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The conductance of a single-atom contact is sensitive to the coupling of this contact atom to the atoms in the
leads. Notably for the transition metals this gives rise to a considerable spread in the observed conductance
values. The mean conductance value and spread can be obtained from the first peak in conductance histograms
recorded from a large set of contact-breaking cycles. In contrast to the monovalent metals, this mean value for
Pt depends strongly on the applied voltage bias and other experimental conditions and values ranging from
about 1G, to 2.5G, (G,=2e?/h) have been reported. We find that at low bias the first peak in the conduc-
tance histogram is centered around G& However, as the bias increases past 300 mV the peak shifts to 1.8
G,. Here we show that this bias dependence is due to a geometric effect where monatomic chains are replaced
by single-atom contacts, where the former are destabilized by the electron current at high bias.

DOI: 10.1103/PhysRevB.67.245411 PACS nunf§er73.23.Ad, 73.63.Rt

The conductance of atomic-sized conta&SC's) is bal-  has been shown that the conductance of the first peak is bias
listic and can be written in terms of eigenchannels of thendependent up to about 2 V, which can be seen in the sta-
contact. In the limit of a single-atom contact the number oftistical average represented by conductance histograms mea-
eigenchannels is governed by the number of valence orbitaRured for various bias voltageand from individual current-
of the atorr The simplest description, with a single conduc- Voltage (-V) curves®®
tance channel, applies for monovalent metals, Na, . . .), Pt is a marked exception, and widely different results
while for sp metals three channels contribute, and for tran-have been presented for this metal. The reported low bias
sition metals with oper shells five channels contribute to Position of the first peak varies between 13 and 2.5
the conductance. In general the transmission for each of th@o.>°* Bias dependences of Pt conductance histograms
channels is smaller than 1, but one often finds that the singlBave also been reportéiwhere a low bias peak at 1®,
channel for the monovalent metals is nearly perfectly transwas replaced by a peak at 1G4 at higher biases. Recently
mitted giving a conductance of almost one conductancét has been shown that at low bias the first peak is centered
quantumG,=2e? h, whereeis the electron charge afmis ~ around 1.5G, (as in Fig. 3, and that a peak at 1®, can be
Planck’s constant. The five channels for the transition metalsaused by the presence of hydrogen molecules that act as the
add up to a total conductance that sensitively depends on ttfinal bridge before the contact breaks.
coupling of the atom to its neighboring atoms in the leads In this paper we investigate the bias dependence of Pt
and usually ranges between 135 and 3.5G,. This can be conductance histograms, compiled from thousands of ASC’s
judged from the position and width of the first peak in

so-called conductance histograms. For a recent review 0.7 ; ; 2 S _ ;

see Ref. 2. . . goel [Patazk| | [/ | Conductance-
The concept of conductance histograms was introduced to gos_ bias (mV) histograms

investigate possible conductance quantization in metallic 27 :1(1)3 = s

contacts®* The histograms are constructed from digitized E04r ..

traces of thousands of cycles of breakiog making ASC's. E ok |7

These traces are projected onto the conductance axis, and in 7§

this way preferred conductance values become visible as §°'2'

peaks. Only for monovalent metals, including the noble Z 04t

metal$'® and the alkali metal$® some form of quantization 0.0 RO s U N

is observed as evidenced by prominent peaks in the histo- 05 10 G1(~(5; ) 20 25

o]

grams close to multiples of the conductance quantum. For
most other metals there is no indication of quantizationinthe i, 1. pt conductance histograms, each compiled from 3000

conductance histograms. There is usually a single peak at conductance traces bfeakingASC’s recorded at 4.2 K under cryo-
low conductance in the histograms that indicates the pregenic vacuum in the MCBJ. The histograms are measured in suc-
ferred conductance of the single-atom contdcEor most  cession on the same sample as the bias increases from 10 to 400 mV
metals this first peak, when measuring in a clean environand displays a clear dependence on the kibise samples are al-
ment, is fairly reproducible and insensitive to the level of theways made from a Pt wire with a purity of 99.999% and a diameter
applied bias voltage. For Au, which has been most studied, ibf 0.1 mm) The histograms have been normaliz&ef. 15.
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formed using the mechanically controllable break junction 6 1 2 3 4 S5 6 7 8 9
(MCBJ) (Refs. 2 and 1pat liquid-helium temperaturé4.2 gl(@) ; ; |Plalteaul-leng;th hisltogralmsl-
K) in a cryogenic vacuum environment. The conductance Y A L S

measured is the linear conductar@e: I/V. A small but sig- Pooif o | prat2K
: : : : 200 mV bias

nificant shift in the position of the first histogram peak from
1.5G, to 1.8 Gy is observed when the bias increases past
300 mV. Contrary to what would have been expected from
measuredl-V curves of P where the conductance de-
creases with voltage, the shift is towards higher conductance.
This indicates that the shift is not caused by an electronic
effect. We present evidence that the shift marks a geometric
transition point where single-atom Pt contacts replace the
monatomic chains known to exist for Bt.

The bias dependence is illustrated by the conductance his-
tograms shown in Fig. 1. For the curve recorded at a low bias
of 10 mV the first peak is found close to 1&,. The con- 10
ductance histogram recorded at 100 mV is very similar to the
one at 10 mV with a broad peak centered around Gg5
Increasing the bias further to 200 mV only causes a slight
decrease in the intensity, whereas the position remains un- P [
changed. However, when the bias increases to 300 mV, the 0 1 2 3 4 5 6 7 8 9
main part of the histogram peak switches to be centered Electrode displacement (A)
around 1.8G, although a broad shoulder can still be seen

around 1.5G,. At 400 mV, the shoulder has disappeared and F!G- 2 Plateau-length histogrart®efs. 11 and for Pt, each
the peak ce%ter has completely moved from ggto 1.8 compiled from 2000 breaking ASC'’s. A bias @) 200 mV and(b)

G,. Also the peak intensity decreases considerably for thélOO mV is applied. The vertical axis gives a measure for the fre-

two high bias conductance histograms compared with those " with which a given chain length occurs.
measured at lower bias. We have verified that the process lsreak. The first peak reflects the length of the single-atom
reversible, by lowering the bias back to zero observing theontact and peaks for longer wires indicate the formation of
original histogram with a peak close to 1Gy, reemerge. monatomic chains that break at 2, 3,.4. atoms in length.
The peak shift to highe6 is very puzzling when com- In Fig. 2 we show two plateau-length histograms recorded
pared to the Pt-V curves presented previously by Nielsen at biases ofa) 200 mV and(b) 400 mV, respectively. At 200
et al® It was shown that-V curves of Pt are markedly non- mV bias, the plateau-length histogram is very similar to the
linear but with a decreasing conductance as the voltage irene presented by Smét al. at 10 mV bias! Three clear
creases. The decrease@was found to be proportional to peaks are visible, the first corresponding to a single-atom
the voltage squared, resulting only in a limited decrease ofontact(a “one atom chain}, and the next peaks represent
the linear conductance at 300 mV which amounts to aboutchains with two and three atoms, respectively. Thus we con-
—0.1 G, at 500 mV. The important observation is, however,clude that monatomic chains still form at a bias as high as
that the conductance always decreases and never increag® mV. The three peaks in Fig(& are centered at 2.7, 4.8,
with voltage, the opposite effect of the one observed with theand 7.0 A, respectively. The distances between them are thus
conductance histograms presented in Fig. 1. This clearly in2.1-2.2 A, similar to the 2.3 A found by Smit al. at 10
dicates that the peak shift is not caused by an electronimV bias!! within the accuracy of-10% in our length cali-
effect. bration. The position of the first peak in Figa2differs from
Investigating other possible causes we turned to the forthis peak-to-peak distance as can be expected. It reflects the
mation of monatomic chains, which was first discovered forelastic stretching of the banks and the bonds to a single
Au.r®17 Recently it was shown by Smitt al. that also Pt  bridging atom at the verge of breaking.
and Ir have this propert}. To demonstrate the formation of The presence of only one single peak in the 400-mV
monatomic chains, Smét al. recorded plateau-length histo- plateau-length histogram of Fig.(8, centered at 1.9 A,
grams. It is important to emphasize the difference betweeproves that chains no longer form at this high bias. The peak
plateau-length histogrartis'” and the conductance histo- does not coincide with the corresponding first peak in the
grams used above. The peaks in the conductance histograr80-mV plateau-length histogram. This difference is most
reveal the most probable conductance values obtained fdikely due to the higher bias causing the single-atom contact
breaking ASC’s. A plateau-length histogram is constructedo break at a smaller strain than at low biase below.
by measuring the lengths of the last conductance plateau, From the plateau-length histograms we find that the for-
that corresponds to a conductor of a single atom in crosmation of atomic chains is inhibited above the bias voltage
section, from thousands of conductance traces of breakinfpr which also the shift in the first peak in the conductance
ASC’s. By plotting the number of times a given length oc- histogram is observe@00 mV). This suggests that the chain
curs, a histogram is obtained with peaks revealing the typicdlormation affects the peak position in the conductance histo-
disruption lengths, at which the monatomic chains tend tgyrams. To test this we recorded conductance histograms for
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FIG. 3. Return conductance histograms of Pt. Each histogram is 0.0
compiled from 2000 conductance traces and is measured in succes- (c) 10F
sion on the same sample while the bias increases from 100 to 300 <
mV in 100-mV steps. The measurements are performefbiming ~05}
the ASC’s with the MCBJ. The histograms have been normalized i
(Ref. 15. 0.0

2.5 3.0 3.5 4.
. : Atom-electrode distance (A) °
curves measured while returning to contact from the vacuum
tunneling regime, which we will refer to as return histo-  FiG. 4. (a) Calculated conductand@ vs atom-electrode distance
grams. The conductance histograms presented previoushy zero voltage for a symmetric single-atom Au or Pt contact con-
have all been obtained from the conductance tracéseatk-  figuration consisting of a single atom between two Au o199
ing ASC’s. When breaking the contacts, monatomic chairsurfacesinsed. Note that the contacts in practice will become un-
formation may occur. Instead, when we obtain the ASC'’s bystable beyond a distance of about 3(B) and(c). The conductance
returning the electrodes back into contact, chains cannatecomposed into eigenchannel transmissions for Au and Pt. The
form. Measuring the conductance traces whit@ming  dotted line corresponds to the nondegenerate channel consistng of
ASC's, results in the return histograms presented in Fig. 3andd, orbitals, the dashed line corresponds to the two degenerate
From these return histograms it is clear that the first peak ishannels with thel,, andd,, orbitals, while the dot-dashed corre-
centered close to B,, independent of bias. It thus seems Sponds to the single channel widh. .
that the peak shift occurs when the chain formation is inhib-
ited, since the peak is located at an even higher conductance,
independent of bias, when no chains can form. atom-electrode distance, and thus a lower conductéfige
For Au the conductance of a single-atom contact is indis4). The peak at 1.8, in the low-bias histograms of Fig. 1 is
tinguishable from that of monatomic chains and we had exdue to the frequent occurrence of atomic chains, which are
pected a similar result for Pt, but the present results suggesnly stable for sufficiently low bias voltages, below 300 mV.
otherwise. To get further insight into these findings, we havelhe lower average conductance for atomic chains is sug-
used therrRANSIESTA progrant® to calculate the conductance gested by the physics described in Fig. 4. As the single atom
and eigenchannel transmissions of single-atom Au and R$ positioned farther away from the banks the overlap of its
contacts[inset of Fig. 4a)] as the atom-electrode distance orbitals with those in the electrodes is reduced leading to the
increases. The results are shown in Fig. 4. The method igbserved decrease in the conductance. For monatomic chains
based on density functional theory and takes the voltage bidke number of states overlapping with the central atoms in
and current explicitly into account in the self-consistent cal-the chains is also reduced with respect to the single-atom
culation of electronic density and potential. Our calculationscase, leading to a similar reduction of the conductance. The
show that, contrary to Au for which the conductance remainsuppression of chain formation at higher bias is partly due
stable around G, single-atom Pt contacts display a strong current-induced embrittlement, but mainly results from heat-
variation in the zero-bias conductance with a decrease froring of the atomic degrees of freedom by the curréiif.
2.1 G, to 1.1 G, as the distance increases from 2.65 to 3.5 We can now attempt to classify the various results found
A. This variation is in accordance with the reported broadin the literature. A first peak in the conductance histogram
histogram peak centered around (1.563)for Pt~ close to 1G, was found in room-temperature experiments
These results can help explain the behavior leading to thender ultrahigh vacuurh,or under an atmosphere of,N
three types of histograms presented above. +5%H, gas! For the latter experiment the peak was seen
The histogram with a peak at@, (Fig. 3) is produced by to move to 1.7G, at elevated bias. For all experiments per-
single-atom contacts. In this case the electrodes are movddrmed under cryogenic vacuum and at a voltage bias below
towards each other such that the atom-electrode distance 190 mV (Refs. 10—13 and this woykhe first peak is found
reduced to a minimum. The peak at 15§ in the high-bias at (1.5-1.6]5,. However, when hydrogen is intentionally
histograms(Fig. 1) also results from single-atom contacts, introduced into the vacuum system a peak ne@p hppears,
but in this case the breaking of the wire leads to a largewhich has been interpreted as being due to the formation of
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a conducting hydrogen bridge forming the last contad&s-  geometric transition point where monatomic chains are re-

suming this mechanism is still effective at room temperatureplaced by single-atom contadts.

the results by Yukiet al* find a natural explanation. Trace
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