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Electrical conduction through molecules depends critically on the
delocalization of the molecular electronic orbitals and their con-
nection to the metallic contacts. Thiolated (2SH) conjugated
organic molecules are therefore considered good candidates
for molecular conductors1,2: in such molecules, the orbitals are
delocalized throughout the molecular backbone, with substantial
weight on the sulphur–metal bonds1–4. However, their relatively
small size, typically ,1 nm, calls for innovative approaches to
realize a functioning single-molecule device5–11. Here we report an
approach for contacting a single molecule, and use it to study the
effect of localizing groups within a conjugated molecule on the
electrical conduction. Our method is based on synthesizing a
dimer structure, consisting of two colloidal gold particles con-
nected by a dithiolated short organic molecule12,13, and electro-
statically trapping it between two metal electrodes. We study
the electrical conduction through three short organic molecules:
4,4

0
-biphenyldithiol (BPD), a fully conjugated molecule; bis-

(4-mercaptophenyl)-ether (BPE)14, in which the conjugation
is broken at the centre by an oxygen atom; and 1,4-
benzenedimethanethiol (BDMT), in which the conjugation is
broken near the contacts by a methylene group. We find that the
oxygen in BPE and the methylene groups in BDMT both suppress
the electrical conduction relative to that in BPD.

Various methods have been suggested and realized to form nano-
metre-sized gaps, including electron beam lithography with shadow
mask evaporation15, mechanical break junctions5–7, electromigra-
tion8, and side etched quantum wells16. Molecules are then deposited
on the thin gap, and it is assumed that electrical conductivity is
obtained when a single molecule bridges the gap and conducts
current. Although impressive success in measuring the conductance
of molecular junctions has been reported5–7,9,10,17, serious problems
are evident. The most notable are the uncertainty about the number
of conducting molecules in the junction, and the lack of information
about the shape and structure of the metal contacts near the
molecule. The dimer-based contacting scheme presented here
provides several advantages. (1) Single-molecule devices can be
fabricated with high certainty. (2) The contacts to the molecule are
well defined and can be characterized separately. (3) Our scheme
avoids the need for fabricating nanometre-sized gaps. (4) It also
allows measurements of the temperature dependence of the molecu-
lar junction conductance over periods of hours and even days,
regaining the original spectra after thermal cycling.

The dimer synthesis is performed by mixing a solution of dithio-
lated molecules, whose structure is depicted in Fig. 1a, with a gold
colloid, keeping their respective ratio below 1:10. The colloids were
stabilized using the conventional citrate method18. In making the
bridged dimers, the thiols on the bridging molecule displace citrate

anions to form stable Au–S bonds19 (Fig. 1b, c). If more than one
molecule binds to a certain colloidal particle, trimers (Fig. 1d),
tetramers (Fig. 1e) and higher oligomers can be formed. To ensure
that most of the dimeric colloidal particles are bridged by a single
dithiolated molecule, the concentration of the latter (Cm) in
the reaction mixture should be much smaller than the concentra-
tion of the monomeric colloidal particles (Cp). In that case, when
the reaction is completed, the ratio R of dimers to single
unbound colloidal particles is expected to follow the relation
R < Cm/(Cp 2 2Cm). We measured R for different input concen-
trations of dithiolated molecules, keeping Cp fixed, and found that
the above relation holds for Cm:Cp ratios that are lower than 1:10.

The dimeric colloidal particles are separated from monomeric
particles and higher oligomers on the basis of their relative mass, by
centrifugation through glycerol or sucrose density gradients. Each
structure propagates as a different band along the centrifuged tube,
and is easily distinguished because of its reddish colour. Figure 1f
shows a transmission electron microscope (TEM) image at higher
magnification of a dimer (made of two 10-nm colloidal gold particles
connected by BDMT) that was synthesized in this manner. The
gap between the two particles is readily seen, and its size is in
good agreement with the size of the BDMT molecule, which is
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Figure 1 | The molecules and colloidal structures under study. a, The
structures of the three molecules: 1,4-benzenedimethanethiol (BDMT),
4,4 0 -biphenyldithiol (BPD) and bis-(4-mercaptophenyl)-ether (BPE). b, The
dimer contacting scheme. c–e, TEM images of BDMT dimer, trimer and
tetramer structures made of 50-nm colloidal gold particles. f, TEM image of
a BDMT dimer made of 10-nm colloidal gold particles. The ,1 nm
separation between the two particles corresponds approximately to the
BDMT length (0.9 nm).
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approximately 0.9 nm. To further establish the presence of a molecule
in the dimer, we conducted Raman scattering measurements on
dimers made from colloidal silver particles20. A clear Raman
spectrum was detected from a single dimer, with the characteristic
temporal blinking of a single molecule.

We position the dimer between two electrodes using the method of
electrostatic trapping15,16,21. The gold electrodes are defined on a
silicon substrate with a thin (25–100 nm) oxide layer using electron
beam lithography. In most of our studies we use dimers of 30-nm-
diameter colloidal gold particles. Hence, the electrodes are made with
40–50 nm separation, which is below the dimer size and larger than
the diameter of a single particle. The processed structures are first
cleaned22 and then inserted in a probe station where the electrostatic
trapping is performed.

The success rate of the electrostatic trapping is relatively high, and
reaches ,50% when the impedance of the dimer solution is high
enough, such that the dipole–dipole interaction between the electro-
des and the colloids is not screened. An analysis of the trapping events
reveals that in 55% of the cases the gap is bridged by one colloidal
particle only. In 45% of the cases we get a dimer between the two
electrodes (Fig. 2a): in 35% the conductivity is too low to determine
the conductance features. We find in scanning electron microscopy
(SEM) imaging that the brightness of the colloidal gold particles of
these dimers is low, probably due to poor conductivity between one
of the particles and the electrode23. In 10% of the trapping events we
obtain high conductivity dimers. These are the samples that we refer
to here: 11 BPD, 13 BPE and 15 BDMT devices.

Trapping single colloidal particles between closely spaced electro-
des (25–30 nm) allows us to study the current–voltage characteristics
of the contacts. For the 30-nm colloidal gold particles, we find a
Coulomb blockade staircase with a single electron charging energy
of ,20–30 meV, and by applying a voltage to the substrate
we can measure the diamond structure of the conductance (see
Supplementary Fig. 1) characteristic of a single-electron transistor24.
It is evident that a tunnel barrier with a typical resistance of ,10 MQ
is formed between the gold particles and the electrodes, probably due
to the ligands that stabilize the colloids in the solution.

The measurements of electrical transport through the dimer
structures are performed using an a.c. voltage with an amplitude
of a few millivolts superimposed on a d.c. voltage, and the current
as well as the differential conductance (dI/dV) are measured

simultaneously. Figure 2b shows a comparison of the differential
conductance of the three molecules at 4 K. These are representative
curves from more than ten devices of each of the molecular species
that were studied. The BPD dimers clearly show a series of con-
ductance peaks. These peaks cannot be attributed to charging of the
gold particles—their typical spacing is a few hundred millivolts, more
than an order of magnitude larger than the charging energy of the
particles. In fact, in some cases we could resolve the Coulomb
blockade oscillations superimposed on the large conduction peaks
(see Fig. 2c). The oscillation period is very similar to that observed in
a single-particle measurement (see comparison in Supplementary
Information). We note that the conductance through a single trapped
colloidal particle is substantially higher than that of a dimer, typically
by one to two orders of magnitude. Hence, the tunnel barriers
between the metal electrodes and the gold particles act as small series
resistances, carrying only a minute fraction of the applied voltage,
while most of the voltage is dropped across the molecule.

The BPE and BDMT dimers show remarkably different beha-
viours. It is clearly seen that the conduction through the dimers
formed from these molecules turns on at much higher voltages
(typically larger than 0.5 V) and one cannot resolve any peak
structure. The systematic difference between the three molecules
further confirms that the measured differential conductance is of
molecular origin. The apparent gap and exponential turn-on of the
differential conductance in the case of the BPE and BDMT dimers
suggest that adding localizing groups interferes with the conjugated
aromatic system and suppresses the overall conductance through the
molecule. This assertion is supported by comparing the BPE with
the BPD molecule, where the addition of an oxygen atom between

Figure 2 | Image and low-temperature differential conductance spectra of
dimers. a, SEM image of a dimer trapped between the two electrodes. b, The
differential conductance as a function of voltage measured for BPD, BDMT
and BPE dimers at 4.2 K. c, Coulomb blockade oscillations of the colloidal
gold particle which are superimposed on the conduction peak of BPD
measured at 4.2 K.

Figure 3 | Temporal fluctuations and temperature dependence of the dimer
conductance. a, A compilation of 130 measurements of the differential
conductance spectrum of one BPD dimer, taken over a period of a few hours.
The conductance values are represented by a colour scale, which ranges from
blue (0 nS) to red (3 nS). b, The spectra of a shifted such that their peaks at
20.2 V coincide, thus demonstrating the rigid shift nature of the temporal
fluctuations. c, The evolution of the lowest voltage conductance peak of a
BPD dimer with temperature. A decrease in height and broadening of the
peak with increasing temperature are observed.
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the conjugated rings suppresses the conductance almost entirely
below 1 V. A similar effect takes place in the BDMT dimers, where
the methylene groups suppress the overlap of the molecular
backbone orbitals with the contacts25.

Focusing on the peak structure of the BPD dimers, we find that
while the main features of the conductance spectrum are highly
reproducible, there are temporal fluctuations as well as variations
between different devices. Figure 3a shows a compilation of 130
measurements of the conductance of one dimer taken over a period
of a few hours. Strong temporal fluctuations in peak position, which
could be as large as a few hundred millivolts, are evident. We find that
the conductance spectrum shifts rigidly—that is, all peaks at positive
and negative voltages move in the same direction by approximately
the same value. This is demonstrated in Fig. 3b, where we shift all
spectra such that their peaks at 20.2 V coincide. It is seen that this
operation causes all other peaks to be aligned as well. Such behaviour
is typical of electrostatically gated Coulomb blockaded systems with
different input and exit capacitances24. Plotting the conductance in
the Vds–Vg plane (where Vds and Vg are the drain–source and gate
voltages, respectively) produces a skewed diamonds structure (see
Supplementary Fig. 1b). It can be seen that under these conditions
the conductance peaks at positive and negative drain–source bias
indeed move rigidly on application of a gate voltage. As the gold
particles are very effective in screening the effect of remote potentials,
we conclude that charge movement in close vicinity to the molecule
gives rise to the observed rigid shift of the spectrum. These temporal
fluctuations can therefore be considered as evidence for gating of the
molecule, which occurs randomly. We note that the temporal
frequency of this random gating depends on the voltage sweep
rate, dV/dt, and the voltage range of the measurement. It could
be substantially minimized by working at low sweep rates and
within a limited voltage range, such that stable and reproducible
measurements can be conducted over hours.

The dimer structure allows us to conveniently perform measure-
ments of the temperature dependence of the molecular junction
conductance. We demonstrate this capability in Fig. 3c, which shows
the behaviour of the lowest voltage peak (, 20.3 V in Fig. 3a) as the
temperature is increased from 4 K to 100 K. It is evident that the peak
broadens and decreases in height with increasing temperature,
keeping the area approximately constant. The shift in peak position
between the low- and high-temperature measurements is due

to gating, which occurred during this long measurement. The
broadening of the peak can be accounted for by the change in
thermal distribution of the electrons in the leads. This mechanism
is expected to broaden the peak by ,2 kBT (half-width at half-
maximum), where kB is the Boltzmann constant.

Comparing the conductance of nine BPD dimer-based devices
shows that the variations between devices in the positions and
relative strengths of the peaks cannot be explained only as a rigid
shift. This is demonstrated in Fig. 4a, which compares the spectra of
two BPD dimers. We can see that while the main features appear at
approximately the same voltages, one cannot align the two spectra by
a simple shift operation. We note also that there are differences in the
value of the conductance between the various devices, which can be
as large as an order of magnitude. To statistically quantify this
variability, we construct a histogram of peak positions (Fig. 4b).
This is done by converting each spectrum to a set of peaks, each
represented by a block of unit height, a width which is the full-width
at half-maximum, and is centred around its maximum. A rigid shift
of each spectrum was allowed to accommodate the temporal fluctua-
tions. It is seen that the peak structure survives the averaging over
many molecules, indicating that the variability in peak position is
smaller than the peak spacing. The peak positions determined from
the histogram agree very well with measurements done on self-
assembled monolayers of BPD26. However, such agreement is lacking
when comparing the measured spectra with recent calculations of
molecular conduction3,4. In particular, the measured turn-on voltage
is significantly lower than theoretically predicted. Moreover, the
predicted conductance is several orders of magnitude higher than
observed.

METHODS
Colloidal gold nanoparticles with a diameter of 30 nm were prepared using a
method described by Grabar et al.18, with slight modifications. Briefly, a solution
of ‘seed colloid’ (2.6 nm) was prepared by adding 1.0 ml of 10 mg ml21 aqueous
HAuCl4·3H2O to 100 ml of Milli-Q water while stirring. One min later, 1.0 ml of
10 mg ml21 aqueous trisodium citrate was added, followed, 1 min later, by
1.0 ml of freshly prepared 0.75 mg ml21 NaBH4 in water, and the mixture was
stirred for 5 min. Larger colloidal particles, 30 nm in diameter, were prepared by
adding 0.2 ml of 10 mg ml21 trisodium citrate and 130ml of the Au ‘seed colloid’
solution to 50 ml of a boiling aqueous solution of HAuCl4·3H2O (0.1 mg ml21)
while stirring. Refluxing was continued for 10 min, or until a change to a reddish
colour was observed. This procedure resulted in a citrate-stabilized colloid of
gold particles well-dispersed in water27; the particles had a narrow size distri-
bution28, as confirmed by TEM. The concentration of colloidal gold particles was
calculated on the basis of mean particle diameter measured by TEM and the
weight of HAuCl4 used in the reaction19.

The dimer preparation consisted of several stages. First, the colloidal gold
solution was concentrated. This was achieved by centrifuging the solution at
9.7 £ 103 g for 5 min and discarding the supernatant. The precipitate was
resuspended in 2.5 ml of 1 mM NaOH and centrifuged again as above, leaving
about 0.4 ml of concentrated solution. The spacer dithiol molecule was dissolved
in 0.1 M NaOH and diluted with 1 mM NaOH to the desired concentration. This
solution was mixed with an equal volume of the concentrated colloidal gold
solution containing .10-fold molar excess of colloidal particles and incubated
for 24 h at 4 8C. The mixture (0.5 ml) was loaded on a 10–75% glycerol gradient
in water and centrifuged at 1 £ 104 g for 10 min in a Beckman SW41 rotor.
Fractions (0.5 ml) of the gradient were collected and characterized by TEM.

The electrodes are prepared on an electron beam defined pattern, and consist
of 20 nm of Au on 10 nm of Ni that serves as an adhesion layer. The electrodes are
cleaned in warm acetone and methanol for 5 min each, then placed in an ozone
stripper for 8 min and finally stirred in ethanol for 10 min (ref. 22).

Electrostatic trapping is performed in a probe station; a 0.35ml drop of the
dimer solution (containing typically 45–55% dimers, 40–50% single particles
and a few per cent of higher conjugates) is placed on the electrodes’ surface.
Next an a.c. voltage of 800 mV at 10 MHz is applied between the electrodes for
1 min. The sample is then cleaned in double distilled water, and blown dry in
nitrogen. The devices are tested on the probe station, and the ones that show
conductivity are bonded and measured at 4 K. After the measurement, the
devices are imaged in an SEM to determine the type of colloidal structure that
has been trapped.

Figure 4 | The reproducibility of the conductance spectra measurements of
different BPD dimers. a, Comparison of the differential conductance
spectrum of two different BPD devices (the upper curve has been shifted
upwards for clarity). b, Histogram of the conductance peak positions
collected from nine BPD devices. Each spectrum was converted to a set of
peaks of unit height and a width which is the full-width at half-maximum. A
rigid shift of the spectrum by up to 50 mV was allowed.
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In this Letter, there was a mistake in the presentation of the synthesis
conditions of the reported samples. The actual range of the tem-
peratures of synthesis for the four rhombohedral samples was
975–1,025 K. One of the five reported samples was wrongly charac-
terized in relation to the polymerization type: the sample was actually
prepared at 2.5 GPa (synthesis temperature, 1,125 K), representing a
mixture of the rhombohedral and tetragonal phases with some hard
carbon. The error in characterization of this sample weakens our
attribution of the ferromagnetism to defects in the rhombohedral
phase (Rh-C60) but does not influence our main conclusion con-
cerning the observation of magnetism in a carbon solid based on
polymerized fullerenes, although its origin and the actual magnitude
remain an open question. Also, we were unaware of earlier work on
magnetism in polymerized fullerenes1, that should have been cited.

T.L.M. takes full responsibility for the misidentification of the
sample preparation conditions. We thank A. V. Talyzin for alerting us
to this mistake.
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The description of the method used for the calculation of the fraction
attributable risk (FAR) shown in Fig. 4b is incorrect. The correspond-
ing sentence in the Methods section should read “For the red curve,
the response to anthropogenic forcing is also included, and a normal
distribution is used to estimate the chance of exceeding the 1.6 K
threshold.”
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In Fig. 4a of this Letter, in which the spectra of two BPD dimmers are
compared, the scaling on the two y axes should have been shifted
relative to one another in order to illustrate the point made in the
text. The corrected Fig. 4a is shown here.
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