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Abstract: We report on the study of quantum transport in atomically thin Au wires suspended between
two Au electrodes by modulating the electrochemical potential of the wires in various electrolytes. The
potential modulation induces a conductance modulation with a phase shift that is always ∼180°, meaning
that an increase in the potential always causes a decrease in the conductance. The amplitude of the induced
conductance modulation, however, depends on several parameters. First, it depends on the atomic
configurations of the individual wires. Second, the relative amplitude, defined as the ratio of the conductance
modulation amplitude to the conductance, decreases as the diameter of the wire increases. Third, it depends
on whether anion adsorption is present. In the absence of anion adsorption, it is ∼0.55G0 (G0 ) 2e2/h) per
V of potential modulation, for a wire with conductance quantized near 1G0. This double layer charging-
induced conductance modulation can be attributed to a change in the effective diameter of the wire. In the
presence of anion adsorption, the amplitude is much larger (e.g., ∼1.6G0/V when I- adsorption takes place)
and correlates well with the strength of the adsorption, which is due to the scattering of conduction electrons
by the adsorbed anions.

Introduction

Nanostructured materials and devices are interesting not only
because they promise various new applications, but also because
they exhibit novel quantum phenomena. Many quantum phe-
nomena were originally discovered in semiconductor devices
often under high vacuum and low-temperature conditions.
Extension of the studies to liquid environment at room tem-
perature offers us exciting opportunities to study chemical and
electrochemical processes at the nanometer scale. An important
example is single electron charging phenomenon in nanoparticles
or quantum dots.1-3 Recent studies of the phenomenon at room
temperature4 and in the electrochemical environment5-7 have
provided new insight into electron-transfer chemistry and may
lead to applications such as molecular switches8 and chemical
sensors.9 The present paper is aimed at another quantum
phenomenon, conductance quantization in metallic nanowires.
This phenomenon has been demonstrated in electrolytes,10-12

but several basic questions remain to be addressed: Will a
change in the electrochemical potential of a nanowire change
the quantized conductance? If yes, by how much, and what is
the mechanism? The goal of the present work is to address these
questions. Because electrochemical potential controls various
electrochemical processes, answers to these questions will allow
us to study the processes taking place on a nanowire via mon-
itoring the conductance of the nanowire. The ability to change
the conductance of a nanowire with a third electrode in a fashion
of transistor is also directly relevant to devices applications.

The phenomenon of conductance quantization occurs in a
semiconductor or metal wire connected between two macro-
scopic electrodes when the following two conditions are
satisfied. First, the wire must be shorter than the electron mean
free path so that electrons transport ballistically along the wire.
Second, the wire diameter must be comparable to the electron
wavelength to allow electrons to form standing waves (quantum
modes) in the transverse direction of the wire. When the two
conditions are met, the conductance of the system, defined as
the ratio of the current (I) to the voltage (V), is13

* To whom correspondence should be addressed. E-mail: nongjian.tao@
asu.edu.
(1) Kastner, M. A.ReV. Mod. Phys.1992, 64, 849-858.
(2) Kouwenhoven, L.Science1995, 268, 1440-1441.
(3) Averin, D. V.; Likharev, K. K. In Mesoscopic Phenomena in Solids;

Altshuler, B. L., Lee, P. A., Webb, R. A., Eds.; Elsevier: Amsterdam,
1991.

(4) Datta, S.; Tian, W. D.; Hong, S. H.; Reifenberger, R.; Henderson, J. I.;
Kubiak, C. P.Phys. ReV. Lett. 1997, 79, 2530-2533.

(5) Fan, F.-R. F.; Bard, A. J.Science1997, 277, 1791-1793.
(6) Chen, S. W.; Ingram, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R. W.;

Schaaff, T. G.; Khoury, J. T.; Alvarez, M. M.; Whetten, R. L.Science
1998, 280, 2098-2101.

(7) Chen, S. W.; Yang, Y. Y.J. Am. Chem. Soc.2002, 124, 5280-5281.
(8) Gittins, D. I.; Bethell, D.; Schiffrin, D. J.; Nichols, R. J.Nature2000, 408,

67-69.
(9) Brousseau, L. C., III; Zhao, Q.; Shultz, D. A.; Feldheim, D. L.J. Am.

Chem. Soc.1998, 120, 7645.

(10) Li, C. Z.; Tao, N. J.Appl. Phys. Lett.1998, 72, 894-897.
(11) Shu, C.; Li, C. Z.; He, X.; Bogozi, A.; Bunch, J. S.; Tao, N. J.Phys. ReV.

Lett. 2000, 84, 5196-5199.
(12) He, H. X.; Shu; Li, C. Z.; Tao, N. J.J. Electroanal. Chem.2002, 522,

26-32.
(13) Landauer, R.IBM J. Res. DeV. 1957, 1, 223-231.

G ≡ I

V
) G0 ∑

n)1

N

Tn (1)

Published on Web 10/18/2002

13568 9 J. AM. CHEM. SOC. 2002 , 124, 13568-13575 10.1021/ja027810q CCC: $22.00 © 2002 American Chemical Society



whereG0 ) 2e2/h, andN is the number of quantum modes in
the wire. For an ideal wire, the transmission probability isTn

≈ 1, and the conductance is quantized and given byG ) NG0,
whereN, the number of quantum modes, is determined by the
diameter of the wire.

This interesting phenomenon was first clearly observed in
experiments in semiconductor devices, where the electron mean
free path is many micrometers, and the electron wavelength is
∼40 nm, much larger than the atomic scale.14,15 The relative
large wavelength made it possible to fabricate the required
nanowires using conventional nanofabrication techniques, but
it leads to a small energy difference between the quantum
modes, which means a pronounced conductance quantization
in the semiconductor devices only at liquid helium temperature.
For a typical metal (e.g., Au), the electron wavelength is only
a few angstroms, so it does not require low temperature to
observe the phenomenon, but the wires must be atomically thin.
To date, two general methods have been developed to fabricate
atomically thin metal wires that exhibit the conductance
quantization. One is a mechanical approach, which forms a
nanowire by separating two electrodes from contact.16-18 During
the separation, a metal neck is formed between the two
electrodes and then stretched into an atomically thin wire with
quantized conductance before completely broken. The second
method, developed by us recently, is to electrochemically
fabricate the nanowires.10,19 Recent transmission electron mi-
croscopy has directly confirmed that a metal wire with quantized
conductance consists of a string of a few metal atoms.20,21 We
note that the metallic nanowires described here are also
sometimes called quantum wires or quantum point contacts.

In a semiconductor nanowire or quantum point contact, the
width and the electron density of the nanowire can be controlled
flexibly with gate electrodes. This flexibility, unfortunately, does
not exist for metallic nanowires in a vacuum or in air. In elec-
trolytes, however, we can control the electrochemical potential
of a metallic nanowire in a fashion similar to the gate voltage.
By controlling the electrochemical potential, it is possible to
control the conductance of the wire via controlling various
electrochemical processes taking place on the wire. We observed
recently an interesting fractional conductance quantization at
very negative potentials by analyzing conductance histograms
(occurrence of conductance at various conductance steps).11

Because the peaks due to conductance quantization in the
histogram are rather broad, we were not able to determine the
dependence of the quantized conductance on the electrochemical
potential. The histogram-based analysis also prohibited us from
measuring electrochemical effects on the conductance of each
nanowire. In this work, we have accurately determined the
potential-induced conductance change in each of the individual
nanowires using an AC technique and studied both the double

layer charging and the anion adsorption effects by performing
the AC measurement in electrolytes containing various anions.

Experimental Section

We created atomically thin Au wires by pulling a Au STM (scanning
tunneling microscope) tip out of contact with a Au substrate using a
piezoelectric transducer in two ways (Figure 1). The first one pulled
each wire by manually controlling the voltage applied to the piezo-
electric transducer. During the pulling process, we monitored the
conductance of the wire continuously. When the conductance was
stabilized at a desired quantum step, we froze the pulling and studied
electrochemical effects by varying the electrochemical potential of the
wire. Although the wires lacked long-term stability, they frequently
lasted for many seconds, long enough for the measurements. To obtain
good statistics, we used a second method to quickly and repeatedly
form a large number of wires with a feedback control. The feedback
loop started by driving the STM tip into contact with the substrate at
a rate of 40 nm/s. Once the contact was fully established as the
conductance between the tip and the substrate reached a preset value
(i.e., 4G0), the feedback loop activated the piezoelectric transducer to
pull the STM tip out of the contact. During the pulling process,
nanowires with different conductance (diameters) were formed, and
the same procedure was repeated over 1000 times.

To accurately determine the electrochemical potential-induced
conductance change, we modulated the electrochemical potential around
various preset DC values and measured the amplitude and phase shift
of the induced conductance modulation. This AC technique removed
various noises including mechanical drift effects in a similar way to a
lock-in amplifier. The conductance of the nanowire was monitored with
a digital oscilloscope (DL708, Yokogawa Co.) by simultaneously
recording the current (I) with a modified STM preamplifier and the
bias voltage (V ) 40 mV). Although the bias voltage was preset at 40
mV, small fluctuations from the preset value could affect the measured
conductance, so it is important to use the actual recorded bias voltage
to determine the conductance using formulaG ) I/V.

We performed the measurements using a Teflon cell mounted inside
of a glass chamber flashed with N2. Before each experiment, the cell
was cleaned by boiling it in Piranha solution (98% H2SO4:30% H2O2

) 3:1, v/v), and then was thoroughly sonicated in 18 MΩ water three
times (Nanopure system fed with campus distilled water). (Caution:
piranha solution reacts violently with most organic materials and must
be handled with extreme care.) We controlled the electrochemical
potential of the nanowire with a homemade bipotentiostat using a Pt
wire as a counter electrode and a Ag wire as a quasi reference electrode.
The quasi reference electrode was calibrated against the more widely
used Ag/AgCl reference electrode before and after each experiment,
and all of the potentials quoted in this work are in terms of the Ag/
AgCl scale. The use of a quasi reference introduced an error of∼0.1
V in the quoted potentials. The STM tip was made of 0.25 mm gold
wire (99.999%) and coated with Apiezon wax to reduce ionic
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Figure 1. Schematic drawing of the experimental setup. An atomically
thin Au wire is suspended between two Au electrodes (a substrate and a
STM tip). The electrochemical potentials of the two electrodes,E1 andE2,
are controlled relative to a reference electrodes (Ag wire) with a bipoten-
tiostat. The bias voltage across the wire isE1 - E2, which is fixed at 40
mV during the experiment.
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conduction and polarization. The leakage current due to ionic conduction
and polarization was on the order of pA, much smaller than 3µA, the
current that corresponds to the lowest conductance quantum step. The
substrate was a Au film evaporated on mica in a UHV chamber. We
used 0.5 M NaClO4 (99.99%), 0.1 M KClO4 (99.5%), and 0.5 M NaF
(99.99%) as electrolytes to study double layer charging effects and 0.01
M NaCl (99.999%), NaBr (99.99%), and NaI (99.99%) in 0.5 M NaF
supporting electrolyte to study anion adsorption effects. These anions
are known to adsorb onto Au electrode with strengths varying from
very weak to very strong in the order of F- < Cl- < Br- < I-.

Results and Discussion

Double Layer Charging. We studied double layer charging
effects on the conductance quantization using NaClO4, KClO4,
and NaF solutions as electrolytes because the cations and the
anions in these electrolytes adsorb weakly onto Au surfaces
within the studied potential window. We first formed a nanowire
with conductance stabilized at a certain quantum step while
holding the electrochemical potential (DC level) of the nanowire
at a given value. We then modulated the electrochemical
potential (AC) and monitored a consequent change in the
conductance. Figure 2 shows several typical measurements on
nanowires with conductance quantized near 1G0 in 0.5 M
NaClO4. An electrochemical potential modulation does, in
general, induce a modulation in the conductance, but the
amplitude of the induced conductance modulation varies from
one nanowire to another. For a 0.05 V (amplitude) potential
modulation, although the typical induced conductance modula-
tion is about 3% (Figure 2a), it can vary from∼0% (Figure 2c)
to ∼10% (Figure 2b). These nanowires were formed consecu-

tively within seconds in the same experiment, so the observed
variations in the conductance modulation are unlikely due to
changes in experimental conditions, such as contaminations and
leakage current. The large variation in the conductance modula-
tion rules out the possibility of electronic coupling between the
conductance measurement and potential control circuits as the
cause of the observed conductance modulation because such
coupling should not vary from one nanowire to another. We
note that electronic coupling could, in principle, affect measured
conductance via either the current or the bias voltage. Our STM
tip is well insulated so that both faradic and polarization currents
are many orders of magnitude smaller than the transport current
through the nanowires. The coupling of the AC modulation into
the bias voltage was also found to be negligibly small.

We have often observed abrupt changes in the conductance
modulation amplitude when a nanowire is held at a fixed
quantum step. For example, Figure 3 shows the conductance
modulation of a nanowire with conductance near 1G0 as a result
of an electrochemical potential modulation. During the measure-
ment, the conductance has a tendency to drift to a larger value.
At a certain point (marked by an arrow), the amplitude of the
conductance modulation drops to zero suddenly as the conduc-
tance jumps to a lower value. Abrupt changes in the conductance
of the metallic nanowires have been previously observed and
found to be due to the rearrangements of the atoms in the
nanowires from one configuration to another.22 Thus the sudden
change in the conductance modulation is associated with a
change in the atomic configuration of the nanowire. Recent high-
resolution transmission electron microscopy has directly ob-
served that Au nanowires with similar conductance can have
different atomic configurations.23 On the basis of these facts,
we believe that the variation in the amplitude of the induced
conductance modulation reflects different atomic configurations
of the nanowires (although with similar conductance). Despite
the variation in the amplitude, the phase shift between the
induced conductance modulation and the applied electrochemical
potential modulation is always close to 180°, meaning that an
increase in the electrochemical potential always results in a
decrease in the conductance.

The dependence of the induced conductance modulation on
the atomic configuration of the nanowire demands a statistical
analysis of a large number of nanowires with different con-
figurations. To meet this demand, we used the second method
described in the previous section to quickly (∼20 min) form
over ∼1000 nanowires with conductance quantized at various
values (Figure 4a). We used a computer routine to automatically
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Figure 2. Typical traces of electrochemical potential modulation-induced
conductance changes (black line) for Au wires with conductance quantized
near 1G0 in 0.5 M NaClO4. The three traces (a, b, and c) were recorded for
three wires in the same experiment, which show a large dependence of the
conductance modulation on the specific atomic configuration of each wire.
The amplitude and frequency of the electrochemical potential modulation
(grey line) are 0.1 V and 0.85 Hz, respectively. The phase difference between
the induced conductance modulation and applied electrochemical potential
modulation is about 180°.

Figure 3. An abrupt change in the induced conductance modulation (black
line) due to a sudden switch in the atomic configuration of a nanowire in
0.5 M NaClO4. The amplitude and frequency of the electrochemical potential
modulation (grey line) are 0.1 V and 0.4 Hz, respectively.
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find all of the conductance steps and determine the amplitude
of the conductance modulation at each of the steps. A histogram
was constructed from such measurements to show the occur-
rence of various conductance modulation amplitudes for nano-
wires with conductance between 0.95G0 and 1.05G0 (Figure 4b).
The amplitude varies over a certain range, but the histogram
shows a well-defined peak, so the average conductance modula-
tion gives a good representative description of a large ensemble
of nanowires. For simplicity purpose, we use a dimensionless
quantity, ∆G/G, where ∆G is the average amplitude of the
conductance modulation, andG is the conductance of a
nanowire, to describe the relative amount of the conductance
modulation. For nanowires with the potentials held at 0 V in
0.5 M NaClO4, ∆G/G, as a result of a 0.05 V modulation in
the electrochemical potential, is about 0.028.

We have studied∆G/G as a function of the amplitude and
frequency of the electrochemical potential modulation. Within
the tested potential range (0-0.3 V), ∆G/G increases linearly
with the amplitude of the applied electrochemical potential
modulation (Figure 5). When increasing the potential modulation
above 0.3 V, the conductance frequently jumps to a different
step as the nanowires switch atomic configurations for the reason
we will discuss later. The conductance modulation (∆G/G) is
independent of the frequency of the electrochemical potential
modulation up to 2 kHz. The upper bound of the frequency is
limited by the frequency bandwidth of the system.

We have determined∆G/G for nanowires at various con-
ductance steps (Figure 6). For comparison, we have also plotted
the conductance histogram in the figure, which shows three
peaks near the first three integer multiples ofG0 due to
conductance quantization. Although the peaks are pronounced,

they are quite broad, meaning that the quantization is not as
ideal as the prediction of eq 1.∆G/G decreases as the con-
ductance increases, and a broad dip near 1G0 is also apparent.
Although the broad dip is not as pronounced as the 1G0 peak
in the conductance histogram, it has been repeatedly observed
(see also Figure 7a and Figure 8a). The dependences of∆G/G

Figure 4. (a) A typical conductance trace of a nanowire during stretching.
The stepwise change in the conductance is due to conductance quantization,
and the small modulation superimposed on the conductance steps is due to
a 0.05 V (amplitude) electrochemical potential modulation. The insert shows
more clearly the induced conductance modulation. (b) Histogram of the
conductance modulation amplitude (∆G/G) for nanowires with conductance
near 1G0. The histogram was constructed from 1000 conductance traces
such as the one shown in (a).

Figure 5. Dependence of electrochemical potential-induced conductance
modulation on the amplitude (a) and frequency (b) of the applied
electrochemical potential modulation. The data were taken in 0.5 M NaClO4,
but similar behaviors were also observed in other electrolytes.

Figure 6. Conductance histogram (vertical lines) and induced conductance
change (solid black line) versusG. The data were extracted from 1500
individual conductance traces in 0.5 M NaClO4 at 0.4 V. The amplitude of
the applied electrochemical potential modulation is 0.05 V, and the
frequency is 1 kHz.
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on the conductance of the nanowire in NaClO4, KClO4, and
NaF are nearly identical (Figure 7a), indicating a common origin
in the potential-induced conductance modulation.

What is the mechanism of the electrochemical potential-
induced conductance modulation? In the double layer charging
regime, electrochemical potential can induce several possible
changes, such as electron density, surface stress, and work
function, which might be responsible for the observed conduc-
tance change. First, let us consider the possible change in the
electron density in the nanowires. For a bulk Au electrode,
changing the electrochemical potential by 1 V from PZC
(potential of zero charge) can induce a surface charge density
of 0.1e per atom. This would correspond to a large change in
the electron density of an atomically thin wire because every
atom in the wire is a surface atom. However, because the
atomically thin wires in our system are connected to macro-
scopic electrodes, a redistribution of electrons in the electrodes

and the wire is expected to offset at least part of the electron
density change in the nanowire region. While an exact distribu-
tion of electrons at equilibrium is determined by the electro-
chemical potentials of the nanowire and the macroscopic
electrodes, a uniform electron density distribution has been
assumed in several theoretical calculations that are in good
agreement with experiments.24-26

Electrochemical potential can induce a large surface stress
that can change the conductance of the nanowire via a change
in the structure of the nanowire. For Au electrodes, a 0.1 V
potential causes a surface stress change of∼0.05 N/m,27,28

corresponding to a force change of∼0.015 nN per atom.
Because the spring constant of an atomically thin wire has been
determined to be∼30 nN/nm,22 the force will result in an
interatomic spacing change of 10-4 nm. To test if such a spacing
change is enough to change the conductance of the nanowires,
we measured the conductance while stretching/pushing the
nanowires with the piezoelectric transducer and found the
conductance changes insignificantly only if the stretching/
pushing amplitude reached∼0.1 nm. So for a 0.05 V (ampli-
tude) modulation in the electrochemical potential, the induced
surface stress is not enough to explain the observed conductance
change. However, increasing the amplitude of the potential
modulation (to, e.g., 1 V), we frequently observe abrupt changes
in the conductance, as shown in Figure 3. These abrupt changes
are likely due to the stress-induced changes in the atomic
configurations of the nanowires.

We now turn to the potential-induced change in the work
function. It has been shown that the work function of a metal,
φ, is related to the applied electrochemical potential, according
to φ ) φ0 + eE,29 whereφ0 is the work function at PZC, and
E is the electrochemical potential. The change in the work
function can affect the conductance of the nanowire on the basis
of the following considerations. For a finite work function,
electrons in the metal nanowire spill out into the vacuum
(electrolyte) region (Figure 7c), so the effective radius of the
nanowire should be greater by an amount of the electron spill-
out, given by30

whereh is the Planck constant, andm and e are the electron
(effective) mass and charge, respectively.

Consequently, the change in the effective radius (δR) of the
nanowire due to a modulation in the electrochemical potential
(δE) is
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Figure 7. (a) ∆G/G as a function ofG in three s electrolytes, 0.5 M NaF,
0.05 M KClO4, and 0.5 M NaClO4 at -0.1 V. The amplitude of the applied
electrochemical potential modulation is 0.05 V, and the frequency is 1 kHz.
(b) A model calculation of∆G/G as a function ofG (see text for details).
(c) A model picture shows the electron density profile in the transverse
direction of a nanowire. The long detail outside of the square potential barrier
is due to electron “spill out” into the electrolyte with an amount given by
eq 2.

Figure 8. (a) ∆G/G versusG at different electrochemical potentials in 0.5
M NaClO4. A broad dip near 1G0 is marked with an arrow. The amplitude
of the applied electrochemical potential modulation is 0.05 V, and the
frequency is 1 kHz. (b) The dependence of∆G/G versus electrochemical
potential for nanowires with conductance near 1G0.

∆(E) ) p

x2m(φ0 + eE)
(2)

δR ) - 1
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eδE
φ0 + eE
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According to the expression, an increase in the electrochemical
potential reduces the effective radius and thus the conductance
of the nanowire, which explains the 180° phase shift between
the observed conductance modulation and the applied electro-
chemical potential modulation. For the sake of simplicity, we
can estimate the amplitude of the induced conductance change
due to this mechanism using a semiclassical expression for the
conductance of a metallic point contact31

whereλF is the Fermi wavelength of the electrons. This formula
is applicable only if the wavelength is small as compared to
the dimension of the nanowire, so it does not describe the
stepwise change of the conductance as a function of the diameter
of the nanowire. However, it provides a correct description of
the overall envelope shape of the conductance versus diameter
plot. BecauseλF is determined by the electron density of the
nanowire, which is not expected to depend strongly on the
potential as we have discussed earlier, we can easily determine
the conductance modulation with eqs 3 and 4. The calculation
requires only one unknown parameter,φ0, the work function
of Au in electrolytes at PZC. While the work function of Au in
electrolytes has been determined by STM, the experimental
value often varies over a quite large range,32-35 and it is also
known to underestimate the actual work function due to tip-
substrate interactions.36 Thus we usedφ0 ≈ 2 eV, determined
from the ab initio calculation using effective one-electron
potentials and molecular dynamic simulations of the water
molecules by Schmickler.37 The calculated∆G/G versusG using
eqs 2 and 3 is plotted in Figure 7b, which shows that the model
gives not only the correct order of magnitude but also the
dependence of the conductance modulation onG. We note that
although the calculated∆G/G depends on the value ofφ0, the
simple model gives the correct order of magnitude even ifφ0

is allowed to vary over a large range.
As we have already pointed out, the above semiclassical

theory does not include electron quantization in the transverse
direction of the nanowires. For a two-dimensional wire, the
quantization (standing waves) condition isW ) n(λF/2), where
W is the width of the wire, andn is an integer that equals the
number of standing waves. When the width varies betweenn(λF/
2) and (n + 1)(λF/2), the conductance remains at thenth
quantum step because the number of standing waves in the
transverse direction does not change. This argument applies also
to three-dimensional metallic nanowires in our experiment,
except that the quantization condition is given by the roots of
Mathieu function.38 Thus if the electrochemical potential-
induced change in the effective diameter of the nanowire does
not result in a change in the number of standing waves, the

conductance will not change, and we expect a dip∆G/G near
the nG0. We did observe evidence of a dip near 1G0, but it is
severely broadened. A large broadening of the peaks in the
conductance histogram is also observed (see Figure 6), which
shows that the ideal conductance quantization predicted by the
simple model is never observed in metallic nanowires due to
various factors, such as defects and variations of the atomic
configurations. These factors may also be the reason for the
broadened dips observed here. We remark that, according to
the above model, electrochemical potential changes the con-
ductance via changing the effective diameter of a metallic
nanowire, which resembles the effect of the split gate voltage
in the semiconductor nanowires.

Potential Dependence.We have measured the potential-
induced conductance modulation (∆G/G) by holding the DC
electrochemical potential at various values (Figure 8a).∆G/G
versusG plots have a similar shape for all of the potentials, but
the plot shifts upward as the potential increases. The dependence
of ∆G/G on the electrochemical potential for nanowires with
conductance quantized near 1G0 has been determined for
nanowires in different electrolytes (Figure 8b). Despite small
deviations between different electrolytes, there is an∼10%
increase in∆G/G as the potential increases from-0.5 to+0.5
V. This observation is not expected according to eq 2. In fact,
eq 2 says that the change in the effective radius (δR) for a given
potential modulation (δE) should decrease as the potential (E)
increases (the denominators of eq 2 increase), which should lead
to a slight decrease, rather than observed increase, in∆G/G.
We attribute the apparent discrepancy to the adsorption of anions
(including possible trace amounts of Cl-, etc., in the electrolytes)
at high potentials. Surface conductance of metal films has been
measured as a function of electrochemical potential in electro-
lytes, such as KF and KPF6, which shows a similar dependence
on the electrochemical potential and has been explained in terms
of electron scattering by the weakly adsorbed anions.39-41 To
test if anion adsorption can indeed give rise to the observed
increase ∆G/G, we have performed the measurement in
electrolytes containing anions with different adsorption strengths
to Au electrodes.

Anion Adsorption. When anion adsorption takes place on
nanowires, the first question that we encounter is the follow-
ing: Is the conductance of the nanowire still quantized? To
answer this question, we determined the conductance histograms
of nanowires formed in electrolytes containing different anions
at various electrochemical potentials. The results for 0.01 M
NaBr + 0.5 M NaF are shown in Figure 9. At low potentials,
peaks near the integer multiples ofG0 are well defined. This is
expected because no strong anion adsorption takes place on Au
surfaces at these potentials. We note also a peak near∼0.5G0,
a phenomenon that we have previously observed.11,12 As the
potential increases, the adsorption increases, and the peaks in
the conductance histogram broaden. In NaBr solution, the peaks
smear out completely at∼0.4 V. The evolutions of the
conductance histograms for nanowires in NaCl and NaI
electrolytes are similar except that the smearing-out is more
pronounced in NaI and less in NaCl, which correlates with the
adsorption strengths of the anions.

(31) Torres, J. A.; Pascual, J. I.; Saenz, J. J.Phys. ReV. B 1994, 49, 16581.
(32) Vaught, A.; Jing, T. W.; Lindsay, S. M.Chem. Phys. Lett.1995, 236, 306-

310.
(33) Pan, J.; W. Jing, T.; Lindsay, S. M.J. Phys. Chem.1993, 97, 4205-4208.
(34) Wiechers, J.; Twomey, T.; Kolb, D. M.; Behm, R. J.J. Electroanal. Chem.

1988, 248, 451.
(35) Christoph, R.; Siegenthaler, H.; Rohrer, H.; Wiese, W.Electrochim. Acta

1989, 34, 1011.
(36) Chen, C. J.Introduction to Scanning Tunneling Microscopy; Oxford

University Press: New York, 1993.
(37) Schmickler, W.Surf. Sci.1995, 335, 416-421.
(38) Bogachek, E. N.; Scherbakov, A. G.; Landman, U.Phys. ReV. B 1997, 56,

1065-1067.

(39) Tucceri, R. I.; Posadas, D.J. Electroanal. Chem.1985, 191, 387-399.
(40) Tucceri, R. I.; Posadas, D.J. Electroanal. Chem.1989, 270, 415-419.
(41) Tucceri, R. I.; Posadas, D.J. Electroanal. Chem.1990, 283, 159-166.

G ) G0(π2R2

λF
2

- πR
λF ) (4)

Conductance of Atomically Thin Metal Wires A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 45, 2002 13573



We have extracted∆G/G versusG in 0.5 M NaF, 0.01 M
NaCl + 0.5 M NaF, 0.01 M NaBr+ 0.5 M NaF, and 0.01 M
NaI + 0.5 M NaF at various potentials (Figure 10). At low
potentials,∆G/G versusG plots for all of the electrolytes nearly
overlap with each other. They are also similar to the plots for
nanowires in NaClO4 and KClO4 electrolytes, which is consis-
tent with the fact that no anion adsorption takes place at very
negative potentials (Figure 10a). The potential-induced con-
ductance modulation in the low potential regime is solely
determined by the double layer charging effect that we have
discussed earlier. Increasing the potential,∆G/G increases for
all of the electrolytes, but the amount of the increase differs
dramatically from one anion to another (Figure 10b). To
illustrate the trend more clearly, we plotted∆G/G as a function
of potential for nanowires with a conductance near 1G0 (Figure
10c). In 0.5 M NaF, the change is only∼10% from -0.7 to
+0.8 V. In sharp contrast, the change in 0.01 M NaI+ 0.5 M
NaF is as large as∼300%! The amount of change varies in the
order of F- < Cl- < Br- < I-, in good agreement with ad-
sorption strengths of these anions. A decrease in the conductance
of classical metal thin films due to anion adsorption has been
observed in electrolytes containing F-, Cl-, Br-, and I-.39-44

The systematic dependence of the induced conductance change
on the anion adsorption strength at high potentials leads us to
believe that the anion adsorption does play a role in the potential-
induced conductance change.

One possible mechanism for the anion adsorption-induced
conductance change is the scattering of conduction electrons
in the nanowires by the adsorbed anions on the surfaces of the
nanowires.45,46The scattering is expected because the electrons
spill out of the metal into the double layer where the anions
reside. For classical conductors, the scattering of electrons by
adsorbates47-49 in terms of the density of states of the adsorbates
near the Fermi level of the metal has been developed.50 It has
been pointed out that the degree of the scattering is correlated
with the electrosorption valency of the adsorbates.51 A quantita-
tive relation between the conductance change and electrosorption
valency52 based on Persson’s model seems possible.43,44 For
atomic-size wires, a calculation based on a simple delta-function
type of scattering centers has been performed which shows a
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Figure 9. Conductance histograms of nanowires formed in 0.01 M NaBr
+ 0.5 M NaF at various electrochemical potentials.

Figure 10. ∆G/G versusG at -0.8 V (a) and+0.4 V (b) for nanowires
in 0.5 M NaF, 0.01 M NaCl+ 0.5 M NaF, 0.01 M NaBr+ 0.5 M NaF,
and 0.01 M NaI+ 0.5 M NaI. (c) The dependence of∆G/G versus
electrochemical potential for nanowires with conductance near 1G0 in the
above four electrolytes. The amplitude of the applied electrochemical
potential modulation is 0.05 V, and the frequency is 1 kHz.
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decrease in the conductance that is qualitatively similar to the
classical wires.53 A recent molecular dynamics simulation has
found that an adsorbate molecule can insert itself into an
atomically thin metal wire, which demonstrates the importance
of including individual atoms for a complete description of the
adsorbate-metal wire interaction.54 While we have identified
the scattering of conduction electrons by adsorbed ions as the
main contribution for the measured conductance change, other
mechanisms, such as shift in PZC upon specific anionic
adsorption, may also have a contribution (as suggested by the
referee). Further studies will be needed for a complete under-
standing of the anionic adsorption onto atomic-scale wires.

Summary

We have studied quantum transport in atomic-scale Au wires
suspended between a STM tip and a substrate as a function of
electrochemical potential of the wires. To accurately determine
the potential effects, we have measured conductance changes
by modulating the electrochemical potential of the wires. In the
absence of specific adsorption (the double layer charging
regime), the potential modulation induces a conductance
modulation. The phase shift of the conductance modulation is
always about 180°, but the amplitude depends on the atomic
configuration of the wire. A statistical analysis of over 1000
wires shows that the amplitudes in most wires with conductance
quantized near 1G0 (the thinnest wires) are about 0.55G0 per
V. The effect decreases as the diameters of the wires increase.
We attribute the potential-induced conductance modulation to
a change in the effective diameters of the wires, in a fashion
similar to the split gate control in the semiconductor quantum

wires. A simple model calculation based on this picture explains
the phase and the amplitude of the conductance modulation as
well as the dependence of the conductance modulation on the
diameter of the wire.

We have also studied the role of anion adsorption in quantum
transport using electrolytes containing anions with different
adsorption strengths to Au surfaces. At very negative potentials,
no substantial anion adsorption takes place, and the induced
conductance modulations are similar for all of the electrolytes.
Increasing the potential, the conductance modulation increases
as anions adsorb on the wires. The dependence of the conduc-
tance change on the potential correlates well with the adsorption
strengths of the anions, in the order of F- < Cl- < Br- < I-.
The significant reduction of the conductance of the atomic-scale
Au wires upon anion adsorption is attributed to the scattering
of the conduction electrons in the wires by the adsorbed anions.

This work shows that electrochemical processes taking place
on the surface of an atomic-scale metal wire can be studied by
measuring the conductance of the wire, which allows us to
examine concepts developed for bulk electrodes to the atomic-
scale electrodes. The observed conductance change in the
presence of anions reflects the adsorption of a single or a few
ions onto the wire, which may lead to a method to detect and
study the adsorption of single ions.
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