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Electric conductance of the Au nanowires was investigated in 0.1 M Na2S04 solution 
under electrochemical potential control using a mechanically controllable break 
junction setup with an electrochemical cell (EC-MCBJ). The conductance histogram 
exhibited a series of peaks, suggesting the existence of the stable diameter of the 
nanowires. Two different slopes were obtained in the plot of the stable diameter as a 
function of the peak index. The two slopes could be explained by the combination of 
the electronic and atomic shell effects. We could observe the shell structures in the 
conductance histogram of the Au nanowires under electrochemical potential control for 
the first time. 
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1. INTRODUCTION 
There is growing interest in metal nanowires 

due to their unique properties and their potential 
application in microelectronic devices [1). 
Electrical conductance through a metal nanowire 
on an atomic scale is expressed by 

G = 2e2 I h L 7; = G0 L 7; where T; is the 

transmission probability of the i-th conductance 
channel, e is the electron charge, h is Plank's 
constant, and G0 is a unit of the quantized 
conductance. Since conductance quantization 
depends on the atomic structure of a nanowire, 
the atomic structures of the metal nanowires 
could be studied by conductance measurements. 
The radius R of alkali or noble metal nanowires is 
related with the conductance (G) using the 
semi-classical formula (Sharvin formula) 

G=G.[(k~Rr- k~R +~] (1) 

where kF is the Fermi wave vector [1). Recently, 
it has been observed that alkali and noble metal 
nanowires exhibit exceptional stability for the 
certain diameters by conductance measurements 
[2-8]. The series of stable diameter were 
explained by the electronic and atomic shell 
effects. The electronic shell effect originates 
from that nanowires become stable when the 
length of the allowed trajectory of electrons 
inside a cylindrical cavity (nanowire) agrees with 
the integer multiple of the Fermi wavelength. 
With an increase in the diameter, the 
configuration energy (atomic shell effect) 
becomes more important than the electronic 
energy contribution (electronic shell effect). 
Neglecting the electronic energy contribution, the 
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optimal section of a fee crystal is a density 
packed wire with four (Ill) and two (100) facets. 
The atomic shell effect originates from the 
completion of additional atomic layers for the 
nanowire with this optimal section. Either 
electronic or atomic shell effect is the dominant 
factor to determine the stable nanowires. The 
relative energy difference between the electronic 
free energy and the surface energy determines the 
transition point. Transition between two states, in 
which one of the energies are dominant, have 
been observed for alkali and noble metal 
nanowires in ultra high vacuum (UHV) and air 
[2-8]. 

Recently, the electrochemical method has been 
recognized to be a powerful approach to fabricate 
metal nanowires [9-12). Electrochemical potential 
determines the potential energy of the electrons 
of nanowires, resulting in the control of the 
bonding strength between the metal atoms and the 
interaction of the metal at surface with molecules 
of surrounding medium. These facts make 
possible to fabricate stable metal nanowires, 
which has not been prepared in UHV. Fabrication 
of stable Au, Ag, Cu, Pb, Fe, Co, Ni, and Pd 
nanowires and interesting phenomena 
characteristic of the electrochemical system have 
been reported in solution [9-12]. It is attractive to 
study the shell effects in metal nanowires in 
solution. Since potential energy of electrons in 
nanowires can be defined by applied 
electrochemical potential, the appearance of the 
electronic shell effect could be controlled by 
adapting appropriate electrochemical potential. 
The atomic shell effect can be also controlled by 
the electrochemical potential. The surface stress 
and structure of Au( I 00) and (Ill) electrodes 
were studied in solution [13). The surface stress 
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decreases as the potential was scanned from -400 
mV vs. SCE to positive, and reconstruction 
occurs at the potential regime more positive than 
700 mV. This result indicates that the surface 
stress can be defined by the electrochemical 
potential. The surface stress and structure play 
the decisive role in appearance of the atomic shell 
effect. Thus, novel atomic shell effect which has 
not been observed in UHV could be expected 
under electrochemical potential control. In 
addition, the transition between two states in 
which one of the effects are dominant could be 
varied with the electrochemical potential. In the 
pres~nt study, we have, thus, mechanically 
fabncated Au nanowires in 0.1 M Na2S04 

solution using mechanically controllable break 
junction setup with an electrochemical cell 
(electrochemical mechanically controllable break 
junction system: EC-MCBJ). The shell effect in 
the Au nanowires was investigated by 
conductance measurements under electrochemical 
potential control. 

2. EXPERIMENTAL 
The measurements have been performed using 

MCBJ technique (14]. The bending beam was a 
plate of phosphor bronze about I mm thick, 20 
mm long and 8 mm wide. The surface of the plate 
was insulated with a thin polymer foil. The 
notched Au wire was glued on the bending beam 
by two drops of epoxy adhesive. The drops and 
the metal wire were covered with wax except the 
notched area. The whole assembly was mounted 
on a three-point bending mechanism consisting of 
a stacked piezo-element and two fixed counter 
supports. By bending the substrate, the top 
surface of the substrate was expanded and the 
wire was finally broken forming two separated 
electrodes. By relaxing the bending of the 
substrate, the contact could be re-established. 
Figure 1 shows the schematic view and 
photograph of the present EC-MCBJ setup. The 
electrochemical cell was made of Diflon. The cell 
was tightly pressed against the substrate. The 
electrolyte solution was 0.1 M Na2S04• The 
electrochemical potential ((11) of the Au wire was 
controlled with respect to a Ag/ AgCI reference 
electrode using a four-electrodes potentiostat 
(twin potentiostat HECS990C: Fuso Co.). A 0.30 
mm diameter Pt wire was used as a counter 
electrode. Conductance was measured during the 
breaking process under an applied bias of 20 m V 
between the two working electrodes. 

3. RESULTS AND DISCUSSION 
Figure 2 (a) shows the typical conductance 

traces of the Au nanowires measured at (11 = +500 
mV in 0.1 M Na2S04 • The stretching length was 
estimated by considering the geometry of the 
present MCBJ setup and piezo displacement. The 
ratio between the relative displacement of the two 
electrodes and displacement of piezo element was 
5x10-3 [14]. The conductance gradually 
decreased with the stretch length (distance 
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Fig. I. Schematic side view and photograph of 
EC-MCBJ for measuring electric conductance 
of the metal nanowire under electrochemical 
potential control; CE: counter electrode and 
RE: . reference electrode. (I) electrolyte 
solutiOn, (2) electrochemical cell, (3) coating 
wax, (4) notched Au wire, (5) two fixed 
counter supports, (6) polymer foil, (7) bending 
beam of phosphor bronze, (8) epoxy adhesive, 
and (9) piezo element. 

between the two electrodes), which could reflect 
length of Au nanowire. At low conductance 
regi~e, th~ conductance decreased in a stepwise 
fash1on w1th each step occurring at an integer 
multiple of G0 . 

Figure 2(b) shows the conductance histogram 
obtained from 10000 individual conductance 
traces. The histogram shows peaks centered at 1.0 
(peakl), 2.0 (peak2), 3.0 (peak3), 4.5 (peak4), 7.0 
(peak5) and 9.5 G0(peak6), together with weak 
features at higher conductance regime. While the 
conductance of the first, second, and third peaks 
were just multiple of G0, the conductance of the 
higher conductance peaks shifted to the lower 
conductance value. This shift primarily originated 
from the back scattering of the electrons on 
defects in the Au nano constrictions [1]. Each 
peak indicated the formation of a stable atomic 
configuration. To resolve the features at high 
conductance regime, the second derivative of the 
histogram was carried out. The minima of the 
derivatives corresponded to the peak of the 
original histogram. Figure 3 shows the peak 
positions in units kFR as a function of peak index 
(n) Here, this plot is called as n-kFR plot. kFR was 
obtained with the help of Eq. (1). In Fig. 3, two 
different slopes are evident, one slope is a 0.9 for 
n < 4 and another slope is 0.5 for n > 4. Liner 
increment of kFR to the peak index proves the 
periodic appearance of the stable nanowires. This 
result indicates that we could observe 
successfully the shell effect in the Au nanowires 
under electrochemical potential control for the 
first time. The origin of these slopes is discussed 
in the following. 



N. Sekiguchi et al. Transactions of the Materials Research Society of Japan 32[2] 405-408 (2007) 

First, the slope of 0.9 is discussed using a 
theoretical mode. The model considers a 
nanowire as an infinitely long cylinder assuming 
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Fig. 2. (a) Typical conductance trace and (b) 
corresponding conductance histogram of Au 
nanowires in 0.1 M Na2S04 at +500 m V. Inset 
shows the histogram plotted as a function of 
the square root of the conductance. 

the average valence electron density of the metal. 
In this model, a cylinder with a radius(R) is stable 
when the length of the trajectory (L) of electrons 
inside the cylinder agrees with the integer 
multiple of the electron wave length (,l,F). This 
matching condition is represented as 

L I).F = n (2) 
Therefore, the distribution of stable cylinders as a 
function of R has a periodic structure. The lowest 
order semi-classical orbits of electrons are 
diametric, triangular and square orbits, whose 

length are 4R, 3./3R, 4./2R, respectively. For 
the diametric orbit, the matching conditions is L 
f).F = 4R f).F = (2/x) (kFR) ,., 0.64 (kFR) = n. 
Similarly for the triangular orbit, the matching 

condition is L f).F = 3../3R f).F,., 0.83 (kFR) = n. For 

the square orbit, the condition is L !).F = 4./2R /).F 

,., 0.90 (kFR) = n. The n-kFR plot should show 
slopes of 1.56, 1.20 and 1.11 for diameter, 
triangular and square orbits, respectively. In the 
previous studies for the Au nanowires, the slope 
of 1.1 or 0.9 were observed in the n-kFR plot 
[2,3,8]. The Fourier transform of the conductance 
histogram showed a peak centered at a frequency 
of I!LikFR = 0.92 [2,3]. These values were close 
to the values expected from the triangular and 
square orbits, although there were some 
differences. Therefore, the orbits that have the 
significant contribution for the Au nanowires are 
the triangular and square orbits. In the present 
study, the slope of 0.9 was observed in the n-kFR 
plot. This value agrees with the value obtained in 
the previous studies, and thus, the slope of 0.9 

observed in the present study would ongmate 
from the similar electronic shell effect of the Au 
nanowire in an electrolyte solution under 
electrochemical potential control. The deviation 
from the expected value could be explained by 
the conductance lowering due to backscattering 
on defects in or near the nanowire. Sulfate anions 
adsorbs on the Au electrode at ~ = +500 m V [I 5]. 
The adsorbed anion onto the Au nanowire would 
lower the conductance, leading to the small slope . 

Second, another slope of 0.5 is discussed by 
considering the surface energy of the nanowire. 
Both electronic free energy and surface energy of 
nanowires osciilate as a function of a diameter of 
the nanowire. The oscillation amplitude of the 
electronic free energy is inversely proportional to 
the diameter while the amplitude of surface 
energy is roughly constant [2]. The surface 
energy becomes more important than the free 
energy at larger diameter, and thus, the stability 
of the nanowire depends on the surface energy at 
larger diameter. Since theoretical calculation 
predicts that the [110] direction is a preferred 
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Fig. 3. Position of the peaks in fig.2 as a 
function of peak index. The position is 
converted to kFR with the help of Eq. (I). 

orientation for the process of thinning down of a 
nanowire [16], the nanowire could be considered 
to be along the [ 11 0] axis. The optimal cross 
section of the wire along [I I 0] is the hexagonal 
cross section with four (Ill) and two (I 00) facets, 
which has the lowest surface energy. Stable 
configurations are achieved when the facets are 
completely covered with atoms. This is the origin 
of the atomic shell effect. While completing a full 
atomic shell gives a rather long period of LlkFR = 
2.85, completing a single facet gives a six times 
smaller period of LlkFR = 0.48. The resulting 
periodicity leads to the observation of the slope 
of 0.5 or 0.4 in the n-kFR plot as shown in the 
previous studies for the Au nanowires [2,3,8]. In 
the present study, the slope of 0.5 was observed 
in the n-kFR plot. This value agrees with the 
predicted value and one obtained in the previous 
studies, and thus, the slope of 0.5 would originate 
from the atomic shell effect. 

Oshima et al. reported another series of stable 
diameters of Au nanowires using transmission 
electron microscope (TEM) (17]. They observed 
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stable n-n' helical multi shell (HMS) Au 
nanowires, where n and n' are the number of 
atomic rows of Au in the outer and inner shells. 
The conductance values for the HMS wires are 
7.6-8.I Go for the 11-4 HMS wire, 8.4-9.7 G0 for 
the I2-5 HMS wire, I 0.2-I 0.6 G0 for the I3-6 
HMS wire, and so on. While some of them agreed 
with our results obtained by MCBJ, our results 
did not completely agree with their results using 
TEM [2]. At the present stage, we could not 
exclude the possibility of the formation of the 
helical nanowire, but the peak position in the 
histogram agreed with the theoretically predicted 
position assuming the shell effects. So, the shell 
effect would be dominant factor determining the 
diameter of Au nanowires in the present study. 
The difference in the experimental results would 
be attributed to the different experimental 
methods for forming the nanowires. 

Finally, transition between two states, in which 
one of the shell effects are dominant, is discussed. 
In UHV, the transition occur around IO G0 and 
the transition conductance varies between 
different experiments. In some cases, either 
atomic or electronic shell effect was observed 
even for the same metal. [2]. In the present study, 
the transition conductance was constant around 
I6 G0• The larger transition conductance value 
and its small variation in solution is possibly due 
to molecular adsorption on the nanowire. As 
discussed in the previous section, the surface 
energy plays a decisive role in the appearance of 
the atomic shell effects. At ,P = +500 m V in 0.1 M 
Na2S04, sulfate anions would adsorb on the Au 
nanowire [ I5]. The molecular adsorption 
decreases the surface energy of the nanowire [ 18], 
leading to the delay of the transition from the 
state in which electronic shell effect is dominant 
to the state in which atomic shell effect is 
dominant. The variation of the transition 
conductance is due to the difference of the local 
crystalline orientation at breaking events [2]. If 
the certain atomic configuration could be 
stabilized by molecular adsorption, the transition 
conductance would be constant. Actually, we 
have shown that stable mono atomic contacts of 
Fe, Co, Ni, Pd, or Au [9-12] could be stabilized 
under electrochemical potential control, while 
they can not be prepared in UHV at room 
temperature. The molecular adsorption could 
define the certain atomic configuration at even 
larger diameter, leading to small variation in the 
transition conductance value. The structure and 
surface energy of metal electrodes could be 
controlled by electrochemical potential. The 
present results suggest that the appearance of the 
atomic shell !=ffect could be controlled by the 
electrochemical potential. The detailed 
investigation on the electrochemical potential 
dependence is in progress in our laboratory. Since 
the peak labeling process has remained obscure 
especially at higher conductance regime, the 
improving of this process is also in progress. 

4. SUMMARY 

Au nanowires were mechanically fabricated in 
0.1 M Na2S04 solution under electrochemical 
potential control using EC-MCBJ. The 
conductance histogram exhibited series of peaks, 
suggesting the existence of the electronic shell 
effect at low conductance regime and atomic shell 
effect at high conductance regime. We could 
successfully observe shell effect and transition 
from the electronic to atomic shell effect under 
electrochemical potential control for the first 
time. 
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