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Abstract

We have mechanically fabricated Ni and Cu nano constrictions in solution, and studied their electrical conductance under
the electrochemical potential control. Conductance quantization can be observed with both metals. This is the first
observation of the conductance quantization behavior for non-gold metal nano constrictions, which are mechanically
fabricated in solution at room temperature. The conductance of Cu was quantized in units of G, (=2e°/h), and a sharp 1 G
peak is observed in the conductance histogram. For Ni, a conductance plateau showed a slightly negative slope, and a broad
peak at 1~1.5 G, was observed in the histogram. The conductance quantization behavior was discussed by comparing the
result of nano constrictions fabricated in non-solution condition, with those fabricated by an electrochemical method. It is
suggested that a certain atomic configuration was stabilized in solution under the electrochemical potential control.

PACS: 73.23.-b, 73.40.Jn, 73.40.Cg
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1. Introduction

Metal nano structures are interesting not only
because they promise various new applications,
but also because they exhibit novel quantum
phenomena. One of the current topics of metal
nano structures is conductance quantization.
Electrical conductance through a thin metal wire
in an atomic scale can be expressed by

G =2¢’/hyT, where T; is the transmission

probability of the i-th conductance channel and Go
=2e%/h is the unit of quantum conductance [1].
While most of previous studies have been
done in ultra high vacuum (UHV) at low
temperature, metal nano structures and their
quantum conductance behavior in solution have
recently attracted wide attention [2-4]. Figure 1
shows the schematic view of the electron flow
through a conduction channel in solution. Fermi
energy of the electron is strictly defined by the
electrochemical potential. Furthermore,
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adsorption or desorption of molecules and ions
can be also controlled by the electrochemical
potential. These facts make possible to fabricate
novel metal nano structures which are not present
in UHV, and to control their structures and
physical properties by the electrochemical
potential. Recently, we proved that clear
conductance  quantization for Pd  nano
constrictions can be observed by the careful
control of Pd deposition and dissolution. It should
be noteworthy that conductance quantization was
not observed in UHV at room temperature at Pd
nano constrictions [4,5].

To study quantized conductance of metal nano
constrictions, several thousands of repetitive
experiments are usually needed. These
requirements can be met by mechanical methods
using a scanning tunneling microscope (STM) or
the mechanically controllable break junction
technique. In solution, on the other hand,
electrochemical methods have been usually used
for electrochemically deposited metals. Compared
to the mechanical method, the electrochemical
method needs long time to fabricate one nano
constriction (typically ~10 min), and thus, most of
previous studies have discussed the conductance
quantization behavior with only limited set of
measurements  (typically = ~100).  Further
investigations are needed for quantitative
discussion on quantized conductance in solution.

In the present study, we have fabricated Ni and
Cu nano constrictions with the mechanical
method, and studied their conductance. Nickel is a
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Fig. 1: A schematic view of the electron flow through a
conduction channel. The dot-dashed and dotted lines
indicate the equilibrium potential of electron chemical
reaction M?* + 2¢"— M and the potential applied in the
present studv.

3d transition metal, while Cu is a noble metal. We
compared the quantized conductance of Ni with
Cu. Furthermore, the result was compared with
that in UHV at ultra low temperature, and that
with electrochemical method.

2. Experimental

Figure 2 (a) shows the block diagram of the
conductance measurement system for the metal
nano constrictions in solution. A signal access
module provides access to every input and output
signal between the controller and the microscope.
A personal computer (PC) controls the STM tip's
movement and monitors the electric current
through the nano constrictions using this signal
access module. To monitor the electric current, we
use an analog-to-digital converter (InstruNet)
installed in a PC. The electrochemical potential of
the nano constriction is controlled using a
potentiostat (Pico-Stat, Molecular Imaging Co.)

Fig. 2 (b) shows the schematic view of the
experimental setup. The experiments were
performed in an electrochemical cell mounted in a
chamber that was filled with high purity N, gas to
reduce contamination. The tip was made of a gold
(diameter ~0.25 mm) wire coated with wax to
eliminate ionic conduction. The substrate was
Au(111) prepared by flame annealing and
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Fig. 2: (a) A block diagram of the conductance
measurements system for metal nano constrictions.
(b) A schematic view of the electrochemical STM cell.
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quenching method. The electrochemical potentials
of the Au substrate and the tip were controlled
with respect to the Ag/AgCl reference electrode.
A 0.50 mm diameter Pt wire was used as counter
electrode. The electrolyte was a 1 mM CuSOy *
5H,O with 50 mM H,SO, for Cu nano
constrictions, while it was a mixcture of 10 mM
NiSO4, 10 mM H3;BOs3, and 1 mM H,SO4 for Ni.

The equilibrium potential of electrochemical
reaction M>" + 2e— M is - 600 mV for Ni, and -
40 mV for Cu in the present experimental
condition assuming the Nernst equation (see Fig.
1). Both the Au tip and the Au(111) substrate
were kept at an electrochemical potential of - 800
mV for Ni, and -350 mV for Cu. At this potential,
the metals were electrochemically deposited on
both the Au substrate and the tip. Then metal nano
constrictions were created as the following
manner. The feedback loop started by driving the
STM tip into contact with the substrate. Once the
contact was fully established as the conductance
between the tip and the substrate reached a preset
value (i. e. 4 Gy), the STM tip was pulled out of
the contact at a typical rate of 50 nm/s with
feedback off. During the pulling process, a Ni or
Cu nano constriction was formed between the tip
and the substrate. The same procedure was
repeated over 3000 times. Conductance was
calculated based on the potential difference
between the tip and the substrate (20 mV) and the
observed current in the wire.

3. Experimental results

Figure 3 shows the typical conductance traces
of the Ni and Cu nano constrictions during
breaking. The electrochemical potential was - 800
mV for Ni and - 260 mV for Cu. As a general
tendency, the changes occured in a stepwise,
rather than a continuous, fashion. Immediately
prior to termination of the contacts, we frequently
observed plateaus with the conductance of 1 Gy
for Cu, and 1-1.5 Gy for Ni. Figure 4 shows the
conductance histogram of the Ni and Cu nano
constriction. A well-defined 1 G, peak is observed
in the histogram for Cu, while a broad 1-1.5 Gy
peak is shown for Ni. It should be noticed that this
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Fig. 3: Typical conductance traces of (a) Ni nano
constrictions at electrochemical potential of - 800 mV,
and (b) Cu nano constrictions at - 250 mV.

is the first observation of the conductance
quantization behavior for non-gold metal nano
constrictions, which are mechanically fabricated
in solution at room temperature.

Here we compare the conductance
quantization behavior in solution and that in non-
solution condition (e.g. air and UHV). A well-
defined 1 G, peak was also observed in the
conductance histogram of Cu nano constrictions
in non-solution condition at room temperature [7].
For Ni, a broad 1-1.5 Gy peak appeared in the
conductance histogram in UHV at ultra low
temperature [8]. Whereas, the histogram was
entirely featureless at room temperature,
individual conductance curves presented well-
defined steps [9]. This temperature dependence
can be discussed in terms of fluctuation of the

Occurence (a.u.)

0.0
2 0 1 2

Conductance (G )

Fig. 4: Conductance histograms of (a) Ni and (b) Cu
nano constrictions.
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environment. At room temperature, the thermal
fluctuation of the atoms prevent the long-term
stability of the nano contact, then certain atomic
configurations are not preferentially formed. At
low temperature, atomic size contacts can be held
stable for rather long time. Therefore, the atomic
configuration of the nano constriction would
change into a thermally stable one, leading to
appearance of a correspondig conductance peak in
the histogram.

In solution, the fluctuation of environment
seems to be much larger than in non-solution
condition. However, a peak is clearly observed in
the conductance histogram of the Ni nano
constrictions in the present study. The histogram
is similar to that obtained in UHV at ultra low
temperature. Under the electrochemical potential
control in solution, ions (H3O+) or H,O molecules
would adsorb on the metal nano constriction, and

a certain atomic configuration would be stabilized.

Furthermore, the electronic state of the metal nano
constrictions was well defined. Therefore, the
conductance quantization behavior in solution was
similar to that in UHV at low temperature.

Finally, we compare the present mechanical
method with the electrochemical method. In the
previous study, we have studied the conductance
quantization behavior of the Ni nano constrictions
fabricated by electrochemical deposition or
dissolution. A clear and stable conductance
plateau at 1 G, was observed, and the conductance
histogram exhibited a well-defined peak at 1 G.
In the case of eclectrochemical method, there is
little strain in the metal nano constriction, and the
inter atomic distance would be an energetically
favorable one during the formation of a single
atom contact. Therefore, the conductance
histogram exhibites a single peak originating from
this stable atomic configuration. On the other
hand, the mechanical method fabricates nano
constrictions by pulling the metal constrictions.
Elastic deformation of the nano contact produces
a slight increase in the inter atomic distance. The
dependence of the conductance on the inter
atomic distance varies with metals [10,11]. For
simple metal like Au and Cu, the conductance
does not change with inter atomic distance, while

the elongation of the contact induces a decrease in
the conductance for non-s metals. Therefore, the
change in inter atomic distance changeed the
conductance for non-S metal Ni, resulted in
appearance of a plateau with a slightly negative
slope, and a broad peak in the conductance
histogram.

4. Conclusion

The conductance quantization behavior has
been studied for the Ni and Cu nano constrictions,
which were mechanically fabricated in solution. A
clear 1 Gy peak was observed in the conductance
histogram for Cu, while a broad 1-1.5 Gy peak
was observed for Ni. We discussed the character
of the quantized conductance in solution, and the
difference between the electrochemical method
and the mechanical method.
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