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Bias dependence of the conductance of Au nanocontacts
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The bias dependence of the quantized conductance in Au relay contacts has been studied by measuring the
transient conductance in the contact break. Au nanocontacts are known to exhibit sharp peaks in their conduc-
tance histograms at and near the quantized positi@s(G,=2e*/h andn=1,2,3 . . .). Withincreasing the
bias, we find that the G, peak height decreases almost linearly, while the peak position shows no shift and
stays at 0.96:0.02G,. The 2G, peak height also decreases with the bias, and its bias dependence agrees with
that of the 15, peak when the bias is normalized by the disappearance voltage of each peak. We have also
measured the distribution of theG} plateau lengti{duration at various biases and find that the distribution
becomes reduced at high biases. However, a small number of plateaus survive even at 2 V, and the average
plateau length remains almost bias independent for biases greater than 1.2 V. This result indicates that the
suppression of the@, peak height at high biases is due to the decrease, not in the plateau lifetime, but in the
plateau formation probability. The bias dependence of {Bg flateau formation is discussed with its relation
to the nonlinear conductance in Au nanoconta$€.163-182009)02439-X|

I. INTRODUCTION should be many such relaxed states of different contact ge-
ometry, the actual deformation path through them cannot be
Electron transport through metal nanocontacts has beenuniquely determined and should change in each contact
subject of intensive experimental and theoretical investigabreak. This explains why conductance plateaus and their po-
tions. These studies have revealed that the conductance $fions are not reproducible. Nevertheless, the deformation
some metal nanocontacts changes discretely in integer mupath may not be completely random but likely to pass
tiples of the conductance quantu@y=2e%h. This quan- through some preferred geometries which have higher stabil-
tized conductance was first observed in scanning tunnelintfy than others. Then, conductance plateaus corresponding to
microscopy(STM) contacts of Alt® and also in mechani- these geometries appear most frequently and would accumu-
cally controllable break MCB) junctions of Cu, Al, and late to form peaks when a large number of conductance data
Na*® Subsequently, a number of experimental studies havare used to construct a conductance histogram. Such conduc-
been made on the conductance of various metal nanocontadgice peaks have been observed in conductance histograms
using STMS2® MCB,2°-%5 nanofabricated junctior$ 26  of some metal nanocontadts™'*?*3*%In particular, the
momentary touching of macroscopic electroffes?and re-  histogram of Au shows a large peak #&g and also smaller
lay contacts®~3® In these experiments, a nanocontact isPeaks at %4,3Gy,... . Alarge 1G, peak indicates a remark-
formed as a connective neck between macroscopic ele@ble stability of the G, states of Au. In fact, the fracture
trodes. When the electrodes in contact are pulled apart, thgrength of these states is comparable to the ideal strength of
contact stretches out and forms a nanowire bridge. At the lag bulk Au crystal:?
stage of contact break, the narrowest constriction becomes In our previous experimerif, we have shown that the
the size of atoms and shows the quantized conductance plaGo peak of Au exhibits strong bias dependence, and its
teaus when there is no electron backscattering. peak height decreases under high bias. The peak disappears
Although quantized conductance plateaus and steps cat 1.9 V under a contact current of 13A. This result im-
be observed in transient conductance traces of breakinglies that the G, state of Au becomes less stable at higher
metal nanocontacts, the conductance quantization in thed#ases. However, the mechaniginof this peak suppression
contacts is “statistical” in a sense that conductance plateaubas not been well understood. In addition, the observ@g 1
and steps appear only statistically, and their shapes and pgonductance at high biases apparently contradict to the non-
sitions vary in each contact break. The statistical nature ofinear conductance in Au nanocontacts reported by Costa-
conductance plateaus has been first pointed out by Krarramer et al®*® According to their STM experiments on
et al® and attributed to a variety of deformation process forAu nanocontacts, the differential conductancen®, states
metal nanocontacts. When the size of a contact becomeatoes not remain constant but increases with the bias. For
comparable with that of atoms, the contact deformation proexample, the conductance of th&{ state nearly exceeds
ceeds discretely by repeating elastic elongation and subs@Gy at 0.25 V. The nonlinear conductance starts at around
quent abrupt rearrangement of contact atoms. The presenfel V, and the experimentitV characteristics can be fitted
of such an abrupt atomic rearrangement during the contado | =a,V+a,V?+asV3, where thev® term dominates the
break has been experimentally verified by Rubio, Atgand  contact current at high biases. The line&lconductance
Vieira.}? The conductance shows a step at each atomic reaor the 1G, conductance peak at biases well above 0.1 V are
rangement while it takes a plateau when the nanocontact uithus quite unexpected from the nonlinéay characteristics.
dergoes elastic elongation in a relaxed state. Since there Conductance of metal nanocontacts has been calculated
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FIG. 1. Schematic diagram of the conductance measuring sys- 0 | J—- I |
tem. A transient conductance of a relay is measured with a fast 0 12345 0 12345
digital oscilloscope which monitors the voltage drop across a Conductance (2¢2/h)

current-sensing resistdt, connected in series with the relay.
FIG. 2. Conductance histograms at high biases. A histogram
for various contact modei&™® and for simulated contact ©bPtained ao=0.5V and nine histograms frody=1.6 t0 2.0 V
geometrieé‘.g_w Unfortunately, most of these studies are are shown in thIS figure. Note that the plas_ voltag?efor the 190
concerned with the conductance at low biases, and no the@S2K IS approximately 7% lower that, indicated in each histo-
retical analyses have been made on metal nanowires und&@m
high bias. One exception is the work by Pascual, Torres, and
SzenZ° who calculated the nonlinear conductance for a cy-was used in all measurements of the plateau length described
lindrical ballistic contact up to a bias comparable to thein Sec. llIB.
Fermi energy. However, it is not clear whether actual Au When the relay electrodes are put into contact, the moving
nanocontacts formed in breaking contacts can be well awlectTOde bounces off several times and makes a ‘“chatter-
proximated by a Simp]e Cy]indrica| contact since th@oz ing” noise. To avoid this Chattering, our conductance mea-
peak, which must be absent for axially symmetric contacts, iurements were made only during the contact break. Also we
actually observed in Au nanocontacts. employed no switching circuits for activating a relay coil.
In this paper we present our experimental results on théhstead, a sawtooth signal from a function generator was
bias dependence of the conductance of Au nanocontacts. sed to open and close the relay contact. A negative slope of
change in the G, peak height with bias has been investi- the sawtooth signal was kept as small as possible to mini-
gated in more detail than in our previous experiménthe  Mize inductive noises from the coil.
distribution of the 13, plateau length(duration has also Since the relay is in series with the resisRy, the bias
been measured as a function of bias. This measurement ¥pltageV,, of the contact is always smaller thafy by the
the plateau length is quite important since it enables us tyoltage drop Vi, across R,. Therefore, V,=V,—Vy,
separate out the influence of the plateau length on the bias Vo/(1+GRy). This means that the bias voltayg de-
dependence of the@, peak height. pends on the conductan@and thus changes wit@ during
the contact break. The voltage drop amounts to 7% for
a 10043 resistor and aG=1G,. This distinction between
Il. EXPERIMENT V, andV, has to be taken into account when we discuss the
bias dependence of the conductance in Sec. lll A. However,

i 1 i ’34 - . . . - -
As in our previous experimentS™ we employed relay 05\ ch distinction is necessary for a 2Desistor since the
contacts for producing metal nanocontacts. All meas“refiifference betweelV, andV, is less than 2% aB=1G,

ments were Carried_ out in air at room temperature. Figu_re The relays used in this experiment are commercial Au-
shows a sqhemat[c of our experllmental Set“P- A _f'xedcontact relays which have Ag electrodes covered with a Au
current-sensing resistéresistanceRy) is connected in series 4 layer. The thickness of this layer is typicafiyg um.
with a relay and a constant dc voltayfg is applied to the 1o compositional analysis by electron-probe-microanalysis
circuit from a voltage source. A voltage drdfy, across the  (zppja) shows that the Au clad layer contains 9 wt% Ag
resistor is monitored by a fast digital oscilloscope with 8(and a small amount of $0.09 wt%]. The influence of Ag

sampling rate of one data point per 2 ns, and the measurgg,, yrities on the conductance will be discussed in the next
Vy, is converted to a relay conductan@ethrough an equa-  ggction.

tion, G=(1/Ry)[Vm/(Vo—V)]. Similar setup has also

been employed by Landmaet al*° and Hanseret al® in

their conductance measurements. We used nominal (1000 Ill. EXPERIMENTAL RESULTS
(Rp=998, after taking into account the input impedance of
the oscilloscopeand 20@) resistors forR,. A higher Ry
gives goodS/N ratio but slows down the transient response Figure 2 shows a series of histograms obtained on a Au
of the measuring system. For 1@0@&nd 20Q) resistors, the relay at room temperature by increasiigfrom 1.6 to 2.0 V
time constant of our measuring system is estimated to be 3By a 50-mV step. A histogram &,=0.5V is also shown for
and 6 ns, respectively. Since short plateaus cannot be accoemparison. Note that the bias voltagg for the 1G, peak
rately monitored with large time constant, a 2D@esistor s slightly different fromV, and approximately 0.9%,, as

A. Bias dependence of the conductance histogram
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FIG. 3. Peak position of the@, conductance peak of Au plot- FIG. 4. Observed G, peak height plotted against the bias volt-
ted against the bias voltage. age. The peak height is normalized at its value&/g+0.5V (V}

=0.465V). Closed circles and open triangles represent two data
noted in Sec. Il. Each histogram is constructed from 200Gets obtained on different relays.
conductance traces and subjected to the differential nonlin-
earity correction described by Hansenal 2® We counted in  excellent agreement with solid circles, showing essentially
all conductance traces including featureless traces whicho difference between conductance data on different relays.
show no plateaus and steps. These featureless traces contiteak positions corresponding to open triangles in Fig. 4 are
ute to an over-scaled zero conductance peak in each histoot plotted in Fig. 3 since they entirely overlap with solid
gram. circles.

When repeating many ON-OFFs under a high-voltage/ Figure 3 clearly demonstrates that the peak position
high-current condition, some degradations of the contacshows no bias dependence and stays constant up to 1.8 V.
electrodes may take place with time, which would give aThere can be seen a slight shift to higher conductance at
false bias dependence if we simply increase the bias witWV,=1.8V. However, the peak fitting in this high-bias re-
time and measure the conductance. In order to eliminate thigime has lower reliability because the conductance peak be-
artifact, we first recorded only 200 traces at e¥ghand then  comes quite small and almost buried in the background. It is
repeated this series of measurements 10 times to accumuldteus difficult at this time to conclude a peak shift g
2000 traces. Then the degradation effects, even when they 1.8 V. For biases below 1.8 V, the conductance peak stays
exist, would give the same influence in all histograms, andt 0.96-0.025,. This peak position is in good agreement
the relative change in the conductance peak height properlyith the reported position of the@, peak of Au in previous
represents the true bias dependence. experiments:>313% A small deviation of the peak position

As described in Sec. Il, the Au clad layer in our relay from the exact quantized value has been discussed by some
contacts contains 9 wt % Ag. These Ag atoms, howeverauthors and attributed to the residual resistaficarising
seem to have no significant influence at least on @G,  from internal disorder in the nanowifd,or the additional
peaks since the observed conductance histogram at 0.5 V édectron reflection due to an abrupt contact geom&tRrom
in good agreement with the reported histogram of At our experimental results, we cannot conclude which one of
From this result, we believe that the nanocontacts contributthese mechanisms is responsible for the observed 4% peak
ing to the observed G, peaks are free from Ag atoms and shift from 1G,. Whatever the source of this deviation is, it
consist of Au atoms. The absence of impurity effects in themust be insensitive to the bias voltage since the observed
conductance histogram has also been reported on Au copeak position shows no changes with bias.
tacts containig 5 % Co°°® According to the theoretical study We note that the height of each conductance peak changes
of the effects of localized scatterers in nanowfethe 1G, with the number of traces used to construct the histogram.
step, and hence theG, peak, becomes significantly smeared The peak grows up when more data are added to the histo-
out when there are localized scatterg¢irmpurities in the  gram, and the growth rate may not necessarily be the same
constriction. A sharp G, peak in the top panel of Fig. 2 for different relays. A normalization of peak height is thus
shows that this is not the case for our Au relay contacts. necessary for obtaining physically meaningful bias depen-

The bias dependence of the histogram shown in Fig. 2lence. For each data set, we used the peak heiglt, at
well reproduces the results previously obtained in Ref. 34=0.5V as a reference and normalized other peak heights by
The 1G, peak height decreases with increasing the biasit. Figure 4 shows the resulting bias dependence of the nor-
while the peak position remains unshifted. To make thesenalized peak height. When the bias voltage increases, the
result more quantitative, we made a Gaussian fit to the peapeak height decreases almost linearly up Mg~1.8V.
and numerically obtained the peak position and the pealbove 1.8 V, however, the decrease in peak height appears
height. When performing peak fitting, we subtracted a backto slow down. This makes it quite difficult to accurately de-
ground assuming a forA/V,,+ B, whereA andB are con- termine the critical bias voltag¥,. at which the 15, peak
stants. The first term represents the tail of the zero condudisappears. At leasY,,. is close to 2 V.
tance peak. The position and the height of th®&ylpeak An interesting result can be obtained when we compare
obtained from the peak fitting are plotted in Figs. 3 and 4the bias dependence of th&4 peak height with that of the
respectively, as a function of the bias voltagg. The solid 2G, peak. It is relatively difficult to measure the bias depen-
circles in Figs. 3 and 4 are obtained on the same relay. Thdence of the &, peak because of its small peak height even
open triangles in Fig. 4 obtained on a different relay are inat low biases. Nevertheless, some data were obtained on a
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Normalized bias voltage A is an appropriate proportionality constant. The observed

suppression in the peak height, therefore, means djiher
FIG. 5. Bias dependence of the normalized peak height for thé® O both, decreases with increasing the bias.
first 1G, peak(closed circlesand for the second@, peak(open To separate out the bias dependencempfwe measured
circles (a), and the same data plotted against the normalized biaghe length(duration of 1G, plateaus at various bias volt-
voltage(b). The normalized bias voltage (b) is defined a®/,/V,.  ages. As mentioned in Sec. I, we used aQ@@sistor afR,
whereV, represents the bias at which the conductance peak dign Fig. 1 to reduce the time constant of conductance mea-
appears. surement down to 6 ns. A typical conductance trace is shown
in Fig. 6. Compared with trace®@btained with a 100Q
Au-contact relay of quite low background. Figurebcom-  resistoj in our previous work, the trace in Fig. 6 displays
pares the observed bias dependence of the normali@gd 1 sharp conductance steps with no appreciable exponential tall
peak height with that of the @, peak. In Fig. %a), the at their lower edges. However, ti8N ratio becomes worse
behavior of the G, peak height is in good agreement with for Ry=2002, and data points in plateaus appear to show
the result shown in Fig. 4. The@, peak also displays a some fluctuations. TheQd, plateau length was measured by
quite similar bias dependence: the peak height first decreasesunting the number of data points which lie within a con-
almost linearly with bias, tends to slow down\&>1.5V,  ductance window 0B,—1.2G, in each conductance trace.
and finally vanishes at around,=1.7 V. The similarity be- A rather wide window was used to cover all data points in
tween two plots in Fig. & can be more clearly visualized noisy plateaus.
when we replot the peak height against a reduced bias Figure 7 shows experimental histograms of the,Ipla-
V,/V,. whereV,. denotes the critical bias voltage for the teau length for bias voltages from 0.5 to 2.0 V. To obtain
peak disappearance. Values\4f, cannot be accurately de-
termined because of the weak bias dependence of &g 1
and X5, peak heights near thelf,.. Nevertheless, we can
obtain 2.0 and 1.7 V as a crude estimationVigf, for 1G,
and 2G, peaks, respectively. Figuré® shows the universal
plot of the peak height. It can be seen in the figure that all 2 0
data points lie on a single curve, i.e., the conductance peak'g LoV
height shows universal bias dependence. A small deviation <« ']
from the universal curve may be due to an uncertainty in
V. Such a universal behavior naturally suggests that the
bias dependence of theG, peak height is governed by the
same mechanism. The peak suppression at high biases take: 1000
place equally for all peaks, irrespective of their quantized
positions.
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B. Plateau length and its bias dependence

. Plateau length (ns)
There are two factors that contribute to form th&gl

peak. One is the formation probability of3} plateaus, and FIG. 7. Distributions of the G, plateau length obtained at dif-
another is their duratiofplateau length The peak grows up ferent biases. A single-tall column in the first bin is due to feature-
when the plateau appears more frequently and extendsss traces with no plateaus.
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FIG. 8. Bias dependence of the averaga, Jplateau lengti{). FIG. 9. Bias dependence of th&} plateau formation probabil-
It shows little bias dependence fof>1.2V. ity p. The 1G, peak height is proportional to the prodyg{r).

Since () is almost constant at high biases, the decrease ac-

good statistics, 10000 traces for eadp, taken from four ~ counts for the observedd, peak-height suppression.

data sets, were used to construct these histograms. The bin
width is 20 ns, approximately three times longer than the>1.2V. This behavior of7) at high biases is clearly due to
time constant of the conductance measurement. A singlthe tail of the distribution which survives up to 2 V. As
peak in the first bin in each histogram is mostly due to feamentioned in the beginning of this section, th&gl peak
tureless traces. Even though these traces exhibit no plateadwgight is proportional tg( 7). A comparison of Figs. 8 and
they still have a few data points within the conductance win4 clearly indicates tha¢r) shows different bias dependence
dow and produce a tall column in the first bin. At 0.5 V, the from that of the I3, peak height. Thereforés) is not re-
plateau-length distribution shows a broad maximum atsponsible for the observedGl peak suppression at high
around 100 ns and a long tail extending+0600 ns. The biases.
shape of this distribution resembles the Wigner distribution
reported by Costa-Kraer et al*! for the distribution of the
1G, plateau elongation. However, quantitative comparison
between their distribution and ours in Fig. 7 cannot be made We next consider the formation probabilipyof 1G, pla-
at this time because we cannot know the speed of contaégaus, which is another factor contributing to th@,lpeak
break in our relay contacts. Rough estimation of the speed df€ight. In each histogram in Fig. 7, the sum of all columns
electrode separation, based on the transient ON/OFF time @xcept the first one represents the total number of observed
these relays, implies that it is at least orders of magnitudd G, plateaus(of different length. Its ratio to the total num-
faster than the speed of tip retraction used in S{Réfs. 31  ber of traces thus gives the formation probability of th@,1
and 19 and MCB (Ref. 25 experiments. plateau, i.e.p=ZX;_,n;/Z;_1n;. The probabilityp obtained
As the bias is increased to 1V, the distribution no longerin this way is displayed in Fig. 9. It shows a slight reduction
shows a maximum and becomes a decreasing function of thghen the bias is increased from 06 1 V and then de-
plateau length. The number of featureless plateaus and éfeases rapidly. This decreasefrcorresponds to the col-
short plateaus less than 100 ns grow up while the appearant&pse of the distribution to the first-bin peak which quickly
of longer plateaus is relatively suppressed. As the bias i#icreases its height. As mentioned in the beginning of Sec.
further increased, the distribution approaches to a smoothli}l B, the productp(7) must be proportional to thed, peak
decaying behavior and becomes an exponential-like distriouReight. We calculated from Figs. 8 and 9 this product and
tion at 1.4 V. In contrast, the column height in the first bin confirmed that its bias dependence indeed well agrees with
increases rapidly with bia@t already overscales at 1.2Mt  that of the 15, peak height shown in Fig. 4. Since)
is just as if the distribution “collapses” to the first-bin peak changes little foiv,>1.2'V, the bias dependence of th&4
with increasing the bias. Fov,>1.5V, the distribution is peak height in this bias range is dominated by thab.cfhe
totally reduced, leaving only a large peak in the first bin.result in Fig. 9 clearly shows that the5} peak suppression
However, the tail part of the distribution does not die outis essentially due to the decreasepiat high biases.
completely, and the distribution has small but nonzero values
for plateaus greater than 200 ns even at 2 V. This result
indicates that not all of G, plateaus become short-lived at V. DISCUSSION
high biases. A small number of@, plateaus still show the There are two issues to be discussed concerning our ex-
plateau length comparable to that at lower biases. perimental results on the high-bias conductance of Au nano-
We show in Fig. 8 the average plateau lendih as a contacts. The first one is the problem of nonlinear conduc-
function of bias voltage. We simply calculat€d) as an tance mentioned in Sec. |, and the second is the suppression
arithmetic  average  of  distribution, ie., (7 in the 1G, peak height, or in the plateau formation probabil-
=2,_on7i/Z;_5n;, wheren; and r; are the column height ity p.
and the plateau length in thth bin, respectively. The data in We first consider the nonlinear conductance. STM
the first bin {=1) were not included in the calculation. As experiment®-3’ on Au nanocontacts have revealed that the
seen in the figure(7) first decreases linearly as the bias in- |-V curves measured atG, plateaus become nonlinear at
creases but becomes almost bias independent figr around 0.1 V, and the contact current increases Wwiths

C. Formation probability of 1 G, plateaus



11168 ITAKURA, YUKI, KUROKAWA, YASUDA, AND SAKAI PRB 60

~V3. If all 1G, states show such nonlinear conductance, thé¢'survival rate” of the 1G, state against current-induced in-
1G, peak in a histogram would continuously shift to higher stabilities. The decrease mdisplayed in Fig. 9 shows that
conductance with bias, and plateaus would appeaGat fewer 1G, states satisfy the above criteria \ég increases.
>1G, in conductance traces. However, our conductance his- Experiments on nonlinear conductance clearly indicate
tograms in Fig. 2 show no such peak shift, nor emergence of,<V;. However, sincé-V measurements can only be per-
new peaks alG>1G,. Also, conductance traces give no formed on stable contacts, these experiments cannot rule out
clear evidence of plateaus which correspond to the nonlinedhe presence of someG states for whichv;<V,,. In fact,
conductance. These experimental observations suggest thedtimated current density and temperature ris&/ gt 2 Vv
most nonlinear G, states become unstable under high biasare j ~4x 10 Alcm? and AT~400K, respectively. It may
and too short lived to make an appreciable contribution ta¢hus not be unlikely that someQd, states are unstabilized
the histogram. Their instability under high bias is not un-near 2 V even before their onset of nonlinear conduction.
likely since the current density in the nonlinear regime growsHowever, we consideiV,<V, for most 1G, states, and
up quite rapidly withV,, which can result in contact de- hence the bias dependence pfeflects the distribution of
struction by electromigration or local Joule heating. In theirV,. It is because this interpretation pfV,) accounts for the
experiments on thin-film Ti and Nb nanocontacts at roomobserved universal bias dependence for ti&, nd 2G,
temperature, Schmidit al?® find that both electromigration peak heights shown in Fig. 5. According to STM
and Joule heating contribute to contact instability under highexperiments® 1G, and 2G,, states display almost the same
current density. In our Au nanocontacts, it is rather difficultnonlinear behavior. This result suggests th&,land 2G,

to estimate the magnitude of these effects since no quantitatates have similar distribution &, and hence show similar
tive information is available on a “base” region of a nano- bias dependence of their peak heighp{lV,) represents the
wire neck where ballistic electrons are scattered by contadiistribution ofV,, .

atoms and dissipate their kinetic energy. If we assume the |t is not yet clear why some @G, states have so hig¥,
size of this region to be comparable to the electron mean fregnd V; that they can show linear conductance up to 2 V,
path ~ 6 nm estimated from the resistivity data, then thewhile others become nonlinear and unstable below 0.5 V.
current density in the base region reachessx 10° Alcm®  Some clues for such stable and “rigid’Gj states, however,

at 0.5 V for nonlinear G, states with nonlinear coefficients can be obtained from recent direct observations of contact
reported in Ref. 31. Since instantaneous contact destructioftoms by  high-resolution  transmission  electron
is observed on Ti nanocontactsjat 10° A/lcm?,% nonlinear  microscopy?®~2 Ohnishi, Kondo, and Takayana(Ref. 61
1G,, states are likely to become unstable against electromihas demonstrated that a Au contact ani, state consists
gration under high bias. of n chains of Au atoms. In particular, theéS} contact con-

On the other hand, the temperature rise in the base regiosists of a single linear array of 2—3 Au atoms. Recent MCB
estimated by assuming the Wiedemann-Franz law, remainsxperiment® and theoretical simulatidhprove high stability
AT~200K for nonlinear G, states at 0.5 V but quickly of such an atomic chain of Au atoms. For example, Yanson
increases tA T~900K at 1 V. Therefore, the Joule heating et al?® found that some atomic chains can sustain 89
may also be important fov,>1 V. However, our experi- under 1 V. These results make a single-atom chain the most
ments on Au nanocontacts at 77(Ref. 34 and at 4 K(Ref.  probable contact geometry for rigidGl states. However,

58) show little evidence for improved stability of nonlinear the final answer cannot be obtained until the linear conduc-
states. Although the possibility of local overheating in nano-tance of a single chain under high bias is confirmed either by
contacts cannot be completely ruled out, these results afirect conductance measurements or by conductance calcu-
lower temperatures suggest that the Joule heating may not Igions.

a major source of instability of Au nanocontacts under high

bias.

Taking into account bias-induced instabilities along with
the nonlinear conductance, we have to consider fore@&h 1  We have studied the bias dependence of tg tonduc-
state two threshold bias voltag¥s andV; for the onset of  tance peak of Au relay contacts and analyzed the distribution
nonlinear conduction and of contact instability, respectively.of the 1G, plateau length. We find that theGl peak height
Instability of nonlinear G, states suggests th¥f is higher  decreases almost linearly with increasing the bias, while the
than but not much different fron,. For most 15, states, peak position makes no shift and stays at 6:98002G,. The
V,~0.1V as found by STM experiment§,and perhap¥;  same behavior is also observed for th&,2peak height,
is at most~ 0.5 V due to electromigration and Joule heatingsuggesting a universal bias dependence of the peak height.
as discussed above. However, not albglstates haveV; Under high bias, the majority of conductance traces become
=<0.5V since otherwise, they would become all unstable at featureless and show no conductance plateaus. However, a
V, and hence no G, peaks would be observed in histograms small number of long plateaus survive even at high biases
in Fig. 2. Therefore, the G, peaks in Fig. 2 constitute an and lead to the average plateau lengthwhich is almost
experimental evidence that there exits som@,lstates bias independent fov,>1.2V. On the other hand, the for-
which have high onset voltages and maintain linear conducmation probabilityp of the 1G, plateau is found to simply
tance up to high biases. These stabl&,Istates are consid- decrease with increasing the bias. Comparison of the bias
ered to be responsible folGl plateaus and the@, peak for  dependence of thed, peak height with those gb and(7)
Vp>1V. Then, the probabilityp(V},) of the 1G, plateau  shows that the suppression of th&d peak is due to the
formation represents the fraction oz} states which satis- decrease ip.
fies the criteriaV,,, V;>V,. In this sensep represents the In our conductance traces and histograms, we observed no

V. CONCLUSION
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features which can be attributed to the nonlinear conducvival rate of the 15, state against the onset of nonlinear
tance. This result suggests that most nonline@g, btates conductance. We also find that son8glstates can maintain
become unstable under high bias, due to growing currerinear conductance even at 2 V. A single-atom chain of Au
density, and do not contribute to high-bias conductance hisrecently observed in electron microscopy is by far the like-
tograms. The bias dependence of tl&,Jpeak height, or the liest candidate for the atomic structure of such stable and
probability p, can then be interpreted as representing the surigid 1G, states.
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