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Over the last decade, electron transport through quantum dots has
attracted considerable attention from the scientific and engineering
community. The electronic motion through these structures is
strongly modified by single-electron charging and energy leve
guantization?. Recently, much effort has been directed toward
extending these studies to chemical nanostructures, such as
molecules*®, nanocrystals®!3, and nanotubes'*Y. Herewereport for
the first time the fabrication of single-molecule transistors based on
individual Cgy molecules. Transport measurements of single-Cg
transistors provide evidence for coupling between the center-of-mass
motion of Cg and single-electron hopping®, a novel conduction
mechanism that has not been observed in previous quantum-dot
studies. This coupling manifestsitself as quantized nano-mechanical
oscillations of Cg against the gold surface. The frequency of this
oscillation is determined to be around 1.2THz in excelent
agreement with a simple theor etical estimate based on van der Waals
and electrostatic inter actions between Cg and gold electrodes.

Single-Gy transistors were prepared by depositing a dilute tolue
solution of Gy onto a pair of connected gold electrodes fabricated us
e-beam lithography. A break-junction technifuaas then used to
create a ~1 nm gap between these electrodes by the process of el
migration. In a significant fraction of these devices, the conductanct
the junction after initial breaking is substantially enhanced comparec
devices with no g deposited, indicating thatg&molecules reside in
the junction. The entire structure was defined on g Biflating layer
on top of a degenerately doped silicon wafer which serves as a
electrode that modulates the electrostatic potentialggf & schematic
diagram of an idealized singlegdransistor is shown in the lower inse
of Fig. 1.

Figure 1 presents representative current-voltab®) (curves
obtained from a single-gtransistor at different gate voltagag) The
device exhibited strongly suppressed conductance near zero bias vo
followed by step-like current jumps at higher voltages. The volte
width of the zero-conductance region (conductance gap) could

ol/oV peaks outside the conductance gap are also observed.

The V-dependent features described above were not observ
devices when g was not deposited on the electrodes. In addit
many different devices exhibited similar conductance characteristig
shown in Fig. 2. Furthermore, the observed behavior is consistent
a single nanometer-sized object bridging two electrodes, as explain
detail below. Although G, could not be imaged directly in thes
devices due to its small size (~7 A in diameter), these experim
observations indicate that individuak,Gnolecules are responsible fq
the conductance features observed in the experiment.

The global patterns observed in Figs. 1 - 3 can be understood
ideas borrowed from the Coulomb blockade model developed for
analysis of quantum-dot transportThe conductance gap observed
the data is a consequence of the finite energy required to add (re
an electron to (from) &. This energy cost arises from the combin|
effect of single-electron charging ofsCand the quantized excitatio
spectrum of the g-transistor system. The maximum observed gaf
the experiment indicates that the charging energy of ghen@ecule in
this geometry can exced&0 meV.

The conductance gap changes reversibly as a functioky g
because more positive gate voltage stabilizes an additional electrg
Ceo- The conductance gap disappears/gt= V. where the electro-
chemical potential becomes identical for two differegt €harge states
When the gate voltage travers®s in the positive direction, the
equilibrium number of charges onrg&hanges by one electron frog},
to cowr, wheren designates the number of charges ag. Clt is
determined by both and the local electrochemical environment, tha

the work function of the metal electrode and the local chd
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changed in a reversible manner by changipgIn ten devices prepared Figure 1 Current-voltage (/-V) curves obtained from a single-Ceo
from separate fabrication runs, the conductance gap could be reduced'@sistor at T = 1.5 K. Five -V curves taken at different gate voltages

zero by adjustingV, , although the gate voltage at which the

conductance gap closed,) varied from device to device.

conductancedl/oV) as a function of botl andVj, for four different

Fig. 1, show up as lines in these plots. As seen clearly in Figs. 2 and

the size of the conductance gap and @h@) peak positions evolve

continued to widen and exceed®{l4 150 mV in some devices. Many
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(Vg) are shown. Single-Ceo transistors were prepared first by depositing
a dilute toluene solution of Cgo Onto a pair of connected gold electrodes.

! ) ‘ ) _ A -~1nm gap was then created using electromigration-induced breaking
Figures 2 and 3 show two-dimensional plots of differentialof the electrodes. A large bias was applied between the electrodes while
the conductance between them was monitored (black solid curve, upper

devices. Peaks ifil/0V, which correspond to the step-like features in inset). After the initial rapid decrease (solid arrow), the conductance

yed above the conductance quantum (e%/h = 38.7 pS) until ~
This large residual conductance was observed in most single-Cego

2.0V.

i : . transistors, but was not observed when no Cgo solution was deposited
smoothly asvy is varied. As the gate voltage was varied farther awayred dotted curve). The bias voltage was increased until the

from V. in both positive and negative directions, the conductance gagnductance fell significantly below e*/h (open arrow) to ensure that the
current through the junction is in the tunneling regime. The low bias
measurements shown in the main panel were taken after the breaking
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procedure. The lower inset depicts the schematic diagram of an
idealized single-Cgo transistor formed by this method.
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Figure 2 Two-dimensional differential conductance (9//0V) plots as a
function of the bias voltage (V) and the gate voltage (V) 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. The
differential conductance values are represented by the color scale,
which changes from black (0 nS) through pink to white (white
representing 30 nSin a, b, ¢ and 5 nS in d). The white arrows mark
the point where 9//@V lines intercept the conductance gap. During the
acquisition of data in d, one “switch” where the entire 3//0V
characteristics shift along the V; axis occurred at V= 1.15 V. The right
portion of the plot d is shifted along the Vj axis to preserve the
continuity of the lines.

distribution around Cg,. While the value of n cannot be determined
solely from our experimental data, previous electrochemical and
photoel ectron spectroscopic studies of Cgy 0N gold suggest that n is most
likely zero or one'®.

The position of each 0I/0V peak outside the conductance gap in
Figs. 2 and 3 provides detailed information on the quantized excitations
of the single-Cg, transistor system®. These 61/0V peaks appear when a
new quantized excitation becomes energetically accessible, providing an
electron-tunneling pathway between Cg and the gold electrodes.
Specifically, each 01/0V" peak on the V; <V, side signifies an opening of
a new tunneling pathway where an electron hops onto C7; to generate
Cy+rin its ground or excited states; these peaks therefore probe the
excitation energies of the c*+ ion. Each 6//0) peak that appears at Vy
> V. occurs when an electron hops off cu*+ to generate C;; these
peaks thus probe the ground and excited states of C. 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
arrowsin Fig. 2.

A remarkable common feature of the different devices is that a
guantized excitation is universally observed with an energy of ~5 meV.
Moreover, this excitation is observed on both sides of V. in most
devices, indicating that it is an excitation of both charge states of Cgy.
The exact value of this energy quantum varied from device to device and
ranged from 3 to 7 meV. In some devices, multiple 67/0V 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-Cg transistor system. One possibility,
which has been commonly invoked in other nanometer-scale systems, is
the excited electronic states of the system. However, this possibility can
be ruled out here based on the observation that the 5-meV excitation is

vV (mv)

Figure 3 A differential conductance plot showing a larger bias-voltage
range than those in Fig. 2. Here two 3//dV lines that intercept the
conductance gap at V = 35 mV are seen clearly (red arrows). The
energy quantum of this excitation closely matches that of the Cgq internal
vibrational mode shown in the inset.

the same for both charge states of Cqo and that multiple excitations with
the same spacing are observed. Although the exact electronic-level
structures of the Y. ions are not known experimentally, theoretical
caculations predict that the electronic states do not follow such
behavior®®.

A more natural candidate is a vibrational excitation of the Cg,
system coupled to an electron tunneling on and off Cg. The observation
of multiple 01/0V 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 Cego.

The internal vibrational modes of the free Cgy molecule have been
extensvely 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 Figure 3, an excitation that likely
corresponds to this mode can indeed be seen with an energy of
~35meV. However, interna vibrational modes cannot account for the
observed 5-meV festures.

Another possibility is the center-of-mass oscillation of Cgy 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 Waas
interactions, with a Cgo-gold binding energy of ~1 eV and a distance of
~6.2 A between the g center and the gold surfd®&-22  Assuming
that the Gy-gold interaction potential can be expressed by the Lenn
Jones forr?, the above parameters can be used to determine the
of the potential that describes they@old binding. This calculatiorn
indicates that the -gold binding near the equilibrium position can
approximated very well by a harmonic potential with an estimated f
constant ok ~ 70 N/m, as is shown schematically in Fig. 4. This fg
constant and the madd of the Gy molecule yield a vibrationa]
frequency off = (1/271)(I</M)1/2 ~ 1.2 THz and a vibrational quantum
hf ~ 5 meV, wheré is the Planck constant.

Adding an additional electron toggCcompresses the ggsurface
bond due to the interaction between thgiGn and its image charge i
the metal. A simple estimate indicates that an additional electrony,o
results in the shortening of theg&urface distance by ~ 4 pm, but it
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does not significantly change the vibrational frequency. By compar

son,



the root-mean sguared displacement x;, of the Cgo molecule in the m-th
vibrational level is given by x, = (2m+1)Y2x,, wherex, = (hf/k)Y?~ 3 pm.

The Cgo-surface vibration discussed above can account for the 5-
meV conductance features in a unifying fashion. The first 6/0V 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 0//0) peaks on the V, < V. side appear
when an electron hops onto C[ to generate c\" in excited vibrational
states. The 01/0V" peaks on the V4> V. side signify, on the other hand, an
event where an electron hops off cur, leaving cy in excited
vibrational levels. Multiple 01/0V peaks on the same side of V. indicate
that more than one vibrational quantum 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 electronic
motion®. Within the harmonic approximation, the vibrational matrix
elements for these processes can be readily calculated, and the ratio d/x,
determines the number of vibrational quanta typically excited by the
tunneling electron. According to the estimates discussed above, dix, ~ 1
in a single-Cg transistor. The number of 01/0V peaks visible in Fig. 2
generaly confirms this expectation since only a few 0I/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 01/61V
peaks on both sides of V.. In addition, the peak intensities do not show
simple variations expected from the singlemode Franck-Condon
picture®>. The anomalous behavior may be related to the highly
asymmetric coupling of Cg and the two electrodes in this particular
device. This asymmetry is demonstrated by the different slopes of the
upward and downward 6//0V" 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 datain
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Figure 4 Schematic of the center-of-mass oscillation of Cgo. a, A Ceo
molecule is bound to the gold surface by the van der Waals and
electrostatic interaction. The interaction potential is schematically
illustrated in the figure. 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 =
(1/2n)(k/M)1’2. Here M represents the mass of Cgo and his the Planck
constant. b, When an electron jumps on to cr. the attractive interaction
between the additional electron and its image charge on gold pulls the
Cso ion closer to the gold surface by the distance . This electrostatic
interaction results in the mechanical motion of Ceo.

Figure 2a, a small (<1 meV) energy splitting is observed for many of
the lines. This splitting may arise from the Cg center-of-mass motion
perpendicular to the surface normal discussed above. Unfortunately, the
nature of the potential for this motion is not known due to the lack of
detailed knowledge of the electrode geometry near Cgp, and quantitative
support of this assignment is thus lacking at present.

freedom is likely to be important in electron transport through nano-
molecular systems®?, The transport measurements presented here
demonstrate that single-electron-tunneling events can be used both to
excite and probe the motion of a molecule: indeed, the single-Cg
transistor behaves as a high-frequency nano-mechanical oscillator.
Furthermore, the oscillations of the Cgy molecule must be treated in a

The coupling between the electronic and mechanical degrees of

guantized fashion, showing that this is a true quantum-“mechan

system.
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