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Abstract

The possibility of using single molecules as active elements of electronic devices offers a variety of scientific and technological
opportunities. In this article, we discuss transistors, where electrons flow through discrete quantum states of a single molecule.
First, we will describe molecules, where current flows through one cobalt atom surrounded by two insulating terpyridyl ligands.
Depending on the length of the insulating part of the molecules, two different behaviors are observed: Coulomb blockade for a
longer molecule and the Kondo effect for a shorter molecule. We will also discuss measurements of the C,, fullerene and its
dimer (C,4). In C 4 devices, the transport measurements are affected by an intercage vibrational mode that has an energy of 11
meV. We observe a large current increase when this mode is excited, indicating a strong coupling between the electronic and

mechanical degrees of freedom in C,,, molecules.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Molecular electronics; Nanostructures; Electrical properties; Measurements

1. Introduction

Understanding electron transport phenomena in a
single molecule regime will offer a new way for
approaching many interesting and fundamental problems
in nanometer-scale physics [1]. Several recent experi-
ments have investigated electron transport in single
molecules. In most of the cases, the biggest experimental
challenge is to develop a technique to reproducibly ‘wire
up’ a single molecule. Scanning probe microscopy
techniques with STM or AFM have been widely used
successfully to measure the conductance of molecules
in the single-molecule limit [2,3]. Mechanical break
junctions have also been used in several groundbreaking
experiments [4,5]. More recently, other approaches have
been developed to fabricate electrodes spaced by an nm-
scale gap sufficiently small to wire up molecules in a
planar geometry. The electromigration-junction tech-
nique, which we use was originally developed by H.
Park et al. [6,7]. Using the electromigration technique,
we have succeeded in wiring up single molecules in
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which current flow occurs via tunneling through a single
cobalt atom [8]. In this article, we will discuss the
results from these molecules along with additional meas-
urements on two different fullerene molecules.

2. Experimental

The molecules that we have investigated are depicted
in Fig. 1a. Molecules I and II are coordination complexes
in which one Co ion is bonded to two terpyridyl linker
molecules with thiol end groups, which confer high
adsorbability onto gold surfaces. The two molecules
differ by a 5-carbon alkyl chain within the linker
molecules. It is known from electrochemical studies that
the charge state of these molecules can be changed from
2+ to 3+ at low energy [9]. The other two molecules
studied in this experiment are the fullerene C,, and its
dimer C,4 (molecules III and IV). C,, powder was
obtained commercially and used without further purifi-
cation. C,4, was synthesized and purified by the method
described in S. Lebedkin et al. [10].

The fabrication of single molecule transistors begins
by defining a gate region on a silicon wafer. For
molecules I and II, the substrate of degenerately doped
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Fig. 1. (a) The molecules used in this study. (b) A topographic AFM image (5X5 pm) of a gold wire fabricated on top of an Al/Al,O; gate
electrode. This geometry was used to study the molecule III and IV. (c) The schematic diagram of a device with the measurement setup is shown.

silicon with 30 nm thick thermal oxide is used for a
back gate. For fullerene molecules III and IV, an
aluminium gate with 1-2 nm native oxide is lithograph-
ically defined on a silicon oxide surface. Then continu-
ous gold nanowires with a width less than 200 nm, a
length of approximately 200 nm and a thickness of
approximately 30 nm are fabricated on top of the gate
region by electron beam lithography and lift-off (see
Fig. 1b). These wires are carefully cleaned with acetone,
methylene chloride and oxygen plasma, after which the
molecules are deposited by placing the wires in a dilute
solution to form a self-assembled monolayer (molecules
I and II) or by a direct deposition of the solution and a
nitrogen blow dry (molecules III and IV).

The wires are cooled to liquid helium temperatures
or below, before the electromigration process is begun.
Using electromigration, the wires are broken to form an
approximately 1 nm gap between two electrodes, a gap
that can be bridged by single molecules [6]. Then the
conductance of the device is measured at low biases as
a function of the bias voltage (V) and gate voltage (V)
to determine if any molecules have been incorporated
across the gap. Molecules are found in less than 10%
of the electrodes, which suggests that it is unlikely to
have multiple molecules across one gap. The schematic
of the finished device with the measurement setup is
shown in Fig. lc.

3. Results and discussion

3.1. Coulomb blockade in single molecule transistors
(molecule I)

We begin with measurements from the long Co(tpy-
(CH,)s-SH), molecule (molecule I). Fig. 2a shows I—

V curves measured in a device with the molecule I at
different gate voltages. Each I-V curve displays a non-
conducting region near zero bias whose width can be
controlled by changing the gate voltage. This behavior
can be well understood using the standard single electron
transistor (SET) theory [11]. Tunneling of an additional
electron on and off the molecule I is not allowed until
tunneling electrons have enough energy to overcome the
charging energy of the molecule, resulting in a non-
conducting region near zero bias (Coulomb blockade).
Therefore, the charge state of a molecule is fixed within
the Coulomb blockade. By changing the gate voltage,
the Coulomb blockade can be narrowed (widened) when
the charge state of the molecule becomes less (more)
stable.

Further analysis can be performed using a differential
conductance (dI/dV) plot as shown in Fig. 2b. There
are two triangular Coulomb blockade regions which
meet at a gate voltage V.. Previous electrochemical
studies suggest that the charge state of the cobalt atom
within the blockade region is 3+ (2+) for V,<V,
(V> Vo).

The blockade regions are bordered by bright dI/dV
lines that correspond to the first current steps in [-V
curves. According to the SET theory, these lines are due
to electron tunneling through the quantum ground states
of the molecule in either charge state at low biases. In
this device, current flows by electrons tunneling on and
off the molecule I while changing the charge state of
the cobalt ion between 2+ and 3+. There are also
additional lines outside the boundary and they corre-
spond to quantum excitations of the molecule. A dI/dV
line that meets the blockade region at V,<V, (V,>V,)
corresponds to an excited level of the molecule I in 3+
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Fig. 2. Coulomb blockade in single molecule transistors (molecule 1).
(a) I-V curves measured at different gate voltages (V,) from a device
with molecule 1. (b) A differential conductance (dI/dV) plot as a
function of V and V, measured at 1.5 K from a device with molecule
1. The dI/dV increases from zero (black) to maximum (white). The
charge state of the cobalt atom within the blockade region is 3+ or
2+ as shown in this figure.

(24) charge state. The energy of the excitation can be
measured from the bias voltage of the point where the
line intercepts the Coulomb blockade.

Most devices with the SET behavior showed several
excited levels at low biases (<6 meV). In these devices,
we observed the same structure in excited levels for
both charge states (not shown), which suggest that these
low energy excitations are most likely vibrational [7].
Normal mode calculations done using a quantum chem-
istry package (HyperChem 7.0) indicate that there are
more than 10 normal modes of this molecule within the
same energy range.

Finally, the spin state of the molecule I was also
studied. Upon applying magnetic fields, a device with
the molecule I showed Zeeman splitting of the ground
state for the 2+ charge state and a g-factor close to 2
(not shown). The 3+ charge state did not show any
Zeeman splitting. This observation indicates that the 3 +
state has spin 0. Further analysis using the magnitude
of current at different magnetic fields confirmed that the
cobalt atom has spin 1/2 for the +2 charge state and

spin 0 for +3 charge state, in accord with previous
chemical studies [12].

3.2. The Kondo effect in single molecule transistors
(molecule I)

Unlike the transistors made with molecule I, devices
made using the shorter molecule Co(tpy-SH), (molecule
I1) often had an average conductance that was compa-
rable to the conductance quantum (2¢2/h~77 pS). In
fact, we were sometimes able to observe the insertion
of these high-conductance molecules into the gap
between the electrodes during the electromigration pro-
cess. In Fig. 3a, a large bias -V curve taken during an
electromigration process is shown. The current suddenly
increased at approximately 0.9 V, indicating that one or
more molecules became inserted to the gap between the
electrodes. The low bias conductance of the device after
this event (solid curve, Fig. 3b) was approximately five
times larger than before the event (dotted curve, Fig.
3b). Moreover, a zero-bias peak in d//dV was observed
after the molecule insertion, which was not present
before.

The peak in dI/dV is a generic feature of these
devices and has been seen in more than 30 samples.
The peak is due to the Kondo effect [13], which arises
in a quantum-dot system with a non-zero spin, where
electrons can tunnel coherently between the dot and the
leads. This effect has been studied previously in semi-
conductor quantum dots [14,15]. There are two signa-
tures of the Kondo effect. The first is that the zero-bias
peak in dI/dV (the Kondo peak) decreases with increas-
ing temperature and disappears around the Kondo tem-
perature Tx. We observe this behavior in all our devices.
Fig. 3c shows one device with the characteristic tem-
perature dependence. Ty for this device is approximately
20 K. The second signature of the Kondo effect is its
magnetic field dependence (Fig. 3d). In an applied
magnetic field, the Kondo peak splits into two dI/dV
peaks with a splitting of AV=2gupH/e. H is the
magnetic field and my is the Bohr magnetron. In Fig.
3d, the splitting of the Kondo peak is clearly visible,
and the g-factor measured from the splitting is
2.00£0.04. We have observed the same g-factor in over
10 devices. It is also consistent with the g-factor meas-
ured in devices with the longer molecule I for 2+
charge state.

3.3. Intercage vibrations in C 4, transistors

Finally, we made SETs with single molecules of
Ci40 (molecule 1V). I-V curves of one such SET at
different V,’s are shown in Fig. 4a. An excited level
(solid arrow) is seen in these curves. By the same
analysis as explained in the Section 3.1, the energy of
this level was measured to be approximately 11 meV.
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Fig. 3. The Kondo effect in single molecule transistors (molecule IT). (a) A large bias I-V curve of a broken gold wire with adsorbed [Co(tpy-
SH),]*>* at 1.5 K. At approximately 0.9 V, the current level suddenly increases due to the incorporation of a molecule in the gap. (b) The low-
bias conductance of the sample increases approximately five times after the incorporation of a molecule (solid line) and displays a peak at zero
bias. (c¢) The temperature dependence of the Kondo peak for a device with molecule II. The inset shows the V=0 conductance as a function of
temperature. The peak height decreases approximately logarithmically with temperature and vanishes at approximately 20 K. (d) Magnetic field
dependence of the Kondo peak (bright lines). dI/dV is plotted as a function of V and H. The peak splitting varies linearly with magnetic field.
These data were taken at the base temperature (<100 mK) of a dilution refrigerator.

More than half of C,,, devices measured so far showed Calculations show that the six lowest vibrational
a level near 11 meV for both charge states and some of modes of a single C,,, molecule are ‘intercage’ modes
them show levels near multiples of 11 meV. These where each C,, unit behaves like a single mass. These
behaviors suggest that the 11 meV level in Cy4, SETs vibrational modes have also been seen experimentally
is most likely vibrational. by Raman spectroscopy [10]. In particular, it is known
(a) (b)
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Fig. 4. Intercage vibrations in C 4, transistors. (a) I-V curves measured from a C 4, SET. They display Coulomb blockade, whose width changes
with V,. The arrow marks a current step near 15 mV, and it corresponds to a vibrational excitation with an energy near 11 meV. The schematic
of this 11 meV intercage vibrational mode is shown in the inset. (b) I-V curves measured form a C;, SET. The arrow marks a current step
corresponding to a ‘bouncing-ball’ mode (see the text) excitation with an energy near 3 meV.
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that there is an intercage ‘stretch’ mode of C,4, (sche-
matically shown in the inset to Fig. 4a) that occurs at
11 meV. Therefore, we can make a direct correspondence
between the observed 11 meV level and the stretch
vibrational mode of C,4,. Making such a correspondence
was not possible for molecule I (Section 3.1) because
of the larger number of low-energy normal modes. Our
data also indicate that the 11 meV mode in C,4, couples
strongly to the motion of tunneling electrons, since the
current increases significantly, when this level is
accessible.

I-V curves of a device with C5, (molecule III) are
also shown in Fig. 4b. They display Coulomb blockade
and an excited level with an energy at 3 meV (arrow).
However, no energy levels were seen in C,, devices
near 11 meV, which confirms that the 11 meV level
observed in C,,, devices is indeed intrinsic to C, 4. As
in the case of Cg, transistors [7], we attribute the level
near 3 meV to the ‘bouncing-ball’ mode of C,, on the
gold surface. The average energy of this level from
several C,, devices is approximately 4 meV, which is
consistent with a simple harmonic potential approxima-
tion for the van der Waals interaction between a C,,
molecule and a gold surface.

4. Conclusions

We have fabricated a variety of single-molecule elec-
tronic transistors. In these devices, the vibrational modes
of the molecule affect the electron transport properties
significantly when the device resistance is high. We
have also shown that it is possible to fabricate lower-
resistance molecular devices with conductances compa-
rable to the conductance quantum. Coherent electron
transport occurs in such devices, and the Kondo effect
is observed. These single-molecule transistors open up
the possibility of chemically tailoring molecules in order
to achieve designable transport properties.
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