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This paper concerns an experimental and theoretical study of the transition between two con-
secutive conductance plateaus as obtained in breaking gold contact experiments. The experimental
measurements performed at 100K with a scanning tunneling microscope and variable elongation
speeds show that the transitions between consecutive plateaus can appear in the conductance traces
as an abrupt conductance step, a smooth quasicontinuous change or as large amplitude conductance
fluctuations. The theoretical calculations based on a non-orthogonal tight-binding Hamiltonian have
shown that for a given deformation there are several structures having close and competing energies.

We discuss the relation between the temperature, sampling frequency, stretching speed and energy
barriers which can explain the conditions for the observation of the three kinds of conductance traces.

I. INTRODUCTION

In breaking gold contact experiments using a scanning
tunneling microscope (STM) or a mechanically contro-
lable break junction (MCBJ), conductance plateaus are
commonly observed for values close to multiples of the
conductance quantum1,2 G0 = 2e2/h. These plateaus are
usually separated by abrupt discontinuities. The former
are related to elastic deformations of the system while
the latter are the signature of plastic transformations or
structural rearrangements.3 For given experimental con-
ditions, if the overall behavior is the same, occurrences
and extension of plateaus may vary from one experiment
to another, which implies the use of statistical analysis.

Indeed, conductance histograms obtained from hun-
dreds or thousands of elongation cycles were extensively
used more than ten years ago to extract the signature of
conductance quantization.4–7 More recently, J. N. Arm-
strong et al.8 have shown that the conductance his-
tograms should be understood as a quasicontinuous dis-
tribution of conductance levels corresponding to a bunch
of different atomic configurations. For a given elongation
cycle, T. Leoni et al.9 have shown that successive con-
ductance plateaus (corresponding to two and one G0),
are statistically independent events.

Time resolved experiments performed at low tempera-
ture (4K) on gold contacts10 have shown that small am-
plitude conductance fluctuations (few percents of G0) can
occur during the plateaus. They have been explained as
reversible transitions between two different atomic struc-
tures of the contact. Tsutsui et al.11 analyzed the depen-
dence of the switching rate of the two-level fluctuations
(of the order of 0.5 G0) with the applied bias to estimate
the effective electronic temperature of a Zn atom-sized
contact. Huntington et al.12 have performed a detailed
experimental study of the dependence of the conductance
traces under mechanical strain. By stretching a gold con-
tact they have found that the transition between consecu-
tive plateaus involves multilevel conductance fluctuations
arising from discrete metastable atomic configurations.

This paper follows the paper of Huntington et al.12

and concerns an experimental and theoretical study of
the transitions between two consecutive plateaus. In

Section II we present the experimental measurements of
conductance-elongation curves of gold contacts at 100K
using a STM. We show that the same transition can ap-
pear in the conductance traces as an abrupt conductance
step, a smooth quasicontinuous change or as large ampli-
tude conductance fluctuations. In Section III we show,
using theoretical calculations based on a non-orthogonal
tight binding Hamiltonian, that these fluctuations corre-
spond to transitions of a multi-level system. The transi-
tions occur between local minima of the total energy of
the system having different conductances. Finally in Sec-
tion IV we discuss the relation between the experimental
parameters (temperature, sampling frequency, stretching
speed) and a theoretically calculated one (energy barrier)
which can explain the conditions for the observation of
the three kind of conductance traces.

II. EXPERIMENTS

A. Methods

We have performed breaking junction experiments us-
ing an ultra-high vacuum STM (VT-Omicron), where the
sample is cooled down to 100K using a liquid nitrogen
cryostat. The temperature is recorded and regulated us-
ing a temperature controller (Lakeshore 330). We use
a gold thin film evaporated on mica sheet13 as the first
electrode and a 0.25 mm gold wire (99.99%, Goodfellow)
for the STM tip acting as the second one.

Conductance versus elongation traces (called G(t) in
the following, because the elongation is performed at
constant speed and is thus proportional to time), are
recorded using a dedicated software described in detail
elsewhere.9,14 Briefly, while the STM regulation loop is
maintained off, the tip is brought into contact with the
surface prior to breaking off the junction by pulling the
tip away with variable stretching speeds. Conductance
data are simultaneously acquired at a sampling frequency
of 10 kHz. The STM regulation loop is then activated and
the cycle repeated automatically thousands of times.
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B. Results

Figure 1 shows several non consecutive G(t) traces
recorded at 100K following the above mentioned proce-
dure with a stretching speed of 100 nm/s.

One can clearly see small amplitude 0.1G0 conductance
spikes which are rarely observed at room temperature
but have been reported previously in low temperature 4K
experiments.10 We will come back to this small amplitude
fluctuations in Section IV.

We focus here on the transitions between two consecu-
tive conductance plateaus. The traces in Fig. 1 show that
these transitions can be abrupt or smooth. The abrupt
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Figure 1. (color online) G(t) traces recorded at T=100K and
a stretching speed of 100 nm/s.

conductance steps, historically related to the atomic rear-
rangements of the junction during the breaking process,
have been observed both at room and low temperature.
The smooth transitions occurring between two conduc-
tance values separated by a ∆G of the order of G0 last
typically 10 ms in our experimental conditions, corre-
sponding to an elongation of one nanometer.

In Fig. 2 we show several smooth transitions extracted
from a set of data recorded at 100K. For the sake of
clarity, these curves have been shifted with respect to
the central point of the transition and are plotted versus
an elongation axis. There is certain universality in these
curves as can be seen from the low dispersion of the elon-
gation range where the smooth transition occurs ∆z ' 1
nm.

We have also acquired G(t) traces at a much lower
stretching speed of 0.05 nm/s as shown in Fig. 3. In
addition to the small amplitude spikes (about 0.1G0) al-
ready observed in the traces shown in Fig. 1, this G(t)
trace also exhibits conductance bistabilities of larger am-
plitude (about 0.6G0). These large amplitude fluctua-
tions appears in the form of random telegraphic noise.

Shot noise of an amplitude close to G0 may correspond
to the reversible opening of a conduction channel. Such
a large bistability has been reported for a superconduct-
ing Nb contact.15 It was attributed to the formation of a
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Figure 2. (color online) Conductance transition between 2
and 1 G0 extracted from several G(t) traces recorded at 100
K. The traces have been centered on the electrode separation
axis, with respect to the central point of the transition.

dimer which strongly modify the density of states in the
superconducting gap, and thus altering the transmission
of the conduction channels. As this mechanism does not
stand for a gold contact, in our case, the reversible open-
ing of a conduction channel can be due to the reversible
fluctuation of the system between metastable states of
the system having different conductances.12

If we interpret the large amplitude fluctuations pre-
sented in Fig. 3 as being those of a two level system,
the average switching frequency is 15 Hz and the mean
lifetimes in the high and low conductance states are in
the range of 50-100 ms. The 1/f2 dependency of the
spectral density shown in Fig. 4, is an indication of a
non-stationary random process. It is noteworthy that the
statistics are not significant enough (195 of such transi-
tions recorded) to prove undoubtedly the random nature
of the process.

The only difference between the G(t) traces of Fig-
ures 1 and 3 is the pulling speed of the electrodes, 100
and 0.05 nm/s respectively. In both experiments, the du-
ration of the transition corresponds to an elongation of
the electrodes of the same order of magnitude, respec-
tively 1 and 0.5 nm for Figures 1 and 3.

In order to understand the interrelation between the
role played by the different experimental parameters
(elongation speed, temperature, sampling frequency) on
the observation of the three classes of conductance traces,
one needs to get insight on the atomistic mechanisms in-
volved. We have thus undertaken computer simulations
of the traction of gold nanowires.

III. COMPUTER SIMULATIONS

We have performed Molecular Dynamics (MD) simu-
lations with an Environment Dependent Tight Binding
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Figure 3. (color online) G(t) traces recorded at T=100K and a stretching speed of 0.05 nm/s. Left : Conductance of a gold
atomic wire versus time. The average switching frequency is 15Hz. Right : Histogram of the conductance trace shown in the
left side.
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Figure 4. (color online) The black dots represent the power
spectral density of the G(t) trace of Fig. 3. The red line is
a 1/f2 fit which is an indication of a random non-stationary
process.

Hamiltonian.16,17 The parameters of this Hamiltonian
were obtained by fitting total energy differences and elec-
tronics properties to state of the art Density Functional
calculations. The main advantage of this parametrized
Tight Binding Hamiltonian is that the band energy (cal-
culated as sum of eigenvalues) provides the full total en-
ergy without the requirement of additional pair poten-
tials.

As the system under study presents atoms with dif-
ferent environments a self-consistent procedure for the
charge transfer18 was employed. A Verlet algorithm19

was used to integrate the equations of motion with a
time step of 1 fs. The temperature was controled using
a Berendsen thermostat20 which has the effect to couple
the system to an external bath. Traction was simulated
by performing a succession of 2000 steps of molecular
dynamics at 50 K followed of elongations of the periodic
boundary condition along the nanowire axis of 0.1 Å.

The initial structure, oriented along the [110] direction

contains 85 atoms and have a initial period of 14.25 Å. At
the beginning of the traction process, the surface of the
nanowire adopts a dense atomic structure with a (111)
hexagonal local environment. Then, the surface curls to
form a gold nanotube21,22 in order to avoid edges between
the four {111} planes that can be formed perpendicular
to the nanowire axis. This part of the evolution process
will be discussed elsewhere23, we focus here in the last
stages before the formation of the monoatomic wire.

Figure 5. (color online) Energy and global force applied on
the system as a function of the period during the deformation
process. The reference of energy is arbitrary. The snapshots
labeled a to e correspond to the configuration of the system
for the periods marked by the arrows in the energy plot.

Figure 5 shows the total energy and global force of the
system as a function of the period during the formation
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of the mono-atomic wire. In a first time a planar struc-
ture with hexagonal local environment (structure a) is
formed. This structure evolves to form a biatomic chain
(structures b and c) and the transition between biatomic
(structure c) to monoatomic (structure d) takes place at
a period of about 34.5 Å. From d to e, six atoms are in-
cluded to form a seven atoms long chain. One can see
a small but noticeable zig-zag as predicted by Sanchez-
Portal et al.24 The six kinks between d to e in the evo-
lution of the force are the signature of the structural
changes related with the incorporation of the atoms in
the chain. The linear evolution of the force between the
kinks corresponds to elastic deformations.

Figure 6. (color online) Energy as a function of the period
calculated at T = 0 for four different atomic configurations
using a quenched Molecular Dynamics algorithm. The struc-
tures c and d are those obtained from the Molecular Dynamics
simulations of the traction of the gold nanowires (Figure 5).

Assuming a simple model for the calculation of the con-
ductance, the transition between two and one G0 should
correspond to the transition between two and one atomic
section point contact (configurations c and d).

In order to study in more detail this transition we have
compressed and expanded the two configurations, i.e., be-
ginning with the configuration just before (structure c) or
just after (structure d) the transition, we have modified
the period and minimized the energy using a quenched
Molecular Dynamics algorithm25. The resulting energy
versus deformation curves are shown in black for struc-
ture c and in grey (blue online) for structure d in Fig. 6.
As can be seen, structure c can be elastically compressed
but its period cannot be increased above 34.5Å, it de-
forms plastically to a new single atom section structure
labeled d’. At this period, this single atom configuration
has a slightly lower energy than the structure d obtained
during the Molecular Dynamics simulation. Structure d
cannot be elastically compressed bellow 33.92Å, it trans-
forms plastically in another structure which present a
two atoms contact labeled c’. It exists for periods be-
tween 32.82 and 34.22Å. As expected the two single atom

contact structures d and d’ can be stabilized for longer
periods, they both transform to structure c’ when they
are compressed.

We have not searched systematically all the possible
metastable structures for every period, but it is clear that
there are many others. For example, the adatom in con-
figuration c’ can turn around the biatomic wire giving rise
to similar two atom contact structures. The picture that
emerges from these calculations is that for every period
there are several structures having close and competing
energies. As shown by the parabolic shape of the energy
curves these structures can be elastically deformed in a
given range of period and they transform plastically to a
different structure if stretched or compressed outside this
range. For a given period the average time spent in ev-
ery configuration is proportional to its Boltzmann weight
and the transition probability to jump from one configu-
ration to the other can be estimated from transition state
theory from the corresponding energy barriers.
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Figure 7. (color online) Energy barrier between some atomic
configurations presented in Fig. 6 (circles : d and d’, squares :
c and d’, and diamonds : c and d) as a function of the period.

Using structures c, d, and d’ as initial and final states
we have calculated the activation energies as a function
of the deformation (see Fig. 7). The reaction path and
the saddle point energy was determined using the nudged
elastic band algorithm (NEB).26,27 We were unable to
calculate transition to and from configuration c’ using
this algorithm. As can be seen the energy barriers vary
with the deformation from 0 to 500 meV.

IV. DISCUSSION

The above described computer simulations show that
the system will perform transitions between local energy
minima which can have different conductances. Due to
the exponential dependency, the actual values of the en-
ergy barriers have a dramatic influence on the switching
frequency. For example, at 100K, a decrease of the energy
barrier from 0.22 eV to 0.11 eV increases the switching
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frequency of the G(t) trace in Fig. 3 from 15 Hz to 8 MHz.
Taking into account the experimental limit imposed by
the instrument sampling time, it is clear that the obser-
vation of switching phenomena at a given temperature is
only possible for a narrow distribution of energy barri-
ers. To be more precise, let us define three characteristic
times.

i) The switching time tsw between two metastable con-
figurations. As it is the inverse of the switching fre-
quency, it can be written from transition state theory
as

tsw ' 1

ν0
exp(

Eb

kT
) (1)

where Eb is the energy barrier involved in this process,
k the Boltzmann constant, T the temperature and ν0 =
5 1012 Hz an average phonon frequency.28 Fig. 8 shows
the dependency of tsw with T for different values of the
energy barrier.

Figure 8. (color online) Switching time tsw as a function of
temperature calculated for different energy barriers from 10 to
600 meV. The dashed line (red online) at 10−2 s and the dot
dashed one (blue online) 20 s show the estimated coexistence
time for the stretching speeds of v = 100 nm/s and v = 0.05
nm/s used respectively in Fig. 1 and Fig. 3. The long dashed
line (green online) show the sampling time of our experimental
setup.

ii) The sampling time tsa of the acquisition setup, 10−4

s for our sampling frequency of 10 KHz.
iii) The “coexistence time”

tc '
∆z

v
(2)

during which several metastable structures coexist. Here
v is the stretching speed of the electrodes and ∆z the

elongation range where two metastable configurations ex-
ist. Assuming an order of magnitude of 1 nm (Figure 2)
for ∆z we obtain a coexistence time of tc ' 10−2 s for
v = 100 nm/s (Figure 1) and tc ' 20 s for v = 0.05 nm/s
(Figure 3).
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Figure 9. (color online) Switching time tsw versus coexistence
time tc diagram showing the regions where the three cases
discussed in the text take place. The sampling time of 10−4

s corresponds to our acquisition setup. The dashed line (red
online) shows the estimated coexistence time 10−2 s for a
stretching speed v = 100 nm/s (Figure 1) and the dot dashed
one (blue online) the coexistence time 20 s for v = 0.05 nm/s
(Figure 3). See text for more details.

Depending on the relative values of the above defined
times one can observe different experimental behaviors as
summarized in Fig. 9. This diagram shows the switching
time versus the coexistence time. The diagonal line tsw =
tc and the two tc = tsa and tsw = tsa lines allow to define
six different regions where the three kinds of conductance
traces can be observed.

I) In four of the regions, one can expect an abrupt
conductance step in the G(t) traces. These regions
are the ones in Fig. 9 where the coexistence time
tc is smaller than either the sampling tsa or the
switching time tsw.

tsa > tc > tsw

tsa > tsw > tc

tsw > tc > tsa

tsw > tsa > tc (3)

In these cases during the period of time correspond-
ing to the coexistence, either the fluctuations can-
not be observed due to experimental limitations or
the system does not have time to fluctuate between
the states. We thus observe only one switch, from
the initial to the final state.
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II) Real time observation of switching events is possi-
ble only, when the switching time is framed by the
sampling and coexistence times, i.e. :

tc > tsw > tsa (4)

This inequality can be re-written as a condition for
the energy barrier :

k log (ν0tc) >
Eb

T
> k log (ν0tsa) (5)

III) Finally, when the sampling time is larger than the
switching time

tc > tsa > tsw (6)

the limited bandwidth of the acquisition setup does
not allow the observation of the switching process,
but only a mean value of the conductance relative to
the time spent in every state during the stretching
of the junction. It corresponds to a smooth transi-
tion from the conductance of the initial state to the
conductance of the final state.

Under the experimental conditions of Fig. 1, sampling
time tsa = 10−4 s and an estimated coexistence time tc '
10−2 s, Fig. 9 shows that the three behaviors are possible
but the temporal window for real time observation of
the switching is very narrow. In the conductance traces
we only observe abrupt (I) or smooth (III) transitions
between two consecutive conductance plateaus. At the
experimental temperature of 100K, Fig. 8 show that the
switching can only be observed if the energies barriers
are between 173 and 212 meV. From a statistical point
of view, this condition are not likely to be fulfilled in most
experiments.

The lower stretching speed of 0.05 nm/s used in Fig. 3
results in a wider temporal window as can be seen in
Fig. 9. At 100K, it corresponds to energy barriers be-
tween 173 and 278 meV. Temperatures about those of
liquid hydrogen seems to optimize the observation of such
traces. The range of energy barriers is reduced to 6 <
Eb < 10 meV at 4K, and increased to 509 < Eb < 637
meV at room temperature. It is probably the reason why
experiments reported at these temperatures rarely show
large fluctuation in the conductance traces.

Let us finally note that the G(t) traces recorded in
these conditions are more complex than a simple two
level system. The histogram of the conductance of the
trace, plotted in Fig. 3, shows that the system oscillates
between, at least, four distinct states, associated to dif-
ferent conductances.

V. CONCLUSION

In this paper, we have reported an experimental and
theoretical study of the transition between two consecu-
tive conductance plateaus as observed during the break-
ing of gold atomic sized contacts at 100K. Our STM ex-
periments performed at 100K have shown that the tran-
sition between the plateaus can take place as an abrupt
conductance step, a smooth quasicontinuous change or
large amplitude conductance fluctuations. As has been
reported before in the literature, the molecular dynam-
ics simulations performed using a non-orthogonal tight-
binding Hamiltonian have shown that during the stretch-
ing, the system evolves by elastic deformations followed
by plastic rearrangements. A more detailed static study
have shown that for a given deformation there are sev-
eral structures having close and competing energies. The
energy barriers between these structures are in the 0-500
meV range.

Finally, we have shown that depending on the relation
between three characteristic times, the experimental con-
ditions to observe the three different conductance traces
can be explained. In order to observe the real time fluctu-
ations related with the transitions between several struc-
tures using typical experimental setups liquid hydrogen
temperatures (around 100K) seem to better correspond
to the characteristic energy barriers.
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