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Electrochemical gating permits the observation of few-atom processes in contact reconstruction.
We monitor the junction conductance during the opening and closing of an atomic-scale metallic
contact and use this as an instantaneous probe of the atomic-scale structural switching process. We
observe clear correlations in the quantum conductance of a contact in subsequent switching events,
demonstrating memory effects at the atomic scale. These experimental observations are supported
by numerical simulations which show a conservation of the contact reconstruction process across
several switching cycles. These results open a route to electrochemically control few-atom surface
reconstruction events with present-day detection capabilities. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4719207]

The study of atomic-scale reconstruction processes
within narrow, atomic-scale junctions and point contacts is a
great challenge because there is no direct access for any
scanning probe tip for geometrical reasons. Monitoring the
motion of individual atoms and clusters of atoms during con-
formational changes of the surface is key for understanding
the basic processes by which surface morphologies arise and
change." Investigation of such effects at or close to the tips
of metal electrodes is also very important to understand elec-
trode reconstruction in the course of single-molecule meas-
urements in break junctions®® or electromigrated metallic
junctions,”'* in particular for metals that easily deform at
the temperature of the experiment.'' The role of metastable
states in the formation of atomic-scale structures has been
extensively studied in the context of metallic wires and mo-
lecular junctions using break-junction techniques and scan-
ning tunneling microscopy (STM) analysis,'>"? while
simulations have elucidated the formation of magic clusters
in metallic contacts, the creation of one-dimensional atomic
chains, or the formation of molecular contacts. Here, we give
insights by not only considering break-up but also reconstitu-
tion events that are accessible to date only in an electrochem-
ical environment.

In recent work a single-atom transistor was demon-
strated.'” In this quantum electronic device, an electrical cir-
cuit is reproducibly opened and closed by the controlled and
reversible movement of one single atom. The device, which
can be operated at room temperature and at ambient condi-
tions, is controlled by a voltage applied to an independent
third electrode, the gate electrode. We demonstrated that re-
producible bistable switching of silver quantum point con-
tacts can be achieved by electrochemical control without any
mechanical movement of an electrode—the only moveable
part of the switch is the contacting atom. The preparation of
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the working electrodes and the electrochemical growth of sil-
ver atomic-scale point contacts have been described in detail
in Ref. 17. The conductance signal is recorded at a low sam-
pling rate of 20 samples/s and at a high sampling rate of 10°
samples/s, respectively, with two computers. The slowly
recorded signal is used for the switching control. The fast-
recorded signal serves as a measure of the configuration of
the contact. The experimental set-up is shown in Fig. 1(a).
We could observe in experiment and simulation reversible
bistable switching between open and conformations of the
point contact with a variety of well-defined levels of quan-
tum conductance.'>'” This experimental setup provides an
extraordinary amount of control over the process as the elec-
trolyte acts as a natural buffer that translates any external
signal into forces that are concentrated near the surface in
the electrolyte double layer.'” This makes it possible to gen-
erate a long sequence of controlled switching between the
non-conducting and the quantized conducting state, as illus-
trated in Fig. 1(b) (slowly recorded signal), where the quan-
tum conductance of the switch follows the gate potential.

The closing and opening of an atomic-scale contact are
involving structural reorganization on the atomic scale.
These structural changes of the contact area, in turn, have
consequences on the conductance. Therefore, these atomic-
scale structural reorganization processes in principle should
be detectable in the conductance-vs.-time curves.

When we zoom in at the closing edges and the corre-
sponding opening edges of switching events (displayed in
Fig. 1(b) for three such events), we observe transient con-
ductance changes (see Fig. 1(c)) in which the conductance
varies stepwise on the whole but fluctuates in the process of
closing the contact. The opening process finishes in one
jump to open without intermediate plateaus between O and 1
Gy (Go= 2e2/h, e, electron charge, and 4, Planck’s constant,
see Fig. 1(d)). The negative spikes come from the distribute
capacitance in the measurement electronic circuits. In the
open conformation, we observe small variations in the
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FIG. 1. Experimental observation of transient conductance
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changes at the closing and opening edges of switching
events. The experimental set-up is shown in (a). A sequence
of controlled switching events between the non-conducting
“off-state” and the quantized conducting “on-state” is dis-
played in (b), where the quantum conductance of the switch
follows the gate potential. The gate potential varies
between 6mV and —35mV. Zoom-in at three experimen-
tally observed closing events and the corresponding open-
ing events contained in (b) is shown in (c) and (d) in 6
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current that correspond to leakage effects through the elec-
trolyte, which are followed by large changes in the current
when the junction closes (or opens). Inspection of several
data sets, such as those shown in Fig. 1(c), suggested that the
observed plateaus in the conductance are not entirely random
but may actually be a fingerprint of the reconstruction
process.

In order to test this hypothesis, we have collected long
trajectories of switching events for different junctions moni-
toring the conductance every 20 us, similar to those gathered
for the interpretation of current-voltage (I-V)-characteristics
in break-junction single-molecule experiments.zo’21 In order
to analyze the data, we have broken the trajectories into indi-
vidual opening or closing events. Three such closing events
are plotted in Fig. 1(c) as examples. For the statistical analy-
sis we considered the conductance data taken during the
closing events, discarded all data during the long periods
where the junction was either fully open or fully closed (cor-
responding to zero and 1.0 Gy, respectively). Color coded
histograms of the frequency of intermediate values of the
conductance in subsequent switching cycles between 0.15
Gp and 0.9 Gy are displayed in Fig. 2(a) for 60 closing
events. Every column of the plotted matrix represents one
histogram with color-coded histogram-height. Intermediate
conductance plateaus, visible as the bright spots in the figure,
are observed repeatedly (though not in every switching
cycle) as long as the contact remains stable. Overall, the
fractional conductance values appear to follow a Poisson dis-
tribution, i.e., conductance values with low fractional con-

80.53 80.54

ductance occur more often than those with high fractional
conductance. The repeated occurrence of fractional conduct-
ance values in subsequent switching events indicated a corre-
lation in the switching behavior. If switching proceeds by
random dissolution and deposition processes of silver ions
between the electrolyte and the electrode, one would expect
different conformations, corresponding to different fractional
conductance values, in subsequent switching events. How-
ever, inspection of the data suggests that subsequent switch-
ing events visit configurations with similar conductance, as
indicated, for example, by the red circle marking switching
events 18 to 28.

In order to quantitatively analyze correlation of subse-
quent switching events, we have computed the probability
corrected pair-correlation function of all data,

fle,d) = Jdtp(t, (e + 0t ), 0

which would result in a uniform distribution, if subsequent
switching events are uncorrelated. Instead, the contour-plot
in Fig. 2(b) shows a ridge along the diagonal, which indi-
cates a significant correlation between subsequent intermedi-
ate levels in the conductance range below 0.5 Gy,
corresponding to a memory effect in subsequent switching
events. In order to quantify this memory effect, we have
computed the time-correlation function between conductance
values of subsequent switching events,
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As shown in Fig. 2(b), we observe a slow decay of correla-
tion of subsequent switching events over many switching
cycles (0.25¢™ h.

To relate these observations to conformational changes
in the reconstruction processes of the junction, we have per-
formed all atom simulations, extending previous work in this
direction.'*!> We simulate the growth of silver point con-
tacts*>* using a classical potential including surface charge
effects and a model for the electrochemical double layer
(EDL)">?* via the Gouy-Chapman model (GC).** This
model treats the electrolyte with the linearized Poisson-
Boltzmann’s (PB) equation,

V[=eVo(r

Zied(F)
Zzlec e 1T 3)

for the electrostatic potential ¢ (7). Here, ¢ denotes the per-
mittivity of the solvent (water) ¢ = ¢&y¢;, z the charge of the
ions (in units of the electron charge), and their bulk concen-
tration ¢™. In our simulations, we solve this differential
equation numerically in every step of the simulation and
evaluate the electrostatic interactions on the basis of the
potential induced by electrodes and the electrolyte. The
thickness of the EDL is given by

1 2z2e2¢>

~ = 10A 4
* okT 0 @)

in the model. In this layer of thickness, k' being the dis-
tance from the left (L) or right (R) electrode, the electrode

Appl. Phys. Lett. 100, 203511 (2012)
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FIG. 2. (a) Color coded histograms of the frequency of inter-
mediate values of the conductance in subsequent switching
cycles between the “off” (0 Gy = 2¢*/h) state and “on” (1 Go).
Every column of the plotted matrix represents one histogram
with color coded histogram-height, the repeated occurrence of
fractional conductance values in subsequent switching events
indicated a correlation in the switching behavior. (b) Plot of the
pair-correlation function f(c,c’) for the sequence of conduct-
ance histograms. The contour-plot on the bottom of the graph
shows a significant memory effect between subsequent inter-
mediate levels in the range below 0.5 G. In the absence of cor-
relation, the correlation function would be constant.

potential drops to ¢p/e or @g/e, respectively. Here, most
screening effects and concentration changes (relative to the
bulk) take place. The effect of considering the electrolyte is
clearly visible when we analyze the distribution of the poten-
tial in a characteristic configuration of the silver quantum
point contacts. In Fig. 3(a), we plot the color-coded potential
¢(7) mapped to a sectional plane (of size L x H, L=40A,
H=30A) defined by z=0. The potential varies between
@L< ¢(F) <0, due to the presence of screening ions. In
good agreement with the expected order of magnitude, we
find x ' =10 A.

The assumptions made in the GC approach24
ions, PB distribution) may lead to an overestimation of x—
of the order of 30%, and depending on the bias voltage,
model and experiment agree well within this framework
(k'~10A). It is important to note, that even with possible
errors in this range, the electrode-electrode distance in the
moment when the junctions open or close is smaller than
x~'. To make observation of plateaus in the conductance
curve possible, we perform simulations with a very small
displacement step size of 0.1 A.

In each of these steps, we relax all atoms within a dis-
tance of 9.0 A of the center of the junction using a simulated
annealing protocol (5000 steps). This simulation relaxes the
conformation to the adiabatic conformation corresponding to
the given electrode-electrode distance. Reproducibly switch-
able junctions are observed in a significant fraction of growth
simulations starting from silver electrodes placed far
(5.6nm) apart. These junctions form a contact that can be
switched between two levels of quantum conductance by
application of an electrochemical pressure induced by appli-
cation of a small change in the gate potential. Once the

(pointlike
1
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FIG. 3. (a) Electrostatic potential of single atom transistor screened by ions
of the electrolyte. k' denotes the thickness of the electrolytic double layer.
(b) Total conductance of ten different single atom transistor conformations
during a contact closing process in a computer simulation. All ten bi-stable
conformations show weak plateaus at non-integer conductance values.

contact has formed, a training effect locks the two
end-conformations corresponding to the open and closed
conformation into reproducible geometries. This explains the
stability of the switching process and excludes the occur-
rence of other conductance values at the endpoints of the
switching process. In the following analysis, we focus on
junctions with closed-junction conductance of 1 Gy, one
example of which is shown in Fig. 3(a). Comparing simula-
tions in vacuum?® and with the electrolyte model, we notice
that including the screening effect of the background charge
modifies the contact growth process resulting in silver junc-
tions with 15% larger diameter. This structural modification
increases the stability of the switching mechanism.

We now look at multiple trajectories along the opening
and closing processes in the simulation in detail. Analyzing
the conductance as a function of electrode-distance (Fig.
3(b)), we observe plateaus at about 0.3 Gy and 0.8 G, occur-
ring typically at step electrode distances of 1.68 A and 0.80 A.

The occurrence of intermediate conductance values in
the simulations suggests that the observed plateaus are the
signature of the electrode reconstruction process as the junc-
tion closes. For the junctions investigated here, this corre-
sponds to the motion of a single atom that recalibrates its
position under the influence of the forces induced by the
electrolyte and the electrodes. In order to switch between the
open and the closed position, several atoms of the electrode
must rearrange their position. Comparing experiment and
simulation suggests that there are preferred pathways
between these two conformations, which result in the
observed memory effect.

Appl. Phys. Lett. 100, 203511 (2012)

The mechanism behind this phenomenon can be under-
stood as follows: The potential energy surface has a barrier
between the local energy minimum at the left and the right
contact. When the junction is open or closed, the barrier
between the two conformations is large, since both confor-
mations are stable indefinitely in either conformation. When
the silver contacts approach each other, the height of the bar-
rier decreases. When it falls below the critical height
E .= kT, the thermal energy enables the silver atoms to hop
from one energy minimum to the other and vice versa, lead-
ing to small conductance fluctuations until the minimum is
unique at the closed state of the contact. While this process
happens, there are one or more regions in electrode distance,
where the energetic barrier inside the electrochemical double
layer is low and the energy surface is rather flat. Within these
regions, the junction geometry (and hence the conductance)
changes little, resulting in a plateau in the conductance
histogram.

To conclude, we were able to control the events at the
atomic scale at the tip of the junction, which we can monitor
via the conductance value. This was achieved by exploiting
slow tuning of the conformation of a silver quantum point
contact via an electrochemical control potential. We have
observed distinct atomic-scale memory effects in subsequent
switching events. These memory effects are only observed
during the closing cycles of the atomic contacts. Clearly, no
such effects are observed during the opening cycles. By mak-
ing atomistic simulations, this could be explained by the exis-
tence of long-lived, metastable states of the junction during
the closing process. These paths result in the observed highly
correlated conductance values in subsequent switching cycles.
Our experimental approach allowed the direct observation of
single-atom processes in surface reconstruction. This also is
of immediate relevance for understanding the breaking and
formation of metallic point contacts that are now routinely
used in single-molecule conductivity measurements.

The results allow a deeper understanding of atomic-
scale reorganisation processes, which may help to better
understand and ultimately control the complex physics at
metallic surfaces. Thus, they open a route to electrochemi-
cally control the progress of fast surface reconstruction proc-
esses and make them observable within the detection
capabilities of present-day experiments.
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