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Break conductance of noble metal contacts
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We have studied the instability of noble metal contacts under high biases (currents) by measuring their break
conductance, a conductance just prior to the contact break. At high contact currents (=1 mA), the break
conductance distribution shows a broad single peak located at ~(10-50)G,, (Go=2¢?/h is the quantum unit of
conductance). From the observed peak shift with the contact current, we showed that the contact break of noble
metals most likely takes place when the contact current density reaches a critical value (6-9) X 10'% A/cm?.
Noble metal contacts thus make a current-induced break under high currents. At lower biases (currents), a
contact tends to break off at one of its preferred contact geometries. We found that the 1G, contact is always
strongly preferred at the contact break of Au, while contacts of 1G,, 2.5G,, 5Gy, and 7.5G, appear at the
break of Ag and Cu contacts. Preference of these contact geometries of Ag and Cu at the contact break is

weakly affected by the contact bias (current).
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I. INTRODUCTION

In recent years, a number of theoretical and experimental
studies have been carried out on atom-sized contacts of met-
als and alloys to uncover their unique mechanical and elec-
tronic properties.! One remarkable characteristic of atom-
sized contacts is their ability to hold high current densities.
For example, a monatomic chain of Au atoms can sustain
current density as high as 8 X 10'® A/cm?.? Apart from its
practical importance in nanoscale electronics, such a high
current-carrying capacity also poses an interesting problem
of stability of atom-sized contacts under high-bias (high-
current) conditions. In the past few years, some studies have
been done on a variety of high-bias (high-current) phenom-
ena in atom-sized contacts, such as bias- (current)-induced
forces and bond weakening (breaking),>®  heat
dissipation,®'> two-level fluctuations in conductance,!3-1
current-induced local oxidation,'® current-induced atom
migration,!” and electromigration.'® However, most of these
studies deal with contacts consisting of a single atom or a
monatomic chain, and little has been known about stability
of slightly larger contacts with conductance ranging from a
few to several tens of G, (G,=2¢?/h is the quantum unit of
conductance). In our previous experiments,'*?° we used a
type of conductance fluctuation in breaking contacts of noble
metals, which bursts out when the conductance becomes
~(10-50)G,. This contact instability has a threshold current
density of the order of 10'® A/cm? and hence must be cur-
rent induced. However, our previous experiments are limited
to contacts of G>10G,, because conductance fluctuations
become hardly observable in smaller contacts of G <10G, at
low biases."”

In this paper, we take a different approach and focus our
attention on contact break. Although the break of atom-sized
contacts is intimately related to their contact instability, it has
been little studied experimentally in the past. Most recently,
Smit et al.?' created monatomic chains of Au and Pt at 4 K
and measured their break voltage by increasing the contact
bias until the chain ruptures. Alternatively in this work, we
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reduced the contact size by mechanically stretching a mac-
roscopic contact and detected a break conductance at which
the contact breaks. We investigated the bias (current) depen-
dence of the break conductance and revealed that the contact
break of noble metals changes from the break due to the
current-induced instability to the one through a couple of
preferred contact geometries.

II. EXPERIMENTS

As in our previous experiments,'® we employed a wire-
disk contact consisting of a 0.5 mm diameter mechanically
cut metal wire and a 9.5 mm diameter metal disk, both of
which are of 99.999% purity. A schematic diagram of our
experimental setup is illustrated in Fig. 1. The wire is
mounted onto a tubular piezoelectric transducer (PZT) scan-
ner of a commercial scanning tunnel microscope (STM) ap-
proach module (Burleigh ARIS-10-0.5). By applying a trian-
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FIG. 1. Schematic of our experimental setup. A contact is made
and broken repeatedly between a metal wire and a disk by oscillat-
ing the wire against the disk using a tubular PZT scanner. Transient
conductance upon contact break is recorded by a fast digital storage
oscilloscope (DSO), which monitors voltage drop across a current-
sensing resistor R connected in series with the contact.
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FIG. 2. Examples of transient conductance trace recorded on
Au, Ag, and Cu contacts at V,=2.4 V. The conductance scale is
strongly nonlinear reflecting the nonlinear signal-to-conductance
conversion in our measurements. In each trace, the conductance
shows appreciable fluctuation before the contact breaks off. Arrows
indicate locations of the break conductance G,,.

gular driving signal to the tube scanner, the wire
continuously oscillates at 1 Hz along the normal direction of
the disk surface. The estimated speed of the wire is
420 nm/s. While keeping the wire oscillating, we first
crushed the wire against the disk and then adjusted the wire
position so that the wire-disk contact repeats make (break)
cycles at 1 Hz. All measurements were carried out at room
temperature in ultrahigh vacuum better than 5 1078 Pa.

We measured a transient conductance at each contact
break by monitoring a voltage drop V,, across a current-
sensing resistor Ry=1 k{) connected in series with the con-
tact as shown in Fig. 1. A fast digital oscilloscope (Tektronix
TDS3052) was used to record V,, with a sampling time in-
terval of 20 us. We employed a rather coarse time resolution
to observe the entire time evolution of the conductance. In
our setup, a contact conductance G is nonlinearly related to
V,, through a relation G=V,,/(V,—V,,)R,. Both contact bias
and current, denoted by V), and I, also vary with the conduc-
tance as V,=V,/(1+GRy) and I=GV,/(1+GR,), respec-
tively. Note that when GR;> 1, the contact current becomes
I~V,/R,, so that changing V, is effectively equivalent to
changing 1.

Figure 2 shows typical conductance traces of noble metal
contacts observed at V,=2.4 V. A strongly nonlinear conduc-
tance scale in Fig. 2 is due to the nonlinear G-V,, relation
mentioned above. In each trace, the conductance first de-

(a) Au contacts

(b) Ag contacts
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creases rather smoothly with time and suddenly shows a
short fluctuation before the conductance jumps to zero. The
conductance fluctuations seen in Fig. 2 are apparently the
same fluctuation that we observed in our previous
experiments.'>?° We defined and measured the break con-
ductance Gy, as the conductance of the last data point before
the conductance drops below 0.5G,. Arrows in Fig. 2 indi-
cate locations of G, of traces shown in the figure.

We varied V, and investigated how G, changes with V,,.
Different voltage steps were employed depending on the
magnitude of V,: 0.1 V step from V,=0.1 V through 1.0 V,
and 0.4 V step from 1.2 V through 3.2 V. In one series of
measurement, we recorded 200 traces at each V, and re-
peated the series 10 times to obtain 2000 traces in total. After
finishing one series of measurements, we separated away the
wire-disk contact and reestablished the contact to start the
next series. This data-taking procedure may help average out
effects of possible contact degradation during measurements.
We carried out two experiments on different wire-disk
samples (the same disk was used but repolished) and found
no serious differences between experimental results.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Break conductance under high biases (currents)

Figure 3 summarizes histograms of G, obtained on noble
metal contacts for V,=1.2 V. Each histogram was con-
structed from 2000 conductance traces. Note that the bin
width is not uniform among histograms and increases with
V,. This happens because we first made histograms of V,,
and converted them to G, histograms using the nonlinear
G-V, relation described in Sec. II. The same relation also
results in a lower S/N ratio and larger background in the
higher conductance side of each histogram. These effects are
particularly noticeable in histograms for V,>2.4 V.

We first note that the distribution of G, extends over
~(10-60)G,, showing that noble metal contacts typically
break in this conductance range. Because the magnitude of
Gy, is in the semiclassical regime, we can use the Sharvin
formula?? for G, to estimate the contact size at the contact
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FIG. 3. Break conductance histograms of noble metal contacts obtained at V,,=1.2 V. Each histogram shows a broad peak structure, the

position of which is indicated by a gray line.
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break. For a circular constriction with radius R, the Sharvin
conductance can be expressed as

_ (keR)?
T4

ki*A
4ar

G Go= Go, (1)
where kj is the electron Fermi wave vector, and A=mR? is a
cross-sectional  contact area. By substituting G,
~ (10-60)G, into Eq. (1), we obtain R ~(0.5—-1.3) nm. Thus,
noble metal contacts break off after their size is reduced to a
couple of nm or less. However, note that our estimation of A

and R (and hence the contact current density f,, to be dis-
cussed below) entirely depends on Eq. (1), the validity of
which has been little tested experimentally.?? Reliable con-
tact size estimation can only be made after establishing a
proper (conductance)-(contact size) relation, probably
through direct transmission-electron-microscopy observa-
tions of nanocontacts.

All histograms in Fig. 3 display a broad single-peak struc-
ture. The peak is well visible in Ag histograms but somewhat
obscured by the background in Au and Cu histograms at
V,>2.0 V. This single-peak distribution of G, clearly indi-
cates that noble metal contacts break off not at arbitrary sizes
but at a preferred contact size corresponding to the peak

conductance. We hereafter denote this peak position by G,,.
To obtain éb quantitatively, we carried out a Gaussian peak
fitting for each histogram in Fig. 3. In histograms where the
peak is broadened by the background, we assumed a power
law a(G,)? for the background and determined parameters «
and B by least-squares fitting. In this background fitting, an
extended histogram covering G, up to 100G, was used for
displaying the background more clearly. After subtracting the
background, the histogram exhibits a well-defined peak, the
position of which can be determined by the Gaussian peak
fitting. A gray thick line in each histogram indicates the po-
sition of the resulting é,,.

It can be seen in Fig. 3 that all éb& s of three noble metals
shift to the low conductance side with decreasing V. This is
not, however, a bias effect because ébR0> 1 and it is not the
bias but the contact current / that varies with V,, as we
pointed out in Sec. II. Thus, the observed shift of éb is
actually a current-induced shift. We found that éb decreases
nearly proportionally to /, and the ratio 1/ éb remains almost
constant. Because éb is proportional to a contact area A,
according to Eq. (1), the constant I/ éb means a constant
current density 7/A,. To check this point, we calculated A,
by substituting G, into Eq. (1) and estimated the current
density at the contact break j,=I/A,. Filled circles in Figs.
4(a)-4(c) at /=1 mA represent the resulting j, for Au, Ag,
and Cu, respectively. In this high current regime, all j,ds of

three noble metals stay nearly constant. This constant J, de-
fines a critical current density j,. for contact break. It should
be noted here that this j,. is a statistical property and that not
all contacts necessarily break at j.. Physically, it represents
the current density at which a contact breaks with maximum

likelihood. From the average f,, for /=1 mA, we obtain 6
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FIG. 4. Current density j, at contact break estimated from éb
for (a) Au, (b) Ag, and (¢) Cu. Filled and empty circles represent
J»d's corresponding to éb& s shown by gray lines in Figs. 3 and 5,
respectively. A dashed line in each plot indicates a critical current
density j. for the current-induced contact break.

%1010, 8 X 10'°, and 9 X 10'° A/cm? for j. of Au, Ag, and
Cu, respectively. These j. values of noble metals are in ex-
cellent agreement with their threshold current densities for
the conductance fluctuations obtained in our previous
work.'?2% This coincidence is not unexpected because the
conductance fluctuation usually precedes the contact break,
as shown in Fig. 2. The current-induced contact instability
that causes the conductance fluctuation is thus also respon-
sible for the contact break of noble metals at /=1 mA.

Considering the high level of j., it is natural to assume
high-current phenomena such as electromigration or local
melting for a possible mechanism of the contact
instability.'?? Because the activation energy of electromi-
gration in a bulk contact roughly scales with the melting
temperature 7,, of a contact metal,>* either electromigration
or local melting would predict positive correlation between
Je and T,,. Although our result j.a,<jcag<Jecu roughly
conforms the speculated correlation, our preliminary experi-
ments on Al and Pt contacts? suggest that the correlation
holds for Al but not for Pt. Thus, the problem is still open,
and further experiments on j,. of other metals and direct mi-
croscopy observations of atom-sized contacts under high
currents'® should be necessary for nailing down the underly-
ing instability mechanism.

It is worth noting that the ratio 1/ éb represents a typical
break voltage of a contact and can be directly compared to
experimental data obtained by Park et al.?® They passed high
current through thin-film Au nanowires and measured the
voltage at the wire failure. For contact currents
~(2.5-15) mA, they found that majority of nanowires break
at a constant voltage ~0.5 V. This break voltage nicely co-

incides with our 1/ éb~0.65 V for Au. Because their litho-
graphically defined thin-film nanowires differ in many re-
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FIG. 5. Break conductance histograms of noble metal contacts obtained at V,<1.0 V. Histograms show a couple of sharp peaks

corresponding to certain stable contact geometries. Gray strip lines indicate values of éb of the current-induced break, which weakly

influences the break of Ag and Cu contacts as explained in the text.

spects from our wire-disk breaking contacts, a possibility of
fortuitous coincidence cannot be ruled out. Nevertheless, we
believe that the current-induced break at constant j. is a ro-
bust characteristic of metals and that nanosized contacts of
various sizes and geometries generally break at j. (with
maximum likelihood). Similar break voltage measurements
on Ag and Cu thin-film nanowires will clarify the issue.

B. Break conductance under low biases (currents)

When V, decreases below 1.0 V, é;, histograms become
more structured and exhibit a few sharp peaks as seen in
Figs. 5(a)-5(c). In the case of Au, a pronounced sharp peak
[overscaled in all Au histograms in Fig. 5(a)] appears at 1G,,
with a couple of subpeaks at 2G, and 3G,,. After the appear-
ance of this large 1G, peak, the histogram barely changes
with V,. Most Au contacts break off at the 1G contact re-
gardless of the contact bias (current). Because the 1G, peak
already emerges in the 1.2 V histogram in Fig. 3(a), there is
a transition at V,~(1.0~1.2) V in the contact break mode of
Au from the current-induced break at j. to the preferential
break at 1G,. According to Smit et al.,>' a typical break
voltage of 1G, single-atom chains of Au is 1.2 V at 4 K.
Though the break voltage at room temperature would be
lower than that at 4 K, it seems likely that the 1G,, contact of
Au at V,<1.0V should have sufficient stability to stand
against the current-induced contact break and make the
1Gy-contact break as a dominant break mode.

Sharp peaks of stable contact geometries can also be ob-
served in Ag and Cu histograms in Figs. 5(b) and 5(c). For
V,>0.2 V, they appear at 7.5G,, 5G,, and 2.5G,. This pref-

erential break of Ag and Cu contacts at (2.5-7.5)G, reduces
their chance to deform into the 1G, contact and probably
accounts for the observed small formation probability of the
1G, contact in Ag and Cu for V,>0.2 V.!%2027 In Figs. 5(b)
and 5(c), there can be seen a systematic height variation with
V, among these sharp peaks. The 7.5G, peak of Ag, for
example, constitutes a main peak at 1.2 V. Then, the 5G,
peak starts to grow up as V, decreases and becomes a domi-
nant peak for 0.4-0.8 V. On the other hand, the 2.5G, peak
emerges at 0.6 V and catches up with the 5G, peak at 0.2 V.
Finally, the 1G, peak appears at 0.4 V. This suggests a ten-
dency that a sharp peak of lower conductance acquires more
intensity with decreasing V,. Similar peak-height evolution
can also be found on sharp peaks in Cu histograms for V,
>0.2 V. By noting the resemblance between this shift of the
peak intensity and that of éb, we consider that the broad
peak structure of the current-induced break [seen in Figs.
3(b) and 3(c)] continues to exist at low V, but becomes en-
tirely “modulated” by sharp peaks of stable geometries. To
determine its peak position é,, of the modulated broad peak,
we again assumed a Gaussian profile and carried out a least-
squares fit of it to the envelope of sharp peaks. The resulting
éb is indicated by gray thick lines in some histograms of Ag
and Cu in Figs. 5(b) and 5(c), respectively.”® From the com-
parison of Fig. 5 and Fig. 3, we can see that the shift of é,, at
high V, continuously extends to the low V, regime, but sig-
nificantly slows down. Because of this saturating behavior of
éb, the effective critical current density fb calculated from
éb deviates from the constant j. and decreases with / as
shown by empty circles in Figs. 4(b) and 4(c). Probably, the
current-induced instability at low biases (currents) becomes
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too weak to keep the linear shift of éb. It only makes a
secondary effect on the contact break through modifying the
relative preference of stable contact geometries at the contact
break.

When V, decreases down to 0.2 V, the Cu 1G,, peak sud-
denly grows up and dominates the histogram as seen in Fig.
5(c). Thus, the break mode of Cu contacts makes the second
transition to the 1G, contact break at V,~0.2 V. The same
transition happens in Au contacts at V,~ 1.2 V, but cannot
be observed in Ag contacts at least down to 0.1 V. These
results imply the following inequality for the high-bias sta-
bility of 1G, contacts of noble metals that Au>Cu>Ag.
Further measurements on the break voltage of Ag and Cu
1G, contacts will clarify the validity of this stability relation.

Sharp peaks in Fig. 5 correspond to certain contact geom-
etries that are preferred at the contact break and hence should
be more stable than others. Because sharp peaks in a conven-
tional conductance histogram also represent stable contact
geometries, we can expect similar peak structures for our low
V, break conductance histograms and conventional conduc-
tance histograms. In fact, the pronounced 1G, peak and
small subpeaks in Fig. 5(a) reproduce well the features of a
typical conductance histogram of Au. Also, 2.5G, and 5G,
peaks in Figs. 5(b) and 5(c) might correspond to 2.4G, and
(4-4.5)G,, peaks, respectively, reported in conventional con-
ductance histograms of Ag and Cu.>>3° However, these con-
ductance peaks are not observed in other literature,! and the
peak correspondence between break and conventional con-
ductance histograms remains unclear for Ag and Cu.
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IV. CONCLUSION

Our break conductance measurements have revealed two
different break modes in noble metal contacts. Under high
currents, a contact undergoes the current-induced break,
where the contact breaks most likely when the current den-
sity reaches a critical value. The estimated critical current
density ranges (6-9) X 10! A/cm? for noble metals. These
values are in excellent agreement with those of the threshold
current density for the onset of the conductance fluctuation.
Thus, the current-induced contact instability that generates
the conductance fluctuation is also responsible for the con-
tact break. At low biases (currents), the break mode changes
to another mode where a contact tends to break at one of its
stable contact geometries. In the case of Au, a contact always
ruptures at 1G,, and this 1G( contact break is unaffected by
the contact bias (current). On the other hand, most Ag and
Cu contacts break at 7.5G,, 5G,, and 2.5G, contacts, and
their relative preference is weakly influenced by the current-
induced instability. Our experimental results suggest that the
1G, contact of Au has superior stability against the current-
induced instability than other contact geometries of Ag and
Cu including their 1G, contacts.
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