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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 ~0.55G, (Go = 2€2%/h) per
V of potential modulation, for a wire with conductance quantized near 1Go. 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., ~1.6Go/V when |~ 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 but several basic questions remain to be addressed: Will a
change in the electrochemical potential of a nanowire change

because they promise various new applications, but also becaust® quantized conductance? If yes, by how much, and what is
they exhibit novel quantum phenomena. Many quantum phe- the mechanism? The goal of the present work is to address these

nomena were originally discovered in semiconductor devices guestions. Because electrochemical potential con_trols \{arious
often under high vacuum and low-temperature conditions. electrochemical processes, answers to these questions will allow
Extension of the studies to liquid environment at room tem- US to study the processes taking place on a nanowire via mon-
perature offers us exciting opportunities to study chemical and itoring the conductance of the nanowire. The ability to change
electrochemical processes at the nanometer scale. An importanfhe conductance of a nanowire with a third electrode in a fashion
example is single electron charging phenomenon in nanoparticlesof transistor is also directly relevant to devices applications.
or quantum dot3:3 Recent studies of the phenomenon atroom  The phenomenon of conductance quantization occurs in a
temperaturéand in the electrochemical environmerithave semiconductor or metal wire connected between two macro-
provided new insight into electron-transfer chemistry and may scopic electrodes when the following two conditions are
lead to applications such as molecular switérasd chemical satisfied. First, the wire must be shorter than the electron mean
sensoré. The present paper is aimed at another quantum free path so that electrons transport ballistically along the wire.
phenomenon, conductance quantization in metallic nanowires. Second, the wire diameter must be comparable to the electron
This phenomenon has been demonstrated in electrdft¥s,  wavelength to allow electrons to form standing waves (quantum
) ) modes) in the transverse direction of the wire. When the two
* To whom correspondence should be addressed. E-mail: nongjian.tao@ " .
asu.edu. conditions are met, the conductance of the system, defined as
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whereGy = 2e%h, andN is the number of quantum modes in
the wire. For an ideal wire, the transmission probabilitylis

~ 1, and the conductance is quantized and giveby NGy,
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 scHé® The relative ce o I———
large wavelength made it possible to fabricate the required Figure 1. Schematic drawing of the experimental setup. An atomically
nanowires using conventional nanofabrication techniques, bUttsh'irnMAE'u )W'_If_‘ﬁ is ISUSEPenthd_bﬁfWEtentFVVIO /_\futhekiwmmdlest(a Subszéétze and a
f . p). e electrochemical potentials ot the two elecC rofdsan ,
it leads to _a small energy difference between the qu“%ntu_m are controlled relative to a reference electrodes (Ag wire) with a bipoten-
modes, which means a pronounced conductance quantizationjostat. The bias voltage across the wireEls— E2, which is fixed at 40
in the semiconductor devices only at liquid helium temperature. mV during the experiment.

For a typical metal (e.g., Au), the electron wavelength is only ] . ] ]

a few angstroms, so it does not require low temperature to layer charging and the anion adsorption effects by performing
observe the phenomenon, but the wires must be atomically thin.the AC measurement in electrolytes containing various anions.
To date, two general methods have been developed to fabricatgyperimental Section

atomically thin metal wires that exhibit the conductance

guantization. One is a mechanical approach, which forms a
?hanowwe byt.separatlngtt\/\llo eleitrpdefs fron"clicct)) ¢ .Durtlqulg - piezoelectric transducer in two ways (Figure 1). The first one pulled

€ separalion, a meta nec_ IS torme . e We?n . e . 0 each wire by manually controlling the voltage applied to the piezo-
electrpdes and then stretched into an atomically thin wire with gjactric transducer. During the pulling process, we monitored the
quantized conductance before completely broken. The seconcconductance of the wire continuously. When the conductance was
method, developed by us recently, is to electrochemically stabilized at a desired quantum step, we froze the pulling and studied
fabricate the nanowireg:1° Recent transmission electron mi- electrochemical effects by varying the electrochemical potential of the
croscopy has directly confirmed that a metal wire with quantized wire. Although the wires lacked long-term stability, they frequently
conductance consists of a string of a few metal at&fisWe lasted for many seconds, long enough for the measurements. To obtain
sometimes called quantum wires or quantum point contacts. form a large number of wires with a feedback control. The feedback

In a semiconductor nanowire or quantum point contact, the loop started by driving the STM tip into contact with the gubstrate at
width and the electron density of the nanowire can be controlled 2 rate of 40 nm/s. Once the contact was fully established as the
flexibly with | d yh' flexibili f v d conductance between the tip and the substrate reached a preset value

exi YW'I gatee ?Ctro es'_T 'S_ exibility, un Ort_una_te Yy, does (i.e., 4Gy), the feedback loop activated the piezoelectric transducer to
not exist for metallic nanowires in a vacuum or in air. In elec_- pull the STM tip out of the contact. During the pulling process,
trolytes, however, we can control the electrochemical potential nanowires with different conductance (diameters) were formed, and
of a metallic nanowire in a fashion similar to the gate voltage. the same procedure was repeated over 1000 times.
By controlling the electrochemical potential, it is possible to  To accurately determine the electrochemical potential-induced
control the conductance of the wire via controlling various conductance change, we modulated the electrochemical potential around
electrochemical processes taking place on the wire. We observed/arious preset DC values and measured the amplitude and phase shift
recently an interesting fractional conductance quantization at ©f the induced conductance modulation. This AC technique removed
very negative potentials by analyzing conductance histogramsvanous noises including mechanical drift effects in a similar way to a

. lock-in amplifier. The conductance of the nanowire was monitored with

(occurrence of conductance at various conductance steps). L : .

Because the peaks due to conductance quantization in th a digital oscilloscope (DL708, Yokogawa Co.) by simultaneously

. . erecording the currentl with a modified STM preamplifier and the
histogram are rather broad, we were not able to determine theyjas yoltage ¥ = 40 mv). Although the bias voltage was preset at 40

dependence of the quantized conductance on the electrochemicahy, small fluctuations from the preset value could affect the measured
potential. The histogram-based analysis also prohibited us fromconductance, so it is important to use the actual recorded bias voltage
measuring electrochemical effects on the conductance of eachto determine the conductance using formGla= 1/V.

nanowire. In this work, we have accurately determined the  We performed the measurements using a Teflon cell mounted inside
potential-induced conductance change in each of the individual of a glass chamber flashed with.NBefore each experiment, the cell

nanowires using an AC technique and studied both the doubleWas cleaned by boiling it in Piranha solution (98%S::30% H0,

= 3:1, v/v), and then was thoroughly sonicated in 18Mater three

(14) Wharam, D. A.; Thornton, T. J.; Newbury, R.; Pepper, M.; Ahmed, H.; times (Nanopure system fed with campus distilled water). (Caution:
Frost, J. E. F.; Hasko, D. G.; Peacock, D. C.; Ritchie, D. A.; Jones, G. A. piranha solution reacts violently with most organic materials and must

C. J. Phys. C: Solid State Phy$988 21, 209-214. . X
(15) Wees, %/_ J. v.; Houten, H. \)//$ Beenakker, C. W. J.; Williams, J. G.; be handled with extreme care.) We controlled the electrochemical

E2

We created atomically thin Au wires by pulling a Au STM (scanning
tunneling microscope) tip out of contact with a Au substrate using a

ggug\:l%:%%%en, L. P.; Marel, D. v. d.; Foxon, C. Fhys. Re. Lett. 1988 potential of the nanowire with a homemade bipotentiostat using a Pt
(16) Muller, C. J.: van Ruitenbeek, J. M.: de Jongh, LPHys. Re. Lett. 1992 wire as a gounter electrode and a Ag wir.e asa quas.i reference elect.rode.
69, 140. ) o The quasi reference electrode was calibrated against the more widely
88 é\grsegltjall\lJ qudlr\lllgeor{d\]ézG:J; yl(ggr?{eg?-n)ésr'reﬁg' ?_19821?0511634%&0@ N.: used Ag/AgCI reference electrode before and after each experiment,
Binh, V. T. Phys. Re. Lett. 1993 71, 1852-1855. T " and all of the potentials quoted in this work are in terms of the Ag/
(19) |2-I21C2§3 Bogozi, A.; Huang, W.; Tao, N. Nanotechnologyl999 10, AgCl scale. The use of a quasi reference introduced an erreQdf
(20) Ohnishi. H.; Kondo, Y. Takayanagi, ilature 1998 395 780-783. V.|n the quoted potentials. The $TM tip was made of 0.25 mm gqld
(21) Rodrigues, V.; Fuhrer, T.; Ugarte, Phys. Re. Lett. 200Q 85, 4124. wire (99.999%) and coated with Apiezon wax to reduce ionic
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b Figure 3. An abrupt change in the induced conductance modulation (black
10 line) due to a sudden switch in the atomic configuration of a nanowire in
' 0.5 M NaClQ. The amplitude and frequency of the electrochemical potential
1 modulation (grey line) are 0.1 V and 0.4 Hz, respectively.
0.5 1
MWWMWMW W‘V‘WWW tively within seconds in the same experiment, so the observed

variations in the conductance modulation are unlikely due to

G(G,)

0.0 . . . X ) " -
c changes in experimental conditions, such as contaminations and
] leakage current. The large variation in the conductance modula-
10 P it e tion rules out the possibility of electronic coupling between the

1 conductance measurement and potential control circuits as the
M-V\WNVVW\WMMWNVU\W 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
0 10 20 30 40 conductance via either the current or the bias voltage. Our STM
T' tip is well insulated so that both faradic and polarization currents
Ime (SecC. :
are many orders of magnitude smaller than the transport current

Figure 2. Typical traces of electrochemical potential modulation-induced through the nanowires. The coupling of the AC modulation into

conductance changes (black line) for Au wires with conductance quantized . _
near L5y in 0.5 M NaClQ,. The three traces (a, b, and c) were recorded for the bias voltage was also found to be “eg"g'b'y small.
three wires in the same experiment, which show a large dependence of the We have often observed abrupt changes in the conductance

conductance modulation on the specific atomic configuration of each wire. modulation amplitude when a nanowire is held at a fixed
The amplitude and frequency of the electrochemical potential modulation uantum step. For example. Figure 3 shows the conductance
(grey line) are 0.1 V and 0.85 Hz, respectively. The phase difference betweenq dulati ? . P . h Y d |
the induced conductance modulation and applied electrochemical potential MOAU ationof a na_lnowwe W"_[ con UCt"f‘nce ne_@f) as a result
modulation is about 180 of an electrochemical potential modulation. During the measure-
ment, the conductance has a tendency to drift to a larger value.
conduction and polarization. The leakage current due to ionic conduction At a certain point (marked by an arrow), the amplitude of the
and polarization was on the order of pA, much smaller thaz3the conductance modulation drops to zero suddenly as the conduc-
current that corresponds to the lowest conductance quantum step. The(ance jumps to a lower value. Abrupt changes in the conductance

substrate was a Au film evaporated on mica in a UHV chamber. We f th . - -
metallic nanowires havi n previousl rv n
used 0.5 M NaClQ(99.99%), 0.1 M KCIQ (99.5%), and 0.5 M NaF 2 (€ metallic nanowires have been previously observed and
found to be due to the rearrangements of the atoms in the

(99.99%) as electrolytes to study double layer charging effects and 0.01 . . .
M NaCl (99.999%), NaBr (99.99%), and Nal (99.99%) in 0.5 M NaF nanowires from one configuration to ar?otﬁéﬂfhus thg sudden
supporting electrolyte to study anion adsorption effects. These anionschange in the conductance modulation is associated with a

are known to adsorb onto Au electrode with strengths varying from change in the atomic configuration of the nanowire. Recent high-
very weak to very strong in the order of < CI- < Br~ < |-, resolution transmission electron microscopy has directly ob-
served that Au nanowires with similar conductance can have
different atomic configuration® On the basis of these facts,

Double Layer Charging. We studied double layer charging we believe that the variation in the amplitude of the induced
effects on the conductance quantization using Na(TIO,, conductance modulation reflects different atomic configurations
and NaF solutions as electrolytes because the cations and thef the nanowires (although with similar conductance). Despite
anions in these electrolytes adsorb weakly onto Au surfacesthe variation in the amplitude, the phase shift between the
within the studied potential window. We first formed a nanowire induced conductance modulation and the applied electrochemical
with conductance stabilized at a certain quantum step while potential modulation is always close to £8@eaning that an
holding the electrochemical potential (DC level) of the nanowire increase in the electrochemical potential always results in a
at a given value. We then modulated the electrochemical decrease in the conductance.
potential (AC) and monitored a consequent change in the The dependence of the induced conductance modulation on
conductance. Figure 2 shows several typical measurements ornthe atomic configuration of the nanowire demands a statistical
nanowires with conductance quantized ne&, in 0.5 M analysis of a large number of nanowires with different con-
NaClQs. An electrochemical potential modulation does, in figurations. To meet this demand, we used the second method
general, induce a modulation in the conductance, but the described in the previous section to quickly20 min) form
amplitude of the induced conductance modulation varies from over ~1000 nanowires with conductance quantized at various
one nanowire to another. For a 0.05 V (amplitude) potential values (Figure 4a). We used a computer routine to automatically
modulation, although the typical induced conductance modula-

(22) Rubio, G.; Agrait, N.; Vieira, SPhys. Re. Lett. 1996 76, 2302-2305.

tion is abouF 3% (Figure 28‘)’ itcan v_ary frorD% (Figure 2C) (23) Rodrigues, V.; Fuhrer, T.; Ugarte, Phys. Re. Lett. 200Q 85, 4124—
to ~10% (Figure 2b). These nanowires were formed consecu- 4127.

Results and Discussion
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Figure 4. (a) A typical conductance trace of a nanowire during stretching. Q 0.03
The stepwise change in the conductance is due to conductance quantization, (D ]

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 amplitud®®/G) for nanowires with conductance
near 5o. The histogram was constructed from 1000 conductance traces
such as the one shown in (a).

0.01

find all of the conductance steps and determine the amplitude 500 1000 1500 2000

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 amp”tudes for nano- Figure 5. Dependence of electrochemical potential-induced conductance

: : : modulation on the amplitude (a) and frequency (b) of the applied
wires Wlth_condUCta}nce between (G_lfand 1.0%, (Figure _4b)' electrochemical potential modulation. The data were taken in 0.5 M NaClO
The amplitude varies over a certain range, but the histogram pyt similar behaviors were also observed in other electrolytes.

shows a well-defined peak, so the average conductance modula-

Modulation Frequency (Hz)

tion gives a good representative description of a large ensemble | 0.033

of nanowires. For simplicity purpose, we use a dimensionless 1o

quantity, AG/G, where AG is the average amplitude of the | 0030
conductance modulation, an@ is the conductance of a g ‘o

nanowire, to describe the relative amount of the conductance - Q)
modulation. For nanowires with the potentials hetdav in = .\\\_0.027 6
0.5 M NaClQ, AG/G, as a result of a 0.05 V modulation in S I 2
the electrochemical potential, is about 0.028. 8 05 -0.024

We have studied\G/G as a function of the amplitude and
frequency of the electrochemical potential modulation. Within 10.021

the tested potential range-0.3 V), AG/G increases linearly 5

with the amplitude of the applied electrochemical potential G (G,)

modulation (Figure 5). When increasing the potential modulation ( 0

above 0.3 V, the conductance frequently jumps to a different Figure 6. Conductance histogram (vertical lines) and induced conductance

step as the nanowires switch atomic configurations for the reasonchange (solid black line) versus. The data were extracted from 1500

- . . individual conductance traces in 0.5 M NaGl& 0.4 V. The amplitude of

we will discuss later. The conductance modulatisG(G) is the applied electrochemical potential modulation is 0.05 V, and the

independent of the frequency of the electrochemical potential frequency is 1 kHz.

modulation up to 2 kHz. The upper bound of the frequency is

limited by the frequency bandwidth of the system. they are quite broad, meaning that the quantization is not as
We have determinedhG/G for nanowires at various con- ideal as the prediction of eq AG/G decreases as the con-

ductance steps (Figure 6). For comparison, we have also plottedductance increases, and a broad dip n€ayid also apparent.

the conductance histogram in the figure, which shows three Although the broad dip is not as pronounced as g fieak

peaks near the first three integer multiples @§ due to in the conductance histogram, it has been repeatedly observed

conductance quantization. Although the peaks are pronounced{see also Figure 7a and Figure 8a). The dependenca&iih

J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002 13571
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0032 0.05 and the wire is expected to offset at least part of the electron
b 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 experimen;26
% oo S~ Electrochemical potential can induce a Iarge_ surface stress
0,024 " R that can change the conductance of the nanowire via a change
in the structure of the nanowire. For Au electrodes, a 0.1 V
1 2 3 T 2 3 potential causes a surface stress change-@05 N/m?7:28
G (Gy) G (Gy) corresponding to a force change of0.015 nN per atom.
Because the spring constant of an atomically thin wire has been
c determined to be~30 nN/nm?? the force will result in an
interatomic spacing change of ¥hm. 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
2R, conductance changes insignificantly only if the stretching/

] ) ) pushing amplitude reached0.1 nm. So for a 0.05 V (ampli-
g_’g;’ §A7I.<C(I€(i))4,Aefrs1/dGOa.1§ &fﬁgcct'lgna??o'_nlt\'fe.l?hz gﬁ%ﬁgjgsz} ?Hg g/'pg'"ag:d' tude) modulation in the electrochemical potential, the induced
electrochemical potential modulation is 0.05 V, and the frequency is 1 kHz. Surface stress is not enough to explain the observed conductance
(b) A model calculation oAG/G as a function ofG (see text for details). change. However, increasing the amplitude of the potential
(c) A model picture shows the electron density profile in the transverse modulation (to, e.g., 1 V), we frequently observe abrupt changes

direction of a nanowire. The long detail outside of the square potential barrier . th duct h in i 3. Th brupt ch
is due to electron “spill out” into the electrolyte with an amount given by 1 tN€ conductance, as shown in Figure 5. 1hese abrupt changes

0.04

geeeett *

0.03
© o028 - ;] Q
]
T

Pt

-AG

0.02

eq 2. are likely due to the stress-induced changes in the atomic
configurations of the nanowires.
R P — We now turn to the potential-induced change in the work
a 0.031 b o foMNeeR function. It has been shown that the work function of a metal,
0032 ' , is related to the applied electrochemical potential, according
t 0.030 to ¢ = ¢o + eE2? wheregy is the work function at PZC, and
Y 0,025 “\rfy\"w 04V Q o E is the electrochemical potential. The change in the work
9 W\ 2 . function can affect the conductance of the nanowire on the basis
A ] 0.1 of the following considerations. For a finite work function,
0.024 S s 0.027 electrons in the metal nanowire spill out into the vacuum
“’.’S‘_’},'\\;m (electrolyte) region (Figure 7c), so the effective radius of the
o 1 2 3 O T nanowire should be greater by an amount of the electron spill-
G (Gy) Potential (V) out, given by°
Figure 8. (a) AG/G versusG at different electrochemical potentials in 0.5 A
M NaClO;,. A broad dip near G is marked with an arrow. The amplitude A(E) = — (2)
of the app_lied electrochemical potential modulation is 0.05 V, ar_1d the N Zm(‘f’o + eE)
frequency is 1 kHz. (b) The dependenceA®/G versus electrochemical

potential for nanowires with conductance ne&pl )
whereh is the Planck constant, and and e are the electron

on the conductance of the nanowire in NaGI®CIO,, and (effective) mass and charge, respectively. .
NaF are nearly identical (Figure 7a), indicating a common origin ~ Consequently, the change in the effective radaR) (f the
in the potential-induced conductance modulation. nanowire due to a modulation in the electrochemical potential

What is the mechanism of the electrochemical potential- (OE)is

induced conductance modulation? In the double layer charging
regime, electrochemical potential can induce several possible oR=— 1 h eoE (3)
changes, such as electron density, surface stress, and work 24/2m(¢0+ eb ¢o+ €E
function, which might be responsible for the observed conduc-
tance change. First, let us consider the possible change in thgz4) van Ruitenbeek, J. M.; Devoret, M. H.; Esteve, D.; UrbinaPhys. Re.
electron density in the nanowires. For a bulk Au electrode, B 1997 56, 12566. .

. . . (25) Cuevas, J. C.; Levy Yeyato, A.; Martin-Rodero,hys. Re. Lett. 1998
changing the electrochemical potentigy & V from PzC 80, 1066-1069.
(potential of zero charge) can induce a surface charge density(26) ;gg%’gl%%%/*? Martn-Rodero, A.; Flores, FPhys. Re. B 1997 56,
of 0.1e per atom. This would correspond to a large change in (27) Bach, C. E.; Giesen, M.; Ibach, H.; Einstein, T.Rhys. Re. Lett. 1997,
the e'?"tm” de,nSIt,y of an atomically thin wire because every 28) T:?feize%?_é;zlg?ﬁwitrov, N.; Cammarata, R. C.; Sieradzki,.#&gmuir200],
atom in the wire is a surface atom. However, because the 17, 807-815.
atomically thin wires in our system are connected to macro- (29) Kotz, E. R.; Neff, H.; Muller, KJ. Electroanal. Chem1986 215, 331—

) Rt - 344.
scopic electrodes, a redistribution of electrons in the electrodes(30) Garrett, SAm. J. Physiol1979 47, 195-196.
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According to the expression, an increase in the electrochemicalconductance will not change, and we expect aAp'G near
potential reduces the effective radius and thus the conductancethe nGy. We did observe evidence of a dip ne&olbut it is

of the nanowire, which explains the 18phase shift between  severely broadened. A large broadening of the peaks in the
the observed conductance modulation and the applied electro-conductance histogram is also observed (see Figure 6), which
chemical potential modulation. For the sake of simplicity, we shows that the ideal conductance quantization predicted by the
can estimate the amplitude of the induced conductance changesimple model is never observed in metallic nanowires due to
due to this mechanism using a semiclassical expression for thevarious factors, such as defects and variations of the atomic
conductance of a metallic point cont&ct 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

whereir is the Fermi wavelength of the electrons. This formula in the semiconductor nanowires.
is applicable only if the wavelength is small as compared to  Potential Dependence We have measured the potential-
the dimension of the nanowire, so it does not describe the induced conductance modulatioA@/G) by holding the DC
stepwise change of the conductance as a function of the diameteelectrochemical potential at various values (Figure 84/G
of the nanowire. However, it provides a correct description of versusG plots have a similar shape for all of the potentials, but
the overall envelope shape of the conductance versus diametethe plot shifts upward as the potential increases. The dependence
plot. Becausélr is determined by the electron density of the of AG/G on the electrochemical potential for nanowires with
nanowire, which is not expected to depend strongly on the conductance quantized neafgl has been determined for
potential as we have discussed earlier, we can easily determinenanowires in different electrolytes (Figure 8b). Despite small
the conductance modulation with eqs 3 and 4. The calculation deviations between different electrolytes, there is~at0%
requires only one unknown parametep, the work function increase iM\G/G as the potential increases fron0.5 to+0.5
of Au in electrolytes at PZC. While the work function of Auin V. This observation is not expected according to eq 2. In fact,
electrolytes has been determined by STM, the experimental eq 2 says that the change in the effective radi® for a given
value often varies over a quite large raffge’® and it is also potential modulationdE) should decrease as the potenti) (
known to underestimate the actual work function due te-tip  increases (the denominators of eq 2 increase), which should lead
substrate interactior’§. Thus we usedy ~ 2 eV, determined to a slight decrease, rather than observed increasaGit.
from the ab initio calculation using effective one-electron We attribute the apparent discrepancy to the adsorption of anions
potentials and molecular dynamic simulations of the water (including possible trace amounts of Cétc., in the electrolytes)
molecules by Schmickle¥. The calculated\G/G versusG using at high potentials. Surface conductance of metal films has been
egs 2 and 3 is plotted in Figure 7b, which shows that the model measured as a function of electrochemical potential in electro-
gives not only the correct order of magnitude but also the lytes, such as KF and KRFwhich shows a similar dependence
dependence of the conductance modulatioisokVe note that on the electrochemical potential and has been explained in terms
although the calculatedG/G depends on the value @b, the of electron scattering by the weakly adsorbed anfdn¥. To
simple model gives the correct order of magnitude eveppif  test if anion adsorption can indeed give rise to the observed
is allowed to vary over a large range. increase AG/G, we have performed the measurement in
As we have already pointed out, the above semiclassical electrolytes containing anions with different adsorption strengths
theory does not include electron quantization in the transverseto Au electrodes.

direction of the nanowires. For a two-dimensional wire, the  Anion Adsorption. When anion adsorption takes place on
quantization (standing waves) conditioMié= n(4¢/2), where  nanowires, the first question that we encounter is the follow-
Wis the width of the wire, andh is an integer that equals the  ing: Is the conductance of the nanowire still quantized? To
number of standing waves. When the width varies betwgés answer this question, we determined the conductance histograms
2) and 0 + 1)(##/2), the conductance remains at thth of nanowires formed in electrolytes containing different anions
quantum step because the number of standing waves in theat various electrochemical potentials. The results for 0.01 M
transverse direction does not change. This argument applies alsqyaBr + 0.5 M NaF are shown in Figure 9. At low potentials,

to three-dimensional metallic nanowires in our experiment, peaks near the integer multiples®§ are well defined. This is
except that the quantization condition is given by the roots of expected because no strong anion adsorption takes place on Au
Mathieu function® Thus if the electrochemical potential-  surfaces at these potentials. We note also a peak-+r@&Go,
induced change in the effective diameter of the nanowire doesa phenomenon that we have previously obseié8iAs the

not result in a change in the number of standing waves, the potential increases, the adsorption increases, and the peaks in
the conductance histogram broaden. In NaBr solution, the peaks
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Figure 10. AGIG versusG at —0.8 V (a) and+0.4 V (b) for nanowires

in 0.5 M NaF, 0.01 M NaCH 0.5 M NaF, 0.01 M NaBr 0.5 M NaF,

G (Go) and 0.01 M Nal+ 0.5 M Nal. (c) The dependence &G/G versus

) . . ) electrochemical potential for nanowires with conductance n€giirl the
Figure 9. Conductance histograms of nanowires formed in 0.01 M NaBr apove four electrolytes. The amplitude of the applied electrochemical

+ 0.5 M NaF at various electrochemical potentials. potential modulation is 0.05 V, and the frequency is 1 kHz.

We have extractedG/G versusG in 0.5 M NaF, 0.01 M The systematic dependence of the induced conductance change
NaCl+ 0.5 M NaF, 0.01 M NaBr+ 0.5 M NaF, and 0.01 M o the anion adsorption strength at high potentials leads us to

Nal + 0.5 M NaF at various potentials (Figure 10). At low  pelieve that the anion adsorption does play a role in the potential-
potentials AG/G versusG plots for all of the electrolytes nearly  jnduced conductance change.

overlap with each other. They are also similar to the plots for

. . o ) One possible mechanism for the anion adsorption-induced
nanowires in NaCl@and KCIQ, electrolytes, which is consis- P b

ith the f h . d . K | conductance change is the scattering of conduction electrons
tent W't the ac_t that ho anion a sorption ta €s place al VerY in the nanowires by the adsorbed anions on the surfaces of the
negative potentials (Figure 10a). The potential-induced con- ;. iredi546The scattering is expected because the electrons

ductance modulation in the low potential regime is solely spill out of the metal into the double layer where the anions
dgtermlned by. the doublg layer charging eff‘?‘” that we have eqige For classical conductors, the scattering of electrons by
discussed earlier. Increasing the potente§/G increases for e rhate@-49in terms of the density of states of the adsorbates
all of the electrolytes, but f[he amount of the_lncrease differs near the Fermi level of the metal has been develdpédhas
_dramat|cally from one anion to another (Figure 10b_)' To been pointed out that the degree of the scattering is correlated
llustrate _the trend more clegrly, we plottéds/G as a fur_lctlon with the electrosorption valency of the adsorb&tes.quantita-

of potential for nanowires with a cpnductance neap (Figure tive relation between the conductance change and electrosorption
10c). In 0.5 M NaF, the change is orﬂle% from —0.7 to valency? based on Persson’s model seems poséfisteFor

+0.8 V. In sharp contrast, the change in 0.01 M Na0.5 M atomic-size wires, a calculation based on a simple delta-function

NaF is as_large 315’3000/3! The_amount of change varie_s in the type of scattering centers has been performed which shows a
order of F < CI~ < Br~ < |7, in good agreement with ad-

sorption strengths of these anions. A decrease in the conductanc
of classical metal thin films due to anion adsorption has been (46
observed in electrolytes containing FCI~, Br—, and 39744
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decrease in the conductance that is qualitatively similar to the wires. A simple model calculation based on this picture explains
classical wire$2 A recent molecular dynamics simulation has the phase and the amplitude of the conductance modulation as
found that an adsorbate molecule can insert itself into an well as the dependence of the conductance modulation on the
atomically thin metal wire, which demonstrates the importance diameter of the wire.

omeIkt;ldtmg |nt(j||\/|dyal .aiomstfo:ﬁ;a\i;)hnjlplete gescn%tmrt].f(.)f(;he We have also studied the role of anion adsorption in quantum
adsorbatemetal wire interaction. lé we have icentiiie transport using electrolytes containing anions with different
the scattering of conduction electrons by adsorbed ions as the . . -
. L2 adsorption strengths to Au surfaces. At very negative potentials,
main contribution for the measured conductance change, other . . . .
. o o .. 'no substantial anion adsorption takes place, and the induced
mechanisms, such as shift in PZC upon specific anionic duct dulati imilar for all of the electrolvt
adsorption, may also have a contribution (as suggested by the::On uc.ancE moadu allolnshare sw(;u arfora od Ie electrolytes.
referee). Further studies will be needed for a complete under- ncreqsmgt e potential, t econ uctance modulation increases
standing of the anionic adsorption onto atomic-scale wires, &S anions adsorb on the wires. The dependence of the conduc-
tance change on the potential correlates well with the adsorption
Summary strengths of the anions, in the order of K CI- < Br~ < |-,

We have studied quantum transport in atomic-scale Au wires The significant reduction of the conductance of the atomic-scale

suspended between a STM tip and a substrate as a function of\U wires upon anion adsorption is.attributed to the scatte.ring

electrochemical potential of the wires. To accurately determine Of the conduction electrons in the wires by the adsorbed anions.
the potential effects, we have measured conductance changes This work shows that electrochemical processes taking place
by modulating the electrochemical potential of the wires. In the on the surface of an atomic-scale metal wire can be studied by
absence of specific adsorption (the double layer charging measuring the conductance of the wire, which allows us to

regime), the potential modulation induces a conductance examine concepts developed for bulk electrodes to the atomic-
modulation. The phase shift of the conductance modulation is scale electrodes. The observed conductance change in the
always about 189 but the amplitude depends on the atomic presence of anions reflects the adsorption of a single or a few

Configuration of the wire. A statistical analy3is of over 1000 jons onto the wire, which may lead to a method to detect and
wires shows that the amplitudes in most wires with conductance sydy the adsorption of single ions.

quantized near Gy (the thinnest wires) are about 0G&per

V. The effect decreases as the diameters of the wires increase. Acknowledgment. We thank the NSF (CHE-9818073) and
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a change in the effective diameters of the wires, in a fashion

similar to the split gate control in the semiconductor quantum  sypporting Information Available: Partial dependence of
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