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Adsorbate effect on conductance quantization in metallic nanowires
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~Received 6 April 1998!

We have studied conductance quantization in metallic nanowires upon adsorption of molecules with differ-
ent adsorption strengths. The conductance still changes in a step-wise fashion even in the presence of strong
adsorption, and the average sharpness, length, and number of the conductance steps remain unchanged. How-
ever, the step positions deviate significantly from the integer values of the conductance quantum, 2e2/h. While
the deviation may be attributed to the scattering of the ballistic electrons by the adsorbates, evidence shows that
the adsorbates also affect conductance by changing the atomic configurations of the nanowires.
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It has been found for many years that the electrical c
ductivity of metals decreases upon adsorption of atoms
molecules because of the scattering of the conducting e
trons by the adsorbates.1–3 The studies, however, have bee
largely limited to nonballistic electron transport in which th
electron mean free path is much smaller than the dimen
of the metals. In the present paper, we study the adsor
effect on ballistic electron transport in metallic nanowire
The conductance of the nanowires has been observed to
in a stepwise fashion in which the steps occur at the inte
values of conductance quantum,G052e2/h, when the wire
width is decreased to the atomic scale.4–11 We find that upon
adsorption of molecules at the nanowires, the conducta
steps are still well defined but the step positions deviate
nificantly from the integer values ofG0 .

Metallic nanowires, in which electron transport ballis
cally, have been created by mechanically breaking a
metal wire,4 by separating a tip and a flat substrate,5–10 or
two macroscopic electrodes in contact,11 by anodizing Al
nanowires with an atomic force microscope,12 and by elec-
trochemical deposition.13 In this paper, we use the tip-fla
substrate setup in which a gold tip is placed over a gold fi
epitaxially grown on mica. Instead of vertically driving th
tip into and out of the substrate,5–10 we create the nanowire
by sweeping the tip horizontally across the substrate sur
with a modified scanning tunneling microscope~STM!. The
substrate is first roughened by scanning an area with a l
tunneling current. A contact is made when the tip moves i
a bump on the substrate, and pulling out of the contact
sults in the formation of a nanowire~Fig. 1!. This method
allows us to rapidly sample the conductance of the nanow
formed in different surface areas. The tip is swept at a rat
100 nm/s and the bias voltage is typically set at 26 mV. T
preamplifier was modified such that it could sustain a curr
load of tens ofmA without affecting the bias voltage. W
note that simply reducing the gain of a standard STM p
amplifier usually results in a smaller bias voltage at la
current, which shifts the conductance peaks in the histogr
towards lower conductance values. The conductance vs
traces are recorded using a 200-MHz digital oscillosco
~Yokogawa! interfaced to a personal computer. The nonid
differential linearity of the oscilloscope is corrected in t
data analysis. The tip and substrate are isolated from the
PRB 580163-1829/98/58~11!/6775~4!/$15.00
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of the setup using an environmental chamber~Molecular Im-
aging Co.! into which various species are introduced for a
sorption. We have chosen three species, ethanol, pyrid
and 4-hydroxyl thiophenol~4 HTP! in this study because
their adsorption strengths vary from weak physisorpt
(,kBT;0.025 eV) to intermediate adsorption~;0.5 eV!
and to very strong chemisorption~;2 eV!. We compare the
results with those in N2. In order to maximize the chance o
observing the adsorbate effect, we used saturated vapo
each of the cases. From the vapor concentrations, the ave
rate for molecules to directly collide with the narrowest po
tion of a nanowire is greater than 108/sec. The lifetime of the
nanowire is in the order of many ms, during which the m
ecules can make more than 105 attempts to adsorb onto th
nanowires. In addition, the molecules can first adsorb o
the thicker portion of the nanowire and then diffuse to t
narrowest portion. For these reasons, we believe that
nanowire has a high probability to have molecules adsor
onto its narrowest portion.

The conductance histograms of the nanowires in N2, eth-
anol, pyridine, and 4HTP are shown in Fig. 2. Each his
gram is constructed from;1000 traces. To ensure that 100
traces provide reasonable statistics, we have performed t
or more experiments in each case. Histograms of two typ
1000-trace experiments for N2 are plotted in Figs. 2~a! and
2~b!, which show good reproducibility of the histogram
based on 1000 traces. The overall shape of the first th

FIG. 1. Molecular adsorption at metallic nanowire formed pu
ing a gold STM tip away from a contact with a gold substra
horizontally.
6775 © 1998 The American Physical Society
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peaks and the shift of the second and third peaks tow
smaller conductance values are similar to the data obtaine
liquid-helium temperature in vacuum.14 Between 4G0 and
5G0 , there is a broad peak that is observed in each of
nine separate measurements and in the histograms
structed from 10 000 traces using a gold-contact re
setup.15 The origin of the broad peak is not yet understoo
In the presence of ethanol vapor, the first three peaks are
visible, but the second and third peaks decrease relativ
the first @Fig. 2~c!#. When replacing ethanol with pyridine
the second and third peaks decrease even more@Fig. 2~d!#.
Finally, in 4HTP vapor, the second and third peaks are co
pletely smeared out in the histogram and the first peak is
broadened considerably@Fig. 2~e!#. The degree of the adsor
bate effect are consistent with the adsorption strengths o
three adsorbates.

The adsorbate-induced smearing-out of the peaks in
conductance histograms is not due to the disappearanc
the conductance steps. Figure 3 shows two typical cond

FIG. 2. Conductance histograms of gold nanowires in N2 ~a! and
~b!, vapors of ethanol~c!, pyridine ~d!, and 4HTP~e!. Each histo-
gram is constructed from over a thousand traces.

FIG. 3. Typical conductance traces recorded as the tip is pu
away from contacts with a gold substrate in N2 ~a! and in 4HTP~b!.
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tance traces in N2 and in 4HTP vapor. In N2 @Figs. 3~a! and
3~b!#, well-defined conductance steps occur preferentia
near the integer values ofG0 . In the presence of 4HTP@Figs.
3~c! and 3~d!#, the conductance steps are still well define
but most steps deviate significantly from the integer valu
of G0 . The amount of deviation varies from trace to trac
which we will discuss later. The corresponding histogram~or
derivative! of the trace yields peaks at noninteger valu
@Fig. 3~d!#. The steps in ethanol and pyridine vapors a
tend to shift away from the integer values, but they occ
less frequently than those in 4HTP.

The above observations based on the individual cond
tance traces are supported by a careful statistical analys
the average length, smoothness, and number of the con
tance steps between 0G0 and 6.5G0 ~Table I!. The average
length is the average distance over which a nanowire can
pulled before the conductance jumps to a lower step.
calculate the average length from the average time dura
of the steps and the rate that a nanowire is being pulled.
average length in each of the four cases is about 0.12
which is in good agreement with the values reported
literature.8,16 This value is independent of the pulling rat
We have varied the rate from 100 nm/s to 100 000 nm/s:
average step length stays the same. Note that the stan
deviation in the length is as small as 0.01 nm, which in
cates that the majority of the steps have lengths close to
nm. The average smoothness characterizes how well defi
the conductance steps are, which is measured in terms o
full-width at half maximum of the peaks in the derivatives
the conductance traces@e.g., Figs. 3~b! and 3~d!#. The data
show the steps in the four cases are about equally well
fined and the standard deviation from the average is a
fairly small. We determine the average number of the c
ductance steps by counting the number of peaks in the
rivative of each conductance trace. In order to avoid m
counting noise as steps, we count only those peaks w
corresponding steps longer than 0.04 nm and sharper
0.3G0 . Since the step lengths and smoothness are distrib
within narrow ranges, the average number of steps are
very sensitive to the above criterion. What is more import
is that the same criterion has been used for determining
average numbers of steps in N2, ethanol, pyridine, and

d

TABLE I. Average number, length, and smoothness of cond
tance steps in N2, vapors of ethanol, pyridine, and 4HTP, where t
length is the distance over which a nanowire can be pulled be
jumping to other conductance steps, and the smoothness is the
width at half maximum of each peak in the derivative of a cond
tance trace. The standard deviations of the averages are also
~after 6 sign!. To illustrate the reproducibility of the data, resul
from two separate experiments in N2 and 4HTP are shown.

Adsorbate
Average number

of steps
Average length
per step~nm!

Average sharpness
per step (2e2/h)

N2 5.960.3 0.1360.01 0.160.01
N2 5.460.3 0.1260.01 0.160.01
Ethanol 5.960.3 0.1160.01 0.160.01
Pyridine 6.060.3 0.1260.01 0.160.01
4HTP 6.360.3 0.1260.01 0.160.01
4HTP 6.160.3 0.1360.01 0.160.01
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4HTP. In all the four cases, we found that the average n
ber is close to six, which means that the average separa
between two adjacent steps is aboutG0 even in the presenc
of strong adsorption.

Based on the statistical analysis described above,
clear that the major adsorbate effect on the conductanc
the nanowires is to shift the conductance steps away from
integer values of the conductance quantum. This may be
derstood from the scattering of the conduction electrons
the adsorbates. In the case of nonballistic electron trans
the scattering is known to lower the conductivity of meta
and microscopic theories have been successf
developed.2,3 In ballistic electron transport, an appropria
theory is not yet available but electron scattering by a loc
ized repulsive scatterer at a metallic nanowire and its ef
on the conductance quantization has been modeled.17 If con-
sidering adsorbate molecules as individual local scatter
some of our observations can be explained based on
model. First, the model shows that the scattering can dra
cally shift the conductance steps from integer values. S
ond, the model predicts that the amount of deviation is s
sitive to location of the scatterer, which explains t
smearing out in the peaks in the conductance histogr
because of the variation in the adsorption site in the exp
ment. However, the model predicts a smoothening in
conductance steps, which is not observed. Furthermore
model shows all the conductance steps can be affected b
presence of the localized scatterer, while we observe tha
lowest conductance step is largely unaffected. Evidence
cussed below suggests that, in order to fully understand
experimental results, adsorbate effect on the atomic confi
rations of the nanowires has to be considered.

Because adsorbates affect the lowest conductance ste
less than higher steps, it is of interest to analyze the effec
individual steps. We have extracted the occurrence
quency, length, and smoothness of the steps at various
ductance values~Fig. 4!. These plots provide more detaile
information than the histograms~Fig. 2!, which count the
total number of data points occurs at each conducta
value. In the case of N2, the step occurrence and length ha
well-defined peaks around the integer values of conducta
which shows that the peaks in the conductance histogram
Fig. 2 are not only because the steps near the integer va
occur more often but also because they last longer. In a
tion, the smoothness plots show that the conductance s
are more well defined near the integer values. In the prese
of strong adsorption~4HTP!, the steps still occur preferen
tially around 1G0 , but their preference to occur at high
integers ofG0 is lost @Fig. 4~a!#. In the presence of weake
adsorption~ethanol and pyridine!, the situations are some
where in between. The length of the conductance step atG0
in the presence of adsorption is even longer than that in2,
while the lengths of higher conductance steps are consi
ably shorter@Fig. 4~b!#. A previous study has directly show
that the occurrence of each conductance step is always a
ciated with an abrupt rearrangement in the atomic confi
ration of a nanowire as the nanowire is being pulled.8 Our
observation shows that the adsorption at a nanowire
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change the distance over which a nanowire can be pulled
each successive atomic rearrangement. This indicates tha
adsorbates can affect the conductance of the nanowires
only by scattering the electrons but via affecting the stabi
of the atomic configurations of the nanowires. This obser
tion is consistent with the recent experimental and theoret
works that show the importance of the interplay between
atomic configuration and conductance quantization.8,18–19

While the adsorption affects the lengths of 1G0 step and
high integer value steps in different ways, it changes little
step smoothness@Fig. 4~c!# of steps at various values.

In conclusion, we have studied quantum transport in g
nanowires in the presence of molecular adsorbates with
ferent adsorption strengths. While the peak near the first
teger value in the conductance histograms persists, the p
at higher integer values smear out according to the stren
of the adsorption. The smearing out is caused by the shif
the conductance steps away from the integer values and
conductance steps remain well defined. The shift in the c
ductance step may be attributed to the scattering of the c
duction electrons by the adsorbates, but the adsorbates
affect the conductance by changing the stability of t
atomic configurations.

We are grateful to Professor Stuart Lindsay and Dr. La
Nagahara for stimulating discussions. Financial suppor
acknowledged through grants from AFSOR~Grant No.
F49620-96-1-0346!, Research Corporation~Grant No.
CC3608!, and NIH ~Grant No. GM-08205!.

FIG. 4. Occurrence frequency~a!, length ~b!, and smoothness
~c! of the conductance steps at various conductance values.
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