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distribution of last-step length associated with conductance of a single atom contact. Last-step length
histograms are observed with up to five for Fe and three for Cu peaks at integral multiples close to
0.075 nm, a subatomic distance. A model is proposed in terms of gliding from a fcc hollow-site to a hcp

hollow-site of adjacent atomic planes at 1/3 regular layer spacing along with tip stretching to account
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1. Introduction

Quantum transport of electrons through metallic nanocontacts has
attracted continuous interest in both experiment and theory since
Landauer’s formula for evaluation of conductance of metallic
atomic contact was proposed.' Research on this topic has recently
been stimulated by an increasing desire for the miniaturization of
electronic devices, including molecular-based devices, and has
benefited from the rapid development of experimental techniques
to form nanocontacts.”>* By employing well-established techniques
such as the mechanically controllable break junction (MCBJ)®>° and
the scanning probe microscope breaking junction (SPM-BJ),*'%**
metallic nanocontacts can be formed and then elongated to break,
repeatedly, so that conductance traces can be monitored down to a
single atom contact.

Several groups have described how information about
atomic rearrangement during the stretching of a nanocontact
can be extracted by statistical analysis of plateau lengths (i.e.
step lengths) of stepwise conductance traces.*®">'® Since the
length of the last conductance plateau corresponds to the
stretching at single atom contacts, it can only be related to
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for the multiple subatomic step-length behavior.

the structural deformation at the single atom contact, and this
can be influenced by the crystallography of the nanocontact.
Several groups have reported structural evolution of a single
atom contact at low temperature and in ultra high vacuum
conditions.*®'”'® Typically, the lowest peak of the last-step
length histogram locates at around 0.2 to 0.3 nm, which is on
the atomic scale and corresponds to single atom addition at the
contact in the stretching direction. A room temperature study
was also reported by using conducting atomic force micro-
scopy, in which conductance histograms with three integer
multiples of subatomic distance were obtained."’

However, reliable statistical analyses of last-step length of
conductance traces rely on the control of the structure of the
nanocontacts over the whole set of experiment, which is
experimentally challenging. Therefore, considerable deviation
in the structure of nanocontacts may exist compared to those
considered in theoretical simulations,?*™2° where a well-defined
structure of the nanocontact is assumed. Conventional MCB] as
well as SPM-BJ are based on random mechanical crashing to
form nanocontacts, and thus control over the structure of the
nanocontacts is not ensured. Even for nanocontacts that are
formed by electromigration,””*® in which a high electric field is
applied to promote atomic migration and thus induce deformation
of the metallic nanowire, real time high resolution transmission
electron microscopic (HRTEM)**~** observation of structural
evolution at the nanocontact reveals additional unexpected
complexity. In this case, the complication could also arise from
the exposure of the nanocontact under irradiation of electron
beams with additional effects including localized charging and
heating."?*%> Pure electrodeposition onto the two counter-
facing electrodes of a nanogap may be a way to create nano-
contacts through natural and delicate touching,**° and some
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Fig. 1 Schematic illustration of the electrochemistry-assisted jump-to-contact
STM-BJ approach for creating the nanocontact (left). Typical conductance traces
of Fe recorded during the stretching of the atomic contact (right). Metallic
clusters are left as side products on the surface following rupture of the contact.

crystallography-related features have been observed.>” However,
the control of the nanocontact seems to be less flexible by
electrodeposition alone because of the difficulty in attaining
balanced kinetics of electrodeposition. Very recently, STM-BJ
experiments conducted in UHV by Sabater et al. have shown
that provided the indentation depth is limited up to a conductance
value of approximately 5 G,, where G, = 2¢*/h, atomically well-
defined contacts can be obtained by repeated formation and
rupture of the nanocontacts between two gold electrodes.*’

Recently, we have developed an electrochemically-assisted
jump-to-contact STM-BJ approach in an electrochemical
environment,*' Fig. 1. The metal of interest is electrochemically
deposited onto the tip and formation of the metal nanocontact
is achieved by chemical interaction®” of the metal with the
substrate surface so that the tip is only gently contacting the
substrate. This extends the generality of STM-BJ in terms of
the variety of not only metallic but also molecular junctions
with various metal electrodes. Nanocontacts such as Fe, Pd,
Cu*" and Ag,** as well as molecular junctions using Ag and Cu**
as electrodes, have been successfully constructed and their
conductances measured. Such measurements were otherwise
hard to perform under ambient conditions. Furthermore, it has
been demonstrated in our previous work®® that Ag nanocontacts
created by the electrochemically-assisted jump-to-contact STM
have integral conductance in units of G, with that at 2 G, most
abundant.”® This is in agreement with a theoretical prediction
based on a well-defined contact structure, but in contrast to the
fractional conductance of the contact measured by conventional
STM-BJ approach, suggesting that it is feasible to obtain a well-
defined contact structure by jump-to-contact based STM-BJ. A
further distinct feature of the jump-to-contact STM-B] approach
is the controlled location at which each break junction measure-
ment is made and a cluster on breaking each contact is created.
This means that each measurement is independent of the
history of measurement, and this is highly desirable for practical
as well as theoretical considerations.

In this paper, we demonstrate that by using the jump-to-
contact approach of STM-BJ with well-defined crystallographic
control of nanocontacts, information about the structural
evolution during stretching of a nanocontact to a single atom
contact can be obtained. Well-defined multiple peaks of stretching
length distributions at single atom contacts of both Fe and Cu are
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observed with peaks at integral multiples of a distance con-
siderably smaller than their atomic radii. The observation
shines light on the experimental investigations of crystallo-
graphic correlation of the mechanical and transport properties
of nanocontacts, in harmony with theoretical simulation.

2. Experimental section

In Fig. 1, the tip is continuously loaded with the Fe or Cu by
electrochemical deposition before, during, and after contact for-
mation. To drive the tip towards the surface, an externally controlled
voltage pulse of several tenths of a volt is superimposed onto the
Z-piezo of the STM scanner with the feedback circuit enabled but
with lower integral and proportional gains, e.g. 0.1, than used for
imaging. When the tip is driven very close to the substrate, a jump-
to-contact process is induced resulting in metal atom transfer from
the apex of the tip to the substrate to create a nanocontact. This is
accompanied by an immediate and dramatic rise in current which
is detected by the STM feedback circuit and results in tip with-
drawal. This stretches the nanocontact down to a single atom bridge
which eventually ruptures with a cluster of metal atoms being
formed on the surface.*>*® The duration of the external voltage
pulse is set at a scale of several milliseconds, sufficiently long for
STM feedback to respond up to rupture of the nanocontact. The
response of the STM Z-piezo voltage on application of the external
voltage pulse shows an essentially linear relationship with time
during the stretching step, giving a fixed stretching rate of 1.3 +
0.1 um s, Fig. S1 (ESIf). During the stretching stage, the con-
ductance of the nanocontact is continuously monitored and
recorded to generate conductance traces. The process is repeated
thousands of times, each at a new location, so that an array of
clusters is formed after measurement. Statistical analysis of thou-
sands of such conductance traces was performed, Fig. S2 (ESIf). A
last-step length histogram was constructed, which reveals the
statistical probability of the stretching length at single atom contact.

Conductance measurements and in situ STM characteriza-
tion were carried out on a modified Nanoscope E STM (Veeco,
Santa Barbara, CA) under constant-current mode. To match the
measuring range of the quantized conductance of metallic
nanocontacts, the current preamplifier of STM was adjusted
to 5556 nA V', less sensitive than the value normally used for
imaging. Mechanically cut Au tips were used after being insu-
lated by thermosetting polyethylene to reduce the Faradaic
current. Platinum wire was used as the counter electrode and
Ag/AgCl and Cu wire as reference electrode in the system for Fe
and Cu, respectively.

Electrodeposition and nanocontact fabrication of Cu and
Fe were carried out in aqueous and in 1-butyl-3-methyl-
imidazolium tetrafluoroborate (BMIBF,) ionic liquid,*”*® respec-
tively, on both Au(111) and Au(100). Further details can be found
elsewhere."'

3. Results and discussions

Experimental verification of crystallographic features of Fe
clusters formed on the surface after rupture of the single atom
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contact has been performed by monitoring the growth behavior
of the clusters. Shown in Fig. 2(a and b) are 10 x 10 arrays of Fe
clusters created on both Au(111) and Au(100) by STM jump-to-
contact processes. The clusters are several nanometers in
diameter and two to three atomic layers in thickness. They
were allowed to grow further at a small overpotential (ie.
slightly more negative than the equilibrium potential). The
morphology of Fe clusters changes to show unique pseudo-
rod like and pseudo-square like structures on Au(111) and
Au(100), respectively, which has been found to be characteristic
of Fe electrodeposition on the respective surfaces.*® Although
one-to-one identification of the original cluster is not possible
because of the overlap between the growing anisotropic struc-
tures and interference of growth from the cluster-free area, the
protrusions of the deposit in the cluster region indicate
enhanced growth at the clusters, which actually serve as growth
centers. Obviously, the anisotropic growth behavior only could
be preserved and observed in this region when the clusters are
epitaxial with the surface structure.

Molecular dynamics (MD) simulations have been performed
to generate STM tip-induced clusters of Cu. This methodology
has been found useful to understand cluster formation in STM-
break junction experiments.’®>® The present results have
revealed a gradual atomic rearrangement of the corresponding
nanocontacts to accommodate their structure epitaxially with the
substrate surface. These results will be published elsewhere.
Furthermore, Grand Canonical Monte Carlo (GCMC) simulations
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Fig. 2 Single crystalline growth pattern of Fe clusters. (a and ¢) Clusters formed
by jump-to-contact STM on Au(111) and Au(100), respectively; the Au tip and
substrate were controlled at —0.8 and —0.75 V vs. Ag/AgCl, respectively, with a
typical Z-pulse voltage of 0.45 V. (b and d) Growth of the clusters at —0.95 and
—1.05 V on Au(111) and Au(100), respectively; an ionic liquid of 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIBF,) containing ~50 mM of dissolved
FeCl; was employed at room temperature. Scan size for all images: 150 x
150 nm?.

This journal is © the Owner Societies 2013

View Article Online

performed on the clusters generated in these MD runs show
that their growth follows the orientation of the underlying
substrate. Sample results of these simulations are shown in
Fig. S3 (ESIT) for Cu deposition on Au(111), and similar results
have been obtained for Cu deposition on Au(100). Simulation
for Fe is still very difficult because of its complicated electronic
structure. However, we expect that these conclusions can be
generalized to Fe as well as to other relevant metals.

The well-defined crystalline nature of the clusters as well as
the results of computational simulations leads us to propose
that nanocontacts constructed on a specified substrate are of a
similar structural configuration. This feature has considerable
impact on the step-length behavior of conductance traces.
Indeed, for both Fe and Cu nanoconstrictions, several sharp
peaks were observed on last-step length histograms constructed
from 16000 conductance curves. They locate at almost exact
multiples of 0.075 nm as shown in Fig. 3(a) and (b), respec-
tively. The conductance curves were collected in ten segments,
each of 1600 curves being associated with formation of a 40 x
40 array of Fe clusters. The peak intervals are much shorter
than the atomic distances of the corresponding metals, yielding
values that are hitherto unprecedented in the literature. It is
noteworthy that the stretching length of 0.075 nm is just above
the noise level of our measurement system, which is ca.
0.05 nm. However, after accumulation of 16 000 conductance
curves the noise is averaged out so that the three peaks can
safely be attributed to the real fluctuation of the measuring
system itself. This is verified by examining the histograms with
each addition of 1600 curves, and results indeed show gradual
build up of the multiple step-length signals, Fig. S5 (ESIf). In
fact, a smaller number of conductance traces, e.g. 1600 con-
ductance traces already show such last-step length distribution
in good experimental conditions. This is in contrast to the
usually observed broad distribution of the last-step length at
around 0.2 nm reported in literature for e.g. Pt and Pd."®

Two additional control experiments were performed. The first
one involved Au nanocontacts, which were fabricated by conven-
tional STM-BJ using an Au tip and Au(111) substrate. For simpli-
city, the control of the tip movement followed the same procedure
as for Cu and Fe, but since no foreign metal was deposited onto
the Au tip a slightly higher Z-pulse voltage was applied, which
induced mechanical crashing between the tip and the substrate.
The last-step length histogram of Au nanocontacts is shown in
Fig. 4a, where three peaks, now positioned around 0.33 £ 0.02 nm
and their multiple values are clearly observed. The second control
experiment involved Cu nanocontacts fabricated also by the
conventional STM-BJ approach but associated with film deposi-
tion first demonstrated by Murakoshi’s group*®** and then Tao’s
group.”® Deposition of a large amount of Cu generates thin film
electrodes of Cu on both the tip and substrate. With feedback
disabled, the Cu tip was manipulated in the Z direction entirely by
the external control voltage. Again, the step-length histogram of
the Cu nanocontact showed only one broad peak around 0.18 +
0.02 nm close to one atom distance, Fig. 4b.

The two control experiments presented above clearly indicate
that using the conventional STM-BJ approach, only broad last-step
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Fig. 3 Last-step length histogram of 16 000 conductance curves (from ten sets
of 1600 curves) of Fe (a, blue) and Cu (b, purple) atomic contacts using Au(111).
Histograms of the ten sets of conductance curves are also provided for Fe and Cu,
which appear in the bottom part of (a) and (b), respectively. The condition for
nanoconstriction fabrication of Fe was the same as in Fig. 2(a and c). For Cu, the
experiment was performed in an aqueous solution of 1T mM CuSO,4 + 50 mM
H,S04 and the Au tip was controlled at —50 mV vs. Cu wire while the Au(111)
substrate was controlled at potentials slightly positive with respect to the
equilibrium potential for Cu deposition.

length distributions can be observed even with a large number
(16 000) of conductance traces. This evidence indirectly supports
our hypothesis that the crystallographic characteristics involved
during the formation and stretching of nanocontacts by jump-to-
contact based STM-BJ are substantially different from those by
the conventional mechanical crashing based STM-BJ.

The correlation of last-step length distribution and configu-
ration transition of the nanocontacts is further revealed by
careful analysis of the evolution of conductance traces. Taking
the Fe nanocontacts as an example, their conductance traces
can be divided into two groups. The first group consists of those
that show the presence of the second-last-step of conductance at
around the first multiple of the last-step conductance (typically in
the range of 1.20-1.82 G,), Fig. 5a. In other words, atomic contacts
are stretched, experiencing a two-atom contact before reaching the
single atom contact. Therefore, the configuration of the contact
changes more smoothly, and a well-defined distribution of last-
step length with a satisfactory Gaussian fitting is obtained, Fig. 5c.
In contrast, the second group consists of the conductance traces
which show high quality last-step plateaus but without the
presence of clear or sufficiently long-lived second-last-step of
conductance, Fig. 5b. A more abrupt transition to a single atom
contact is expected in this case. Accordingly, an ill-defined last-step
length distribution is observed without clear distinction of the
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Fig. 4 (a, green) Last-step length histogram of 16 000 conductance curves (from
ten sets of 1600 curves) of the Au—Au nanocontacts fabricated in blank BMIBF,4
jonic liquid with a bare Au tip and Au(111) substrate with the procedure of the
electrochemistry-assisted STM-BJ system described in previous experiments, but
with the higher Z-piezo pulse of 0.8 V. (b, brown) Last-step length histogram of
7000 conductance curves (from seven sets of 1000 curves) of Cu-Cu nano-
contacts fabricated by conventional STM-BJ approach when the tip and substrate
were both covered by a deposited Cu film with £, —100 mV, £, —50 mV, and
stretching rate 1200 nm s~ . Last-step length histograms of the ten and seven
sets of conductance curves of Au and Cu are also provided, which appear in the
bottom parts of (a) and (b), respectively. Insets are the corresponding conduc-
tance histograms.

multiple peaks, but accompanied by several accessorial peaks,
Fig. 5d. Based on the discrepancy in the characteristics of
conductance traces and resulting last-step length histogram,
we expect that a gradual and fine structural transition with high
consistency is responsible for the appearance of the remarkably
well-defined and multi-peaked distribution of the last-step
length in Fig. 5a.

Fe has a more complicated electronic structure near the
Fermi level, and theoretical studies*>** have indicated that the
conductance of the Fe nanocontact is sensitive to the contact
geometry (e.g. Fe single atom or dimer contact). A random
displacement from an ideal contact by 0.05 times the lattice
constant along the [001] direction would result in a broad
histogram of channel transmission.”® Thus, the structural
transition associated with a least-step-length of 0.075 nm can
be related neither to the metallic bond elongation nor to the
geometric displacement at the ideal single atom contact, Fig. 6.
Otherwise this would cause conductance changes in the last-
plateau of the conductance trace. A reasonable explanation
would be a stepped geometrical displacement of the region
underpinning the ideal single atom contact.
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Fig. 5 Typical conductance traces of Fe nanocontacts (a) with both the last and
the second-last steps and (b) with last step but without the secondary step.
(c) and (d) are the last-step length histograms formed by 2389 and 1064
conductance traces, and corresponding to (a) and (b), respectively. The inserts
of (c) and (d) are the corresponding conductance histograms of these two
groups.
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Fig. 6 Schematic illustration of gliding of atomic planes in the contact region
with displacement of atoms from e.g. fcc-hollow-site to the nearest hcp-hollow-
site. The ideal single atom contact region outlined by a blue dot square is not
involved in the stretching.

It is necessary to mention that in an electrochemical
environment, the exact conductance as well as step-length of
a single atom contact may be influenced by factors such as
density and polarity of the surface charge and adsorption of
solvent and ions.”® However, an important fact to emphasize
here is the observation of the multiple peaks on the conduc-
tance histogram of the last-step length at single atom contact,
and the stretching distance of ca. 0.075 nm happens to be very
close to the vertical displacement between the fcc-hollow-site
and nearest fcp-hollow-site of close packed (111) plane of Fe or
Cu surface, which is 1/3 of the regular layer spacing. The layer
spacing for the (111) plane of Fe and Cu is 0.214 and 0.220 nm,
respectively, and thus the vertical displacement would be 0.072
and 0.073 nm, respectively. Therefore, a reasonable explanation
for the appearance of the multiple peaks of last-step length
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distribution could arise from the gliding of one of the {111}
equivalent planes in the contact region with a displacement of
atoms from the fcc-hollow-site to the nearest hcp-hollow-site
upon tip stretching, Fig. 6. Sliding of atomic planes has been
proposed by Marszalek et al.'® in which elongation of gold
nanowires is at an integer multiple of 0.176 nm, corresponding
to 2/3 of the Au regular layer spacing distance. However, gliding
with 2/3 of the Fe and Cu regular layer spacing, corresponding
to hcp- to the nearest fce-site in the stretching direction, Fig. 6,
seems not the elemental step in the present work. The gliding
processes involving 1/3 layer spacing displacement could ben-
efit from the increased ductility of metals at the nanoscale®”
because the clusters at the contact involve only a few atomic
layers.

Since the gliding can arise from either side next to the ideal
single atom contact, multiple values of the stretching distance
are possible and indeed up to five (for Fe) or three (for Cu)
peaks appear. As the crystallographic feature is expected to be
less well-defined on the tip side of the contact, the gliding of
atomic planes in the two sides of the contact would be expected
to be asymmetric, resulting in an absence of the sixth and
fourth last-step length distribution for Fe and Cu, respectively.
In addition, since close packed planes are low-energy gliding
planes, the {111}-equivalent planes would serve as the most
probable gliding planes regardless of the crystallographic
orientation of the contacting clusters dictated by the substrate
crystallography. Therefore, similar multiple subatomic step-
length behavior are observed for both the Au(111) and (100)
substrate, showing the generality of the ultrafine structural
evolution upon tip stretching. The reduced number of the
last-step length for Cu could be explained from its reduced
ability in deformation. This is more obvious for the contact
formed with the Au(100) surface, where the relative intensity of
the second and third peaks are much smaller in comparison
with Cu-Au(111) system, Fig. S4 (ESIT).

4. Conclusions

In conclusion, by employing the electrochemistry-assisted and
jump-to-contact based STM-BJ approach, which creates atomic
contacts with crystallographic consistency, we have observed a
statistical distribution of last-step length of single atom contact
at subatomic distance for both Fe and Cu. Up to five and three
well-defined peaks on the last-step length histogram were
observed for Fe and Cu, respectively, with integral multiples
of subatomic distance close to 0.075 nm. The ultrafine struc-
tural rearrangement of the contact region is responsible for
such a feature, and most likely one of the {111}-equivalent
planes in the contact region is glided upon tip stretching with
displacement in the direction from the fcc-hollow-site to the
hcp-hollow-site at 1/3 of the regular layer spacing of corres-
ponding metal. It is noteworthy that the observation of such an
ultrafine structural evolution feature may depend on the system
being studied. Unfortunately, the classical Au nanoconstriction
cannot be created by the jump-to-contact STM-B] because of the
lack of a proper substrate substantially more stable than Au.
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However, it should be possible for the structural evolution of an Au
single contact to be investigated by the soft STM-B] approach
reported very recently by Sabater et al.*° Our observation can provide
a new understanding of and promote further efforts for experi-
mental investigation of the mechanical property of nanocontacts.
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