PHYSICAL REVIEW B 93, 235402 (2016)

Plasticity of single-atom Pb junctions
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A low-temperature scanning tunneling microscope was used to fabricate atomic contacts on Pb(111).
Conductance characteristics of the junctions were simultaneously recorded with forming and subsequent breaking
of the contacts. A pronounced hysteresis effect in conductance traces was observed from junctions comprising
the clean Pb(111) surface. The hysteretic behavior was less profound in contacts to single Pb atoms adsorbed to
Pb(111). Density-functional calculations reproduced the experimental results by performing a full ab initio
modeling of plastic junction deformations. A comprehensive description of the experimental findings was
achieved by considering different atomic tip apex geometries.
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I. INTRODUCTION

Electrical contacts with constrictions at the atomic scale
are receiving substantial attention due to their importance in
fundamental and applied sciences [1-3]. In particular, molec-
ular spintronics [4], spin caloritronics [5] and thermoelectric
effects in nanoscale junctions [6] are emerging fields. To
these investigations, the structural and mechanical properties
of the junctions are relevant since electron transport depends
crucially on the contact geometry [7,8].

A wealth of experimental and theoretical works have been
reported for Au contacts [1], presumably due to their propen-
sity to form monatomic chains bridging the electrodes [9,10].
With appropriate treatment of Au electrodes in break-junction
experiments, hysteretic loops were reproducibly observed in
conductance-versus-distance traces that were simultaneously
recorded with closing and opening of the junctions [11]. This
observation was traced to the elasticity of the electrodes. To our
knowledge, this work [11] represents the only combination of
experimentally observed and theoretically described hysteretic
conductance behavior between tunneling and contact range of
single-atom junctions that has been available to date. Other
materials that have often been used in contact experiments
are Ni, Cu, Pd, Ag, Al, and Pt [1]. For some of these mate-
rials, conductance hysteresis upon opening high-conductance
junctions was reported [12-15].

For Pb contacts, which are the focus of this article, the
following experiments and calculations were reported [1]. In
an early work, W tips of a scanning tunneling microscope
(STM) were approached to Pb(110), and the neck formation
was investigated at different sample temperatures [16]. Neck
heights exceeding 500 nm were reported, and their growth
was rationalized in terms of mobile surface atoms. In another
experiment, polycrystalline Pb tips and samples were used to
study the conductance of Pb junctions depending on the forces
exerted on the electrodes [12]. A jump to contact was observed
upon approaching the tip to the sample surface. The resulting
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junction conductance of less than one quantum of conductance,
Go = 2¢*/h (e is the elementary charge and & is Planck’s
constant), was rationalized in terms of constrictions compris-
ing about one atom. In addition, conductance hysteresis was
reported after indenting the tip into the substrate, thereby in-
creasing the junction conductance to 210 Gy, and subsequent
retraction of the tip. The contact area was appreciably modified
by forming asperities with diameters on the order of 100 nm.
In a break junction experiment, Pb-Pb contacts were stretched
until an abrupt decrease of the conductance occurred from ~1
to 3 Gy to typical tunneling conductances [17]. Tight-binding
calculations assuming a simple pyramid-based geometry for
the electrodes confirmed conductance values of ~2.5 Gy as a
result of electron transport through sp;, p,, and p, orbitals of
the Pb atom bridging the electrodes.

In the ballistic electron transport range, STM experiments
revealed that contact formation between Pb-covered W tips
and thin films of Pb on Ag(l111) depended on the film
thickness [18]. While a gradual transition from tunneling to
contact was observed for the single Pb wetting layer, the tran-
sitions became more abrupt for thicker films. Conductances
of contacts comprising the single Pb wetting layer as well
as several layers were broadly distributed around ~2 Gy. For
Pb(111) films on Si(111), atomically resolved conductance
traces were obtained by using Pb-coated PtIr tips [19]. On-top,
bridge, face-centered-cubic, and hexagonal-close-packed sites
of the Pb(111) lattice led to different conductances in the range
of ~1-1.3 Gy.

Pb junctions were likewise investigated in electrochemical
environments [20]. Accompanying density-functional calcula-
tions revealed the importance of the contact geometry for the
conductance. In addition, the superconducting properties of
Pb contacts exposed to external magnetic fields were demon-
strated to depend on the junction geometry [21]. Moreover,
atomic Pb wires were grown on a vicinal semiconductor
surface and demonstrated to exhibit correlated spin-orbit
order [22]. In tunneling junctions comprising Pb electrodes,
the competition of superconducting phenomena and Kondo
screening [23] as well as tunneling processes into localized
subgap states were unraveled [24].
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Here, we present a surface science approach to single-
atom contacts fabricated from Pb-covered W tips and a
Pb(111) surface in a low-temperature STM experiment. The
forming and breaking of junctions was performed on pristine
Pb(111) as well as on single Pb adsorbed atoms (adatoms).
Simultaneously, the conductance of the junction was recorded
for tip-sample distances in tunneling and contact ranges. Both
types of junctions exhibited a rather broad distribution of
contact conductances, i.e., from 1 to 5 Gy for Pb(111) and
from 0.7 to 3 Gy for Pb adatoms. These variations are not
compatible with the previous tight-binding calculations for a
single-atom Pb junction where conductance variations from 1
to 2.5 Gy depending on the distance between the central atom
and its first neighbors were reported [25]. In addition, both
junctions showed hysteretic behavior. Breaking of the contacts
on clean Pb(111) required tip retractions by up to hundreds of
pm beyond the jump to contact. Contact regions were imaged
prior to and after contact experiments in order to identify
surface and tip modifications. The experimental results were
corroborated by state-of-the-art ab initio quantum-mechanical
simulations. The calculations unveiled the important role of
relaxations of the tip structure on the contact conductance
and the hysteresis width. Atomically sharp and crystalline tips
alone were unable to explain the experimental observations.
Rather, tip apices terminated by more than one atom had to
also be considered to describe the experimentally observed
contact conductances and hysteresis effects.

II. EXPERIMENT

The experiments were performed with an STM operated in
ultrahigh vacuum (10~ Pa). The absence of the superconduct-
ing energy gap in spectra of the differential conductance to-
gether with the temperature readings from a Si diode indicated
a sample temperature of 7.2-7.5 K. Pb(111) was cleaned by
Art bombardment and annealing. Tips were electrochemically
etched from polycrystalline W wire (diameter 300 pm, purity
99.95%)ina0.1 M solution of NaOH. In the vacuum recipient,
the tips were heated close to the W melting temperature. The tip
apex was then coated with substrate material by indentation
into the Pb(111) surface with an applied voltage of 130 V.
A similar procedure was reported previously, which ensured
the bulklike character of the Pb coating by measuring the
superconducting energy gap [26]. Tip-surface contacts were
formed by disabling the feedback loop at a tunneling current
of 0.5 nA, in a bias voltage range of 10 mV < |V| < 50 mV,
and approaching the tip by 300-600 pm toward the surface.
The tip approach was stopped a few tens of picometers after
the first jump to contact. The tip was then retracted by 1 nm.
Approach and retraction velocities ranged between 2 and
3 nms~'. For the contact experiments, a specific selection
of tips was used. The tip was approached to the surface until a
single Pb atom was transferred from the tip to the sample upon
contact. Atom transfer from the tip apex to the surface was
reported previously for several surfaces [2,3,27-29] and is due
to the strong adhesive forces between the electrodes close to
the point of maximum attraction. Such tips were particularly
stable and led to reproducible conductance traces and STM
images prior to and after contact formation. STM images were
recorded at constant current with the bias voltage applied to
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FIG. 1. (a) Representative conductance evolution of a junction
comprising Pb(111) and a Pb-coated W tip acquired at 50 mV.
Tip approach (black line) leads to an exponential increase of the
conductance in the tunneling range (displacements Az < 0 pm). The
abrupt change of the conductance from G; = 0.2 Gp to G. = 2.9 Gy
at Az = 0 pm reflects the formation of the contact. In the probed
contactrange (Az > 0 pm), the conductance increases linearly. Upon
tip retraction (gray line), the conductance decreases linearly and
reveals instabilities in the form of, e.g., two-level fluctuations (dashed
rectangle). The definition of the hysteresis width, H, is indicated.
Inset: two-level fluctuations observed in the conductance trace upon
tip retraction. (b) Like (a) for a contact to a single Pb adatom on
Pb(111) with Gj = 0.1 Gy and G, = 2.2 Gy. Inset: pseudo-three-
dimensional representation of an STM image of Pb(111) (0.1 V,
55 pA, 50 nm x 50 nm). Two terraces are visible. A Pb adatom
appears as a protrusion on the upper terrace. Additional structure
is due to near-surface voids induced by Art bombardment [30,31].
Image processing was performed using WSxM [32]. (¢),(d) Density
plots of all acquired conductance traces [137 for Pb(111), 19 for single
Pb adatoms]. The color scale depicts the number of conductance data
linearly grouped into bins defined by a regular 90 x 90 grid, which
was spanned from —1090 to 260 pm and from O to 7 Gy. Full lines
are the conductance traces shown in (a) and (b).

the sample. For measurements with a time resolution of 20 ns,
a transimpedance amplifier with a 3 dB cutoff frequency of
14 MHz and an oscilloscope sampling rate of 50 MS s~! were
used.!

III. RESULTS AND DISCUSSION

Tip approach to the clean Pb(111) surface gave rise to the
evolution of the junction conductance that is depicted as the
black line in Fig. 1(a). The tunneling range in the vicinity of the
transition to contact (—100 < Az < 0 pm) was characterized
by an exponential increase of the conductance with an apparent
barrier height of (5.0 £0.5) eV. This value is larger than

'Experiments were likewise performed with bulk Pb tips. The
resulting junctions exhibited virtually identical behavior to the
contacts with Pb-covered W tips.
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the Pb(111) work function of 4.05 eV [33]. The deviation is
in accordance with the previously reported increase of the
apparent barrier height close to contact formation on thin
Pb films on Ag(111) [18]. Indeed, the calculations presented
below revealed strong atomic relaxations in the vicinity of
the tunneling-to-contact transition. Therefore, the tip-surface
distance decreased faster than the tip displacement, which is
defined by a linear voltage ramp applied to the piezoelectric
scanning unit.

The transition from the tunneling range to the contact
range was reflected by an abrupt increase of the junction
conductance. Time-resolved measurements of the jump to
contact revealed that the transition was abrupt on a time
scale of 20 ns. This almost discontinuous tunneling-to-contact
transition was used to define Az = 0 pm [Fig. 1(a)]. These
observations are compatible with the emerging trend reported
previously [18]. While for a single wetting layer of Pb on
Ag(111) the transition from the tunneling to the contact range
was gradual, it turned into a more abrupt crossover region for
thicker Pb films [18]. Therefore, a jump to contact for bulk
Pb may be expected and was observed in our experiments.
The conductances just before [G;, Fig. 1(a)] and after (G.)
the jump did not depend on the applied bias voltage in the
range of 10 mV < |V| < 50 mV. Tunneling spectra of the
differential conductance were featureless and nearly constant
in that voltage interval.

In the subsequent contact range, i.e., for Az > 0 pm, the
conductance exhibited a linear increase. Upon tip retraction
(Az < 0 pm), the junction conductance decreased linearly
[gray line in Fig. 1(a)] several hundreds of pm beyond the
precedent point of contact formation, i.e., the conductance
displayed a pronounced hysteretic behavior. A similar con-
ductance decrease was reported previously and rationalized in
terms of the splitting of Pb p orbitals at the Fermi level due
to elastic distortions of the contact [25]. During retraction of
the tip, two-level fluctuations of the conductance were often
observed [dashed rectangle in Fig. 1(a)]. Data acquisition with
high time resolution [inset to Fig. 1(a)] revealed that the
fluctuations were abrupt changes between two conductance
values, which may be attributed to atomic relaxations in the
junction [13,34,35]. Local heating of the junction due to power
dissipation in the uW range is likely to be present. For Au
junctions, a temperature increase of 50 mK was unraveled for
this power dissipation [36]. On general grounds, in the case
of electron and hole injection into pure metal, a temperature
increase on the order of 1 mK may be estimated for the used
currents and bias voltages assuming that electrons and holes
deposit their energy within the inelastic mean free path [37].
This temperature increase is not sufficient to surpass Ehrlich-
Schwoebel barriers (86 meV) [38] and kink energies per atom
(61-87 meV) [39] of Pb(111). Therefore, local heating of the
junction does not represent the main driving mechanism for the
observed junction instabilities. Importantly, after acquiring a
typical conductance trace on Pb(111) [Fig. 1(a)], STM images
of the contact area showed that in most cases a single atom
was transferred from the tip to the surfaces. In less frequent
cases, a Pb dimer was transferred.

Contact experiments on single Pb adatoms were likewise
performed. Single Pb atoms were transferred from the tip
to the Pb(111) surface, as reported previously for other
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surfaces [2,3,27-29]. The inset to Fig. 1(b) shows an STM
image of Pb(111) where a single adatom is visible as a
protrusion on the upper terrace. The tip approach to a single
Pb adatom exhibited an abrupt change of the conductance
at the tunneling-to-contact transition and a linear variation
of the conductance in the contact range. A hysteresis loop
of the conductance was observed for the adatom, too, albeit
considerably less pronounced than on clean Pb(111). A
representative example is shown in Fig. 1(b) in which the
conductance hysteresis appears with a width of 50 pm.
Imaging the adatom after conductance data acquisition showed
that no material had been transferred to the surface.

While the conductance traces in Figs. 1(a) and 1(b)
represent specific data sets, Figs. 1(c) and 1(d) comprise all
conductance data as density plots. These density plots illustrate
the propensity of single-adatom contacts to exhibit smaller
conductance hysteresis widths than junctions on clean Pb(111)
surfaces. For clarity, the data sets of Figs. 1(a) and 1(b) were
added to the density plots as black lines.

Statistics were performed for the contact conductance, G,
and the hysteresis width, H, in order to more thoroughly
compare contact experiments on clean Pb(111) and on single
Pb adatoms on Pb(111). Toward that end, G. was defined
as the conductance value that is reached directly after the
jump to contact. The hysteresis width was defined as fol-
lows [Fig. 1(a)]. A horizontal line starting from Gj;—the
conductance just before the jump to contact—intersects the
conductance trace acquired during retraction. The difference
of the corresponding displacements is referred to as H.

Figures 2(a) and 2(b) show histograms of G. obtained
for contacts comprising Pb-covered W tips and the clean
Pb(111) surface [Fig. 2(a)] and single Pb adatoms on Pb(111)
[Fig. 2(b)]. The distribution of G. for contacts on Pb(111)
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FIG. 2. Histograms of observed contact conductances (G.) on
pristine Pb(111) (a) and on single Pb adatoms (b). (¢),(d) Histograms
of hysteresis widths (H) observed from closing and subsequent
opening of junctions comprising Pb(111) (c) and single Pb adatoms
(d). All contacts were formed with bias voltages in the range
10 mV < |[V]| < 50 mV.
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TABLE I. Calculated contact conductances (G.) and hysteresis
widths (H) of atom-sized Pb junctions. Pb tips grown in the (100)
and (111) directions with apex terminations of n = 1,4 and 1,3
atoms, respectively, were considered. On pristine Pb(111), G. and H
were calculated for contacts to on-top and hollow sites. For contacts
comprising a Pb adatom, the adatom resided at a Pb(111) hollow site.

Stacking G (Gp) H (pm)

direction n On-top Hollow Adatom On-top Hollow Adatom

(100) 107 0.9 0.9 270 180 40

4 22 4.5 22 200 140 260
(111) 1 15 22 1.2 150 410 110
3

24 2.3 2.4 480 530 480

exhibited a broad maximum at ~2.5 Gy. Contacts on three-
layer-thick Pb films on Ag(111) were previously reported to
exhibit similar conductances [18]. However, these contact
conductances were observed less frequently than contact
conductances of &1.4 Gy [18]. Junctions comprising a single
Pb adatom showed a maximum in the histogram of G,
that is more sharply peaked between 2 and 2.25 Gy. The
different widths of the conductance histograms are assigned
to the degree of precise knowledge of the contact geometry.
The Pb(111) surface was not imaged with atomic resolution.
Therefore, whether contact was formed to on-top, hollow, or
bridge lattice sites of Pb(111) remained elusive. In contrast,
contact to the adatom left less doubt as to the junction geometry
at the substrate, and thus it led to a sharper distribution of
G.. These findings are in agreement with results obtained for
Ag(111), Cu(111) [27], and Au(111) [28,29]. Below, we will
show that contact conductances calculated for different lattice
sites and tip geometries corroborate the experimental results
(Table I).

Histograms of the hysteresis widths are different for
Pb(111) [Fig. 2(c)] and Pb adatoms [Fig. 2(d)], too. For
contacts on clean Pb(111), the distribution is broad with a
maximum at 2250 pm. Junctions comprising Pb adatoms most
frequently exhibit conductance hysteresis widths between 0
and 50 pm. In the probed bias voltage range 10 mV < |V| <
50 mV and within the uncertainty margins, the hysteresis width
did not depend on the sample voltage. Moreover, the potential
influence of Pb phonons was not explored since bulk and
surface phonon energies are below 10 meV [40].

For both contact types, breaking of the junctions was
accompanied by conductance instabilities before the jump out
of contact occurred. These findings are different from results
reported for Au contacts [11]. The hysteretic conductance
variations in Au contacts were characterized by clear jumps to
contact and jumps out of contact. Stretching of the Au junctions
led to a gradual decrease of the conductance without the
occurrence of conductance fluctuations. These observations
were rationalized in terms of junctions in which no further
atomic reorganizations took place, i.e., the closing and opening
of the Au contacts was understood by elastic deformations
of the electrodes [11]. For Pb, however, our ab initio
quantum-mechanical calculations showed that reorganizations
of the electrode structure occurred, i.e., the junctions were
characterized by plastic deformations. In particular, several
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atoms were involved in forming and breaking the contact.
This interpretation is compatible with our observation that
the hysteresis width increased slightly with increasing contact
conductance (not shown).

To rationalize the experimental data and gain insight into the
relation between the mechanical or structural properties and
the conductance of the contacts, a full set of density-functional
calculations was performed. While it is common practice to
address the mechanical behavior of contacts at the nanometer
scale through molecular dynamics and effective interatomic
potentials [41], the detailed and controlled nature of the
present experiments called for taking quantum effects on
the forces into account. Both the mechanical behavior and
the electron transport were addressed by means of our code
ANT.G [42,43] in combination with GAUSSIAN [44]. The atomic
and electronic structure of the relevant contact region were
obtained in a fully self-consistent manner and translated into
a conductance through a standard Green function formalism
with the help of effective self-energies representing the far
and less relevant part of the system [42,43,45,46]. To expand
the electronic density and represent the Green function,
the CRENBS minimal basis set was typically used, with
one s and three p orbitals, including its corresponding core
pseudopotentials [47]. Additionally, calculations with larger
basis sets such as the LANL2DZ were performed [48].
However, the resulting atomic and electronic properties were
virtually identical to the findings obtained by the minimal basis
sets. Tight-binding calculations of the electronic structure for
the same geometries led to similar results. A standard local
density approximation to the density functional was used.
The choice of the functional is not critical to the results for
monoelemental sp metals. The specific procedure to mimic
the experiments involved successive instantaneous structural
relaxations subject to certain geometrical constraints on the
boundary atoms of our system, which coupled to the bulk
substrate and the rest of the tip.

The geometry of the surface and of the contact was known
to a very good extent due to the imaging capabilities of
the STM. However, to reduce the large number of possible
atomic coordinates, the starting atomic structure of the tip
prior to contact had in part to be guessed. For all calcu-
lations, Pb tips grown in the (100) and (111) directions
were chosen. This choice was motivated by the findings of
several previous works. Pb tips grown along the (100) and
(111) directions exhibit {111} facets, which were shown to
exhibit the lowest surface energy [49]. Face-centered-cubic
metals in general realize (100) and (111) stacking directions,
which was demonstrated for, e.g., Au [9,50-52], Pt [52], and
Al [53] electrodes. Consequently, four obvious choices for the
tip termination were available, i.e., the commonly assumed
single-atom termination for both orientations and a termination
via a four-atom or three-atom plane parallel to the surface
for tips grown in the (100) and (111) direction, respectively.
While these choices did not cover all possible configurations,
the particular preparation of the tip (vide supra) certainly
reduced the number of possibilities. The clean Pb(111) surface
was represented by an embedded three-layer cluster of up to
100 atoms. The calculations revealed that hexagonal-close-
packed hollow sites of Pb(111) represent energetically favored
adsorption sites for single Pb atoms.
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Comparing calculated G, for (100) and (111) tips (Table I),
similar values were found. A notable exceptionis G, = 2.2 Gy
obtained for single-atom terminated (111) tips at Pb(111)
hollow sites. This elevated conductance may tentatively be
ascribed to the particular junction geometry where the tip con-
tinues the stacking of the sample. This situation may maximize
the transmission of transport channels. We further found that
(111) tips exhibited larger hysteresis widths than (100) tips.
Due to the larger surface-to-volume ratio of (111) tips, fewer
bonds need to be broken in the course of plastic deformations.
Therefore, (111) tips may be considered less stiff than (100)
tips, which favors more pronounced hysteresis effects. Apart
from this, Table I reflects the fact that (100) and (111) tips
exhibit similar trends. Consequently, we will concentrate on
the findings obtained for (100) tips in the following.

Entire conductance traces were calculated for tips ap-
proaching and retracting from on-top and hollow sites of the
pristine Pb(111) surface as well as Pb adatoms. Representative
data obtained for (100) tips are shown in Figs. 3(a) and 3(e) for
Pb(111) and in Figs. 3(b) and 3(f) for Pb adatoms. Additionally,
conductance traces for single Pb adatoms [Figs. 3(b) and 3(f)]
were simulated. The orientation of the tip structure with respect
to the Pb(111) lattice is indicated for the single-atom [Figs. 3(c)
and 3(d)] and the four-atom [Figs. 3(g) and 3(h)] terminated
tip. In the calculations, contact formation (Az = 0 pm) was
defined by a conductance increase exceeding 0.3 Gy between
two subsequent tip displacements. An additional requirement
was the variation of the conductance by less than 0.3 Gy for
two subsequent displacements in the contact range (Az >
0 pm). According to this definition, the single-atom terminated
Pb tip exhibited calculated contact conductances of G, = 0.7
and 0.9 G for on-top and hollow sites on Pb(111), respectively
[Fig. 3(a)]. The geometry of such low-conductance junctions
is depicted in Fig. 3(i) for the on-top configuration at dis-
placement Az = 0 pm. Distortions of the tip and the substrate
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were still elastic at this displacement. In particular, the tip
apex atom was centered atop the approached Pb(111) atom.
The calculations unveiled that the geometry of these low-
conductance junctions was unstable. Indeed, the simulations
revealed that these junctions exhibited the propensity for
atomic relaxations upon further tip approach. Approaching
the single-atom terminated tip toward the Pb(111) on-top
(hollow) site by 140 pm (60 pm) led to a strong increase of
the junction conductance, rather than to a plateaulike variation.
The calculated junction geometry showed the implantation of
the tip apex atom into the surface [Fig. 3(i), Az = 220 pm],
which caused the conductance increase.

Forming and breaking of contacts comprising a single-atom
terminated tip and the pristine Pb(111) surface revealed
hysteretic behavior [Fig. 3(a)]. The hysteresis widths were
extracted from calculated conductance traces according to the
procedure exposed in Fig. 1(a). For single-atom terminated
tips, hysteresis widths of 270 and 180 pm were obtained for on-
top and hollow sites, respectively (Table I). Figure 3(i) further
shows that single-atom terminated tips transfer their apex atom
to the bare Pb(111) surface upon contact, in agreement with
the experimental observation. Upon approaching a Pb(111)
on-top site, the tip apex atom was transferred to an adjacent
hollow site upon contact, reflecting the preferred adsorption
site of a single Pb atom.

Junctions comprising an atomically sharp tip and a single
Pb adatom showed the conductance-displacement character-
istics depicted in Fig. 3(b). In contrast to the simulation of
contacts comprising the pristine Pb(111) surface, a nearly
gradual evolution of the conductance in the transition range
between tunneling an contact was observed, rather than an
abrupt jump. The contact conductance was 0.9 Gy and thus
appreciably lower than the averaged experimental value. Only
a few contacts were experimentally observed with a similarly
low conductance [Fig. 2(b)]. In addition, a conductance
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FIG. 3. Calculation of conductance-distance characteristics for forming and breaking Pb contacts with a tip grown along the (100) direction.
(a) A single-atom terminated tip approaches (filled symbols) and retracts from (open symbols) on-top (squares) and hollow (circles) Pb(111)
lattice sites. (b) Same as (a) for a single Pb adatom (triangles). (c),(d) Position of single-atom terminated tip (filled and hatched circles for an
apex atom and second-layer atoms, respectively) relative to the Pb(111) lattice (circles) for contacts comprising the on-top (c) and the hollow (d)
site. (e),(f) Like (a),(b) for a four-atom terminated tip. (g),(h) Position of four-atom terminated tip (filled circles) relative to the Pb(111) lattice
(circles) for contacts comprising the on-top (g) and hollow (h) site. (i) Snapshots of calculated contact geometries for a single-atom terminated
tip approaching an on-top site of pristine Pb(111). Increasing (decreasing) displacements (Az) correspond to the tip approach (retraction).
Upon retraction, the tip apex atom (encircled by a full red line) is transferred to a Pb(111) hollow site adjacent to the approached on-top site.
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hysteresis was virtually absent for the simulated contacts to
adatoms.

The broad range of contact conductances observed in the
experiments, i.e., ~1.0 to ~5.0 Gy for Pb(111) and ~0.7
to &3 Gy for Pb adatoms, could not be explained by tip
apices terminated by a single atom alone. According to
Table I, calculated contact conductances comprising single-
atom terminated (100) and (111) tips and on-top and hollow
sites of Pb(111) range from 0.7 to 2.2 Gy, respectively,
while contacts to a single Pb adatom exhibit a conductance
range spanning 0.9-1.2 Gy. These deviations to experimental
observations represented the impetus to likewise consider
junctions comprising tips terminated by more than a single
Pb atom in the simulations.

Representative conductance-displacement characteristics
are displayed in Fig. 3(e) for contacts of (100) tips at
on-top and hollow Pb(111) sites and in Fig. 3(f) for single
Pb adatoms residing at Pb(111) hollow sites. In agreement
with the experiment, abrupt changes of tunneling to contact
conductances and jumps out of contact occurred in the
calculations. The calculated contact conductance for on-top
and hollow Pb(111) sites was 2.2 and 4.5 Gy, respectively.2
Contacts comprising a four-atom terminated tip and a single
Pb adatom exhibited a conductance of 2.2 Gy. The calculated
hysteresis widths were 200 and 140 pm for on-top and
hollow sites of Pb(111), respectively, and 260 pm for the
Pb adatom. The simulated hysteresis width for the adatom
junction exceeds the experimentally most frequently observed
widths between 0 and 50 pm [Fig. 2(d)]. A few junctions
exhibited hysteresis widths in the range of 200-450 pm, which
are compatible with the calculated result, in particular when
(111) tips are considered (Table I). For the other ideal contact
geometry considered in the calculations, i.e., a single-atom
terminated tip and the adatom, an essentially vanishing H
was obtained [Fig. 3(b)]. Therefore, the experimental junction

2Calculations revealed that contacts comprising a four-atom termi-
nated tip apex and on-top sites of Pb(111) involved many atoms in
the contact range. In particular, decreasing the tip-surface distance
led to an increase of the conductance without reaching a plateaulike
conductance variation. Therefore, for this specific junction geometry,
contact was defined at the same displacement Az at which contact
was reached for junctions comprising four-atom terminated tips and
Pb(111) hollow sites.
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most likely adopts a geometry within the range of these two
extreme and ideal cases. Unlike the simulations based on
a single-atom terminated tip, the approach of a four-atom
terminated tip to a single Pb adatom on Pb(111) [Fig. 3(f)]
showed—in accordance with the experiment—an abrupt jump
to and out of contact. Therefore, considering both single-atom
and four-atom terminated tips in the simulations led to an
improved description of the broad conductance distribution
observed in the experiments. Furthermore, the conductance
hysteresis observed from closing and opening the junctions
was well reproduced.

IV. CONCLUSION

Closing tunneling junctions comprising Pb tips of an
STM and Pb(111) surfaces occurred via an abrupt jump to
the first ballistic-conductance plateau. Upon opening such
junctions, a pronounced hysteretic conductance behavior was
observed. In contrast to previously studied Au junctions, the Pb
conductance hysteresis was not solely due to elastic distortions
of the electrodes. Rather, it reflected the plasticity of Pb
constrictions even at the ultimate size limit. Additionally,
to comprehensively describe electron transport through the
biased Pb contacts and mechanical relaxations of the junctions,
simulations had to deviate from the commonly assumed simple
pyramidal tip structure and include more complex tip apices
that were terminated by more than a single atom. The presented
findings, therefore, highlight the fact that low-conductance
junctions do not necessarily reflect simple junction geometries.
Moreover, the results are relevant to mechanical deformations
at the nanometer scale.
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