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Molecular Electronics – Resonant 
Transport through Single Molecules
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Abstract: The mechanically controllable break-junction technique (MCBJ) enables us to investigate charge trans-
port through an individually contacted and addressed molecule in ultra-high vacuum (UHV) environment at vari-
able temperature ranging from room temperature down to 4 K. Using a statistical measurement and analysis 
approach, we acquire current–voltage (I-V) characteristics during the repeated formation, manipulation, and 
breaking of a molecular junction. At low temperatures, voltages accessing the first molecular orbitals in reso-
nance can be applied, providing spectroscopic information about the junction’s energy landscape, in particular 
about the molecular level alignment in respect to the Fermi energy of the electrodes. Thereby, we can investigate 
the non-linear transport properties of various types of functional molecules and explore their potential use as 
functional building blocks for future nano-electronics. An example will be given by the reversible and controllable 
switching between two distinct conductive states of a single molecule. As a proof-of-principle for functional 
molecular devices, a single-molecule memory element will be demonstrated.
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1. Introduction 

Molecular electronics is aimed at the 
use of small ensembles or even individual 
molecules as functional building blocks 
in electronic circuits.[1] Therefore, the far 
reaching goal is to provide various elec-
tronic functionalities by specific molecular 
designs, implemented and integrated into 

molecular device structures. One basic pre-
requisite to design and to build these novel 
types of devices is to gain a profound under-
standing of the relationship between chemi-
cal structure and electronic functionality. 
Deep insight can be gained by studying 
transport through ensembles of molecules, 
e.g. monolayers of molecules sandwiched 
between two electrodes,[2] or by establishing 
single-molecule junctions by using, e.g. the 
Scanning Tunneling Microscope (STM)[3] 
or mechanically controllable break-junction 
(MCBJ)[4] techniques. The first approach, 
where thousands of molecules are contact-
ed in parallel, revealed intriguing features 
such as negative differential resistance,[5] 
rectification behavior,[6] Kondo effect,[7] 
or conductance switching.[8] However, 
in order to avoid ensemble effects, mea-
surements on the single-molecule level 
are important. Hereby it was revealed 
that transport can be predominated by the 
molecule–metal contact which is prone to 
contact variations due to variable bonding 
sites (e.g. various possible configurations of 
the sulfur–gold (S–Au) bond) or weak elec-
tronic overlap.[5a,9] 

In this article, we describe a statistical 
measurement approach which provides 
spectroscopic information on the metal–
molecule–metal junction by the acquisi-
tion of current–voltage (I-V) character-
istics while mechanically manipulating 
the microscopic configuration of the mo-
lecular junction.[9] Examples for resonant 
transport will be given by measurements 
through simple conjugated building blocks 
such as phenyl-dithiol[9] or a series of oli-
gophenylenes synthesized to study the 
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length dependence.[10] Furthermore, func-
tional molecules were studied, revealing 
a voltage-induced switching between two 
distinct conductive states which can be ex-
ploited to demonstrate memory operation 
on a single-molecule level.[11]

2. Mechanically Controllable Break-
junction Technique

All the charge transport studies report-
ed in this contribution are conducted using 
the MCBJ technique[12] (Fig. 1). This ap-
proach has been proven to enable charge 
transport measurements through an indi-
vidual molecule.[13] Our MCBJ system is 
operated under ultra-high-vacuum (UHV) 
conditions in the temperature range be-
tween 4 and 300 K (see refs [9–11] for 
further experimental details). Electron-
beam lithography and reactive ion etching 
are used to fabricate a freestanding metal 
bridge on top of a flexible substrate (Fig. 
1a). The initial cross-section of the Au 
bridge, typically 50 nm × 50 nm, is contin-
uously reduced upon bending of the sub-
strate in a three-point bending mechanism 
(Fig. 2b). Just before breaking, the cross-
section of the bridge is reduced to a single 
Au atom. Such a quantum point contact 
(QPC) is indicated by the appearance of 
quantized conductance with multiple inte-
ger values of the conductance quantum, G

0
 

(G
0
 = 2e2/h ~ 1/12.9 kΩ). Further stretch-

ing finally breaks the bridge and creates 
thereby two atomic-sized electrodes op-
posite to each other. 

After breaking, the distance between 
both electrodes can be controlled by the 
bending of the substrate, with a very high 
accuracy due to the low transmission ratio 
between pushing rod translation, Δh, and 
resulting electrode separation, Δd, in the 
order of 10–5. Consequently, the resolution 
can be sub-atomic and a high lateral stabil-
ity is achieved due to the close proximity 
of the supports (s < 1μm). Before applying 
molecules, the electrodes are shaped in a 
conditioning procedure until reproducible 
plateaus at (1–5) × G

0
 are measured, indi-

cating atomic-sized electrodes.
For the application of molecules, the 

distance between the electrodes is then 
set to be longer than the length of the 
molecule to be studied (a calibration of 
the actual electrode displacement is made 
by analyzing 50–500 closing traces and 
fitting them to an exponential electron 
tunneling decay). The molecules are then 
deposited from a highly diluted solution 
(typically 4 ×10–5 mol/L) and can hereby 
adsorb to one of the two electrode surfac-
es while the solvent evaporates. Subse-
quently, the system is evacuated and mea-
surements are performed when reaching 
ultra-high vacuum conditions (pressure 

p < 10–8 mbar). UHV environment is a 
prerequisite to preserve the integrity of 
the molecular system from unwanted 
contamination by hydrogen, oxygen or 
other reagents. During the subsequent 
closing of the junction, molecules can 
bridge the gap between the electrodes by 
establishing the second chemical bond 
to the counter electrode, thus forming a 

molecular junction. This formation can 
be observed in resistance vs. electrode 
distance plots, when resistance plateaus 
appear (Fig. 2) in the intermediate regime 
between an open junction (R >1 TΩ) and 
a closed Au–Au junction (R <12.9 kΩ). 
In this plateau regime, the transport prop-
erties of metal–molecule–metal junctions 
can be characterized and studied in detail.

a b

c

Fig. 1. a) Scanning electron microscopy (SEM) picture of a freestanding metal bridge fabricated 
by electron-beam lithography on top of a flexible and insulating substrate. The electrical circuit, 
representing the two-terminal geometry, is illustrated schematically. b) The bending of the substrate 
in a three-point bending mechanism c) stretches and finally breaks the bridge at its smallest 
constriction, creating thereby two separated electrodes. Reprinted with permission from ref. [11a]. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Fig. 2. Closing of a molecular junction under an applied small bias of 2 mV: a) Open junction 
with a resistance, R >1 TΩ, b) formation of metal-molecule-metal junction, and c) closed metal–
metal point contact (QPC) with R < 12.9 kΩ. The gray curve shows the closing behavior before 
application of molecules without the appearance of an intermediate regime. Reprinted with 
permission from ref. [11a]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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3. Statistical Approach

In single-molecule junctions, the mol-
ecule as the functional building block it-
self is comparable in size with the atoms 
composing the electrodes. Since the posi-
tion of these atoms cannot be controlled 
with sub-atomic accuracy (especially at 
room temperature), the actual microscopic 
configuration of the junction depends on 
the gap distance, the geometric shape of 
the electrodes, the resulting electrical field 
distribution, and the specific bonding of 
the molecule–metal interfaces. As a con-
sequence, all transport measurements have 
to be carried out statistically taking these 
considerations into account. Therefore, 
usually several hundreds or thousands of 
closing and opening curves are measured 
under at small constant bias during forma-
tion and breaking of the molecular junc-
tion.[3] Often these comprehensive data 
sets acquired are filtered using artificial 
data selection schemes, and statistically 
analyzed, by creating histograms or break-
ing-distance plots. Thereby, single-mole-
cule conductance values can be extracted 
as schematically illustrated in Fig 3a.[9]

These low-bias measurements reveal 
the transport properties in a non-resonant 
tunneling regime because for most of the 
organic molecules used in the field of mo-
lecular electronics, the Fermi energy of Au, 
E

F,Au
, lies somewhere between the highest 

occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital 
(LUMO) of the isolated molecule. Upon 
coupling the molecule to the electrodes, a 
charge transfer from the molecule to the 
metal (or vice versa) occurs, shifting the 
levels and broadening them because of hy-
bridization between molecular states and 
metal wave functions. Even though the 
amount of charge can be substantial for 
strong coupling, the orbitals are still well-
separated from E

F,Au
. As a consequence, 

the low-bias measurements probe the very 
low density of states (DOS) in the HOMO-
LUMO gap of the molecule. 

In order to get an insight into transport 
properties and molecular functionality and 
to gain an understanding of the structure/
function relationship, it is essential to 
study the transport properties over a volt-
age range where we can probe the first 
molecular states (typically 0.5–3.0 V). 
This enables us to monitor and to deter-
mine the characteristic signatures of the 
molecule under investigation in the reso-
nant regime[9] and to gather spectroscopic 
information about the junction’s electronic 
configuration. This is a basic requirement 
to understand the non-linear transport 
properties on the molecular level. Hence, 
we continuously acquire I-V curves during 
stepwise closing and opening, correspond-
ing to different microscopic configurations 

of the molecular junction. This approach 
is illustrated schematically in Fig. 3b and 
described below and in ref. [9].

After application of the molecules as 
described above, the molecules are at-
tached to one electrode only and a current 
between 1 fA and 1 pA is measured, in-
dicating the noise-level of an open junc-
tion without molecules bridging the gap. 
When decreasing the distance between 
the electrodes, an abrupt jump to stable 
and reproducible I-V curves is observed 
signaling the formation of the molecular 
junction. Now, the current flow is in the 
nanoampere (nA) range and the I-V curves 
exhibit a nonlinear behavior, which shows 
the characteristic signature of the particu-
lar metal–molecule–metal system under 
investigation.[9] During further closing, the 
I-V characteristics are maintained over a 
range that is in good agreement with the 
length of the intermediate regime observed 
during closing or opening under a constant 
bias (Fig. 2b). Beyond this region, a sud-
den jump to much higher currents in the 
microampere (μA) range occurs where 
the current shows a linear behaviour, in-
dicating a closed metal–metal junction. At 
this stage, the direction of electrode mo-
tion is reversed and a subsequent opening 
cycle is performed accordingly. This clos-
ing–opening procedure is repeated sev-
eral dozens of times. Owing to ductility-
induced drifts in the electrodes, we control 
the junction via the resistance measured 
rather than via Δh. This automated mea-
surement procedure provides objectivity 

to the investigations, and the entity of all 
data represents a reliable basis for statis-
tical analysis. To determine, for example, 
the number of molecules captured in the 
junction, conductance histograms at any 
arbitrary voltage can be extracted from 
huge data sets. Thereby, the most probable 
I-V characteristics in the ensemble of all 
measured curves can be identified.

As an example for the sensitivity of 
our approach to sub-1nm long molecules, 
we present data on the benzene-1,4-di-
thiol (BDT). This prototypical molecule 
is of fundamental interest as it is one of 
the simplest molecules having a conju-
gated system that is strongly coupled via 
two tunneling barriers to metallic leads. 
Pioneering experimental work was con-
ducted by Reed et al.,[14] using the MCBJ 
technique with a manually notched wire 
covered by a self-assembled monolayer of 
BDT molecules. This work triggered many 
theoretical investigations.[15] However, de-
pending on the various approximations and 
models, the calculated conductance values 
often differ from the experimental data. In 
our measurement, the Au-BDT-Au system 
is cooled down to low temperatures after 
having reached the intermediate regime 
of the closing trace at room temperature. 
This procedure causes the electrodes to be 
withdrawn due to thermal compression Δd 
~ 5–10 nm for ΔT ~ 250 K, resulting in a 
breaking of the molecular junction. Now, 
starting again with an open junction, I-V 
curves are acquired using the statistical ap-
proach. Fig. 4a shows a set of I-V raw data 

Fig. 3. a) Transport measurements acquired under a small bias (V < 100 mV) while varying the 
electrode gap distance result in individual conductance–distance G(d) curves. Histograms are 
established from a multitude of G(d) curves. Peaks at distinct conductance values may be 
referred to the single-molecule conductance. b) Identical electrode driving protocol as in a) but 
with stepwise stopping and measurement of an entire I-V curve. This procedure allows resonant 
transport through molecular orbitals to be conducted and spectroscopic information about the 
energy landscape of the molecular junction to be acquired.

a) b)
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curves for BDT taken at 250 K represent-
ing several dozens of curves acquired at 
each electrode position. The slight asym-
metry of the individual I-V curves disap-
pears when plotting all curves measured 
in the regime of cumulative occurrence 
and creating their envelope (gray area). 
Between 100 and 250 K, the Au-BDT-Au 
junction can be opened and reformed for 
many cycles. In contrast, at 50 K (Fig. 
4b), data acquisition is only possible for 
a few cycles at each position because the 
junction becomes instable which is char-
acteristic for sub-1nm long molecules. 
For both data sets, the differential con-
ductance (G

Diff
) vs voltage plot shows two 

peaks. At 250 K, they are located at ap-
proximately –0.5 V and +0.4 V, defining 
a conductance gap 2⋅Δ

cond
 of 0.9 V. At 50 

K (Fig. 4b), 2⋅Δ
cond

 is on the order of 0.6 
V. Such a significant shift of 300 mV for 
ΔT = 200 K cannot solely be explained by 
freeze-out of vibrational modes. Instead, a 
different charge transfer from the metal to 
the molecule resulting in an altered charg-
ing energy depending on temperature can 
shift the resonant molecular energy levels 
and thus the conductance gap. Further-
more, different atomistic configurations 
of the molecule–metal contact at various 
temperatures can also lead to such an ef-
fect. In Fig. 4b, the current signal above 
+0.6 V and below –0.6 V reveals signifi-
cantly more noise, which is inherent to the 
metal-BDT-metal system. This is found to 
be very similar to the data presented in ref. 
[14] for V ± 3.0 V. At 300 K, in contrast 
to ref. [14], we were not able to establish 
a metal-BDT-metal junction prior to a 
metal–metal contact when performing I-V 
curves, even for samples that formed mo-
lecular junctions at lower temperatures. 
This could be due to the mentioned ductile 
response to deformation of the gold elec-
trodes, which is more pronounced at high-
er temperatures and exceeds obviously a 
critical value for the sub-nanometer-long 
BDT (S–S distance: 0.627 nm) under such 
high electric fields of about 1.4 × 109 V/m. 

Though on the first sight, our findings 
look similar to ref. [14], several strong 
differences should be stressed: First, the 
voltage scale is substantially reduced, 
with a conductance gap of 0.3 V (1.4 V 
in ref. [14]), and a stability region limited 
to ±1.2 V (±5 V in ref. [14]). No further 
steps in the differential conductance were 
observed within the voltage window avail-
able. The conductance values beyond the 
first current step, although recorded at dif-
ferent temperatures, are rather similar, 70 
nS compared to 45 nS.[14] Compared to 
theoretical results both experimental val-
ues are 2 to 3 orders of magnitude lower. 
However, the overall shape of the I-V 
characteristics reveals a pronounced con-
ductance gap and fluctuations for a certain 

threshold voltage[14] similar to the experi-
mental results.

Low-bias measurements were per-
formed for BDT as well, showing a resis-
tance peak at around (260 ± 20) MΩ.[9] 
Compared to the resonant resistance value 
of (14 ± 4) MΩ, it becomes obvious that 
even for a simple conjugated system cou-
pled via thiol to Au, the contact resistance 
of the molecule–metal interface is the 
predominant factor in the junction’s resis-
tance which renders molecular junctions 
rather insulators than good conductors. 
This fact clearly signals the need for an 
electronically more efficient anchor group 
than thiols for future nano-electronic ap-
plications using single-molecule building 
blocks. This experimental background 
raises the question whether changes in the 
intramolecular structure of single mole-
cules are detectable in the transport prop-
erties or whether they are masked by the 
contact resistance. 

4. Influence of Molecular Length

The influence of molecular length on 
the transport properties of single molecules 
has been studied extensively for alkanes[16] 
using the histogram approach as described 
before. Thus, primarily the off-resonance 
transport properties at fixed low bias were 
derived. Only a few systematic studies of 
the influence of the molecule length on the 
resonant transport properties exist.[17] 

We have investigated the length depen-
dence on charge transport for a series of 
oligophenylene rigid rod-like molecules 
by measuring I-V characteristics in the 
resonant regime. Methyl groups are at-
tached to the phenyl rings to weaken the 
electronic overlap of the π-subsystems 
along the molecular backbones (Fig. 5a). 
Out-of-plane rotation of the phenyl rings 
was confirmed in the solid state by means 
of X-ray analysis and in solution by using 
UV/Vis spectroscopy.[10] A linear increase 

Fig. 4. I-V and GDiff-V characteristics of BDT measured at (a) 250 K and (b) 50 K. The gray area 
limited by the dotted line in (a) shows the envelope function of all curves measured. Reprinted 
with permission from ref. [9].

a

b
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of the conductance gap with increasing 
number of phenyl rings (from 260 meV 
for one ring to 580 meV for four rings) 
was revealed (Fig. 5c). In addition, the 
absolute conductance of the first resonant 
peak for each molecule does not directly 
depend on the length of the molecular 
wire (Fig. 5b). Hence, resonant transport 
through the first molecular orbital was 
found to be dominated by charge-carrier 
injection, rather than by the intrinsic re-
sistance of the molecular wire length.[10] 
Remarkably, the spectroscopic data of 
molecules which possess a structural 
degree of freedom to change conforma-
tion, show insensitive conductance peaks 
upon mechanical manipulation of the gap 
distance, e.g. for a cardan-joint like mol-
ecule.[18] Thereby, the fluctuations in the 
cardan angle leave the positions of steps 
in the I–V curve largely invariant.[18] 
As a consequence, the experimental I–V 
characteristics exhibit LUMO-based con-
ductance peaks at particular voltages, 
which are also found to be temperature in-
dependent. To summarize, even though the 
contact resistance dominates the transport 
properties, changes in the intramolecular 
structure are revealed in the transport mea-
surements.

5. Intrinsic Functionality – 
Switching and Memory Operation

The vision of molecular electronics is 
to use functional building blocks for future 
electronic circuits where e.g. the conduc-
tance can be switched ‘on’ and ‘off’, trig-
gered by an external stimulus such as light, 
voltage or electrical field. We have inves-
tigated the transport properties of single 
bipyridyl-dinitro oligo-phenylene-ethy-
nylene dithiol (BPDN-DT, Fig. 6a) mol-
ecules and bipyridyl oligophenylene-ethy-
nylene dithiol (BP-DT, Fig. 6b) molecules 
connected to gold electrodes at 100 K. An 
unipolar voltage-triggered conductance 
switching of an ensemble of BPDN-DT 
molecules was reported using three differ-
ent techniques.[19] In our experiments, the 
BP-DT molecule acts as a reference since it 
does not possess the functional nitro groups 
attached to the central bipyridyl units. The 
I–V characteristics of the two molecules 
exhibit the same conductance gap but with 
an approximately six times lower current 
for BPDN-DT.[11] The lower conductance 
can be explained by the reduced conjuga-
tion of BPDN-DT due to its more twisted 
molecular structure caused by the steric 
hindrance of the nitro groups. Noticeable, 
in the I–V curve of BPDN-DT is the ap-
pearance of a hysteresis at ±0.7 V as shown 
in Fig. 6c. In contrast, the BP-DT exhibits 
no hysteresis and exclusively monotonic 
traces without any switching. Stochastic 

a

b

c

Fig. 5. a) Series of oligophenylenes with increasing length of the molecular backbone.  
b) Differential conductance data for the series of oligophenylenes acquired at 50 K.  
c) Conductance gap, Δcond, as a function of the number of phenyl rings (the error bars indicate the 
statistical variations among all the samples measured). Reproduced with permission from ref. [10].
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switching[11] is absent for both molecular 
systems mainly due to the measurement 
at low temperatures (100 K). Typically we 
observe statistical fluctuations in the mol-
ecule itself or the molecule–metal contact 
only at elevated temperatures (T >250 K). 
Consequently, the mechanism causing the 
switching observed in BPDN-DT is not of 
a stochastic type but has truly a molecular 
origin, which is caused by the functional 
nitro groups.[11]

The conductance switching observed 
for BPDN-DT is very stable and repro-
ducible. Fig. 6c shows several I–V curves 
taken for BPDN-DT at 100 K revealing a 
hysteresis for positive and negative volt-
ages. Starting the measurement from 0 V, 
the current signal increases monotonically 
until the voltage exceeds V

Switch,pos
. The cur-

rent signal suddenly jumps from a low con-
ductive curve, called the ‘off’ trace, at ap-
proximately +0.8 V to a high current curve, 
called the ‘on’ trace. Sweeping the voltage 
back, one observes a hysteresis. After this 
first switching sweep, when operating 
only at voltages above V

Switch,neg
, the initial 

‘off’ state is no longer accessible and the 
metal–molecule–metal system remains in 
the higher conductive ‘on’ state during all 
subsequent positive sweeps. Performing a 
negative voltage sweep, a similar switch-
ing behavior is observed. Sweeping back, 
the current signal follows again a monoto-
nous trace. This negative sweep resets the 
system to the ‘off’ state, which is verified 
by a subsequent positive sweep that again 
exhibits a lower current and a switching to 
the ‘on’ state. In all our samples, the ‘off’ 

Fig. 6. a) Molecular structures of BPDNDT, and b) BP-DT molecules. c) Several repeated switching 
cycles of the BPDN-DT exhibiting a hysteresis. Reprinted with permission from ref. [11a]. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

a

b

c

state is always reconfigurable by applying 
a negative voltage pulse below a certain 
threshold voltage (<V

Switch,neg
)

. 
Both states 

of the system are remarkably stable: Even 
after several hours of measurement and 
performing more than 500 sweeps itera-
tively, the hysteresis effect is maintained 
and the system retains its ability to switch.

As mentioned above, voltage pulses ex-
ceeding the threshold voltages can be ap-
plied to switch the system between the two 
discrete states in a very controlled and re-
versible manner. The ‘on’ state is unaffected 
by successive read pulses at low positive 
voltages (+0.5 V < V

Read
 < V

Switch,pos
). This 

non-destructive reading in combination 
with the controlled switching in both direc-
tions makes it possible to use this single-
molecule system as a memory element. 

We demonstrate memory operation by 
storing one bit in this molecular building 
block: A write pulse turns the system to 
‘on’, which is controlled with a subsequent 
read-out of the bit-state by direct probing 
of the current. An erase pulse resets the 
memory element, which is again tested by 
another subsequent read-out. Fig. 7a dis-
plays the pulse pattern consisting of write 
(+1.6 V, 50 ms length) and erase (–1.6 V, 50 
ms length) pulses with intermediate read-
ings (+1.1 V, 3 s duration) which was ap-
plied to the metal–single-molecule–metal 
system. The inset of Fig. 7b shows the I–V 
curve for the specific sample used. The 
current through the molecule was directly 
probed (Fig. 7b). During the reading times 
of three seconds, the current signals were 
constant and no decay of the state was ob-
served. The currents measured for the ‘off’ 
state vary between 0.05 and 0.13 nA, those 
for the ‘on’ state between 0.9 and 3.6 nA, 
yielding a bit separation (I

on
/I

off
) ranging 

between 7 and 70. Furthermore, periodic 
reading of a stored bit (no voltage applied 
between readings) established that this sin-
gle-molecule memory is non-volatile over 
a measurement time of several minutes at 
100 K (see ref. [11] for more details).

6. Conclusions

To summarize, we have demonstrated 
that resonant transport measurements, per-
formed by the statistical approach, provide 
spectroscopic data on the energetic level 
alignment of the molecule in the junction. 
The molecular resonant conductance val-
ues, however, are still small compared to 
off-resonant conductance measured at low 
bias and do not reach theoretical predic-
tions. Further improvements in the mole-
cule–metal coupling are hence strongly re-
quired by designing advanced linker groups 
which provide smaller contact resistance 
and fewer variations as originating from the 
distinct bonding sites of sulphur on gold. 
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Fig. 7. a) Write, read and erase voltage pulse pattern applied to the Au-BPDN-DT-Au junction, 
at 100 K. b) Current reading reveal a controlled switching between ‘off’ and ‘on’ states, 
demonstrating single-molecule memory operation. Reprinted with permission from ref. [11a].

The demonstration of a single molecule 
switch represents an important step on the 
path to the ultimate limit in device scaling. 
The switching was investigated by charge 
transport through an individually con-
tacted and addressed molecule using the 
mechanically controllable break-junction 
technique and was attributed to the inher-
ent properties of the molecule. Both con-
ductive states can be controlled by a simple 
voltage pulse and are stable and accessible 
via non-destructive reading, enabling re-
peated write-read-erase-read cycles. For 
the first time more than 500 such cycles of 
bit storage in this single-molecule memory 
element have been demonstrated.
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