons. This need not be
the most general scenario. Some vibrational modes with
higher energies may in fact be stronger coupled to the moving
electrons. This energy may then, through the intermode
coupling, “triggle down” to the reaction coordinate and
ultimately help the system to pass over the energy barrier.
It is known that the charged C60 molecule is Jahn-Teller
distorted. The Jahn-Teller active modes are the ones with
the highest electron-phonon coupling, the energy of the
lowest Jahn-Teller active mode Hg(1) for C60 in vacuum is
around 34 meV,46,47 it seems to be natural to associate the
mediating coordinate with this breathing mode.

A detailed model, which includes the reaction coordinate,
oscillating in a quadratic minimum like in Figure 5 with a
frequency ω0′, which gains energy through the coupling to
a “helper” coordinate, oscillating with frequency Ω, and
dissipates energy into the reservoir, is considered in the
supporting material. It is shown there that the current-induced

heating for this model has a threshold at |eV| ) pΩ and is
approximately linear above the threshold. The total energy
of the oscillator associated with reaction coordinate is then

〈E(V,T)〉 )
pω0′

2
coth(pω0′

2kBT)+R′(|eV|- pΩ)θ(|eV|- pΩ)

(9)

where the renormalized coupling constant R′ implicitly
includes the inter mode coupling.

The reconstructed barrier height for backward switching
is shown in Figure 7.

The 35 mV mode is active in the ground state and inactive
in the metastable state. It is this asymmetry that makes the
device bistable. Apparently the coupling between the breath-
ing mode and the reaction coordinate is rather different for
two states.

The analysis so far does not reveal the precise nature of
the two switch states, and the reaction coordinate connecting
the two. We may speculate that they are associated with
configurations, where either a pentagon or a hexagon of
carbon atoms are facing and contacting the metal electrode.
In this case the reaction coordinate is indeed an angle, and
the oscillator is some rotation mode, with a frequency as
small as 2.8 meV. This scenario also offers a natural
explanation for the different couplings to the Jahn-Teller
distortion. When the hexagon faces the metal the Jahn-Teller
distortion goes in the direction normal to the surface and
coupling to the rolling vibrations should be suppressed by
symmetry. We therefore conclude that in such a scenario,
the “Hi” state corresponds to a pentagon facing the metal
electrode.

In summary, statistics of ∼105 of switching events of a
single bistable fullerene (C60) molecule trapped between
silver electrodes has been collected for a device which was
stable for over 6 weeks. The data were collected in the
millisecond time domain at temperatures between 2 and 20
K and currents ranging between 0 and 500 pA for both
directions of switching. The entire data set is analyzed in a
model invoking simple Arrhenius type activation as a starting
point for calculating the switching rate, Γ ) ω0 exp(-∆/

Figure 6. Probability of switching when the voltage is swept from
positive to negative voltages.

Figure 7. Barrier height, ∆′, extracted from the data assuming the
switching rate is of the form Γ ∝ e-∆′/kBTeff with an effective
temperature determined by current generated heating (through
coupling to the vibration mode with pΩ ) 35 meV) and quantum
effects. Temperatures as in Figure 6. The parameter pω′0 is 2.5
meV, R′ ) 0.02.
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〈E〉). It is shown that current induced heating as well as
quantum tunneling needs to be included to encompass all
the data in the same model. Data analysis reveals a bimodal
energy landscape with a voltage dependent barrier (≈100-200
meV) separating the two states of the switch. It is shown
that quantum tunneling is the dominant mechanism for
switching in one direction, and switching in the opposite
direction is additionally assisted by a current induced
excitation of the 33.7 meV breathing mode of C60. In both
directions the attempt frequency, ω0, corresponds to 2.8 meV
(rotational) mode. This scenario is consistent with a simple
mechanical switching mechanism where C60 rolls from one
orientation to the other and it provides a benchmark for the
relevance of quantum mechanics in relation to nanoelectro-
mechanical (NEMS) switching.
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