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Z U S A M M E N FA S S U N G

Die fortschreitende Miniaturisierung von elektronischen Schaltkreisen
bedingt eine damit einhergehende Verkleinerung der elektrischen Ver-
bindungen, deren Zuverlässigkeit genauso gewährleistet sein muss,
wie die der aktiven Elemente. Dieses seit Jahrzehnten bestehende For-
schungsgebiet untersucht die Ursachen der sogenannten Elektromi-
gration, worunter die Bewegung von Atomen durch den elektrischen
Strom verstanden wird. Neben dem Verständnis des Mechanismus ist
auch die Suche nach robusteren Materialien das Ziel.

Laufende Verbesserungen, wie beispielsweise neue Materialien, si-
chern die Zuverlässigkeit der informationstechnischen Infrastruktur
des 21. Jahrhunderts. Das Erreichen der nur noch wenige Nanometer
großen Abmessungen bewirkt auch einen immer größer werdenden
Einfluss der Quantenphänomene auf die auftretenden Effekte. Diese
Arbeit setzt sich zum Ziel, Elektromigration auf der Basis von Einzela-
tomkontakten näher zu untersuchen.

Hierzu wurde das Metall Blei als neues Materialsystem eingeführt,
um stabile supraleitende Kontakte für fortgeschrittene Spektroskopie-
methoden zu erhalten. Die gründliche Charakterisierung des Metalls
Blei bezüglich normal- und supraleitender Eigenschaften, elektrischer
Phononenanregung und elektronischen Leitungskanälen zeigt über-
einstimmende Ergebnisse mit zuvor veröffentlichten Arbeiten an ähn-
lichen Proben.

Untersuchungen des stromgetriebenen Schaltens zwischen einzel-
nen atomaren Konfigurationen zeigten unterschiedliche Charakteris-
tika gegenüber der angelegten Spannung und des Stroms. Ein syste-
matischer Unterschied stellte sich zwischen Blei und dem Referenz-
material Gold heraus. Das Einstellen von bistabilen Konfigurationen,
die durch kurzzeitige Strompulse zwischen zwei Zuständen umge-
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schaltet werden können, zeigte übereinstimmende elektronische und
phononische Signaturen für wiederkehrende Zustände.

Um die Einflussgrößen des Schaltverhaltens zu identifizieren, wur-
de auch der supraleitende Zustand untersucht. Dabei konnten keine
Unterschiede zu normalleitenden Kontakten ausgemacht werden.

Hingegen zeigte sich, dass eine Temperaturerhöhung einen Ein-
fluss auf das Schaltverhalten hat, da hierbei wahrscheinlich der
Gleichgewichtszustand und die Potenziallandschaft modifiziert wer-
den. Schließlich konnten anhand eines monostabilen Zustandes die
Potenzialhöhe abgeschätzt werden.
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1
I N T R O D U C T I O N

The miniaturization of electronic circuits to optimize the individual
active elements, i.e. the only few atoms thick layers brings the classical
top down approach, which shrinks macroscopic elements further and
further, to its physical and fabrication limits. Yet, improvements of the
fabrication and more sophisticated technology enabled a continuation
of the minimizing processes. Due to the rising costs associated with
the shrinking of the structure size, it becomes difficult to follow the
Moore’s law.

Gordon Moore’s predicition [1] led to a doubling of the number of
transistors on a chip every two years. For decades, the expensive fabri-
cation of smaller and faster transistors could be financed by the large
amount of identical chips being sold. Changed market conditions,
i.e. the more and more important mobile computing, demand spe-
cialized solutions which do not justify the enormous costs associated
with reaching the ultimate limit of only several atom-wide gates [2].

Today’s inventions like the gate-all-around MOSFET is only one ex-
ample of how the physical limits lead to extraordinary concepts. In
addition to the active elements, the focus moves to the study of mi-
croscopic conducting paths connecting the transistors inside an inte-
grated circuit (IC).

An important aspect of the durability of ICs are the metallic inter-
connections which are currently produced from copper (Cu) instead
of aluminum (Al) to increase its conductivity. Additionally, Cu is less
affected by the movement of mass due to electric forces, a process
called electromigration, because of its higher binding energy. Nowa-
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introduction

days, tungsten (W) is more and more used for parts of interconnects
exhibiting better performance [3]. As the dissipated power in chips
increases only little, the length of interconnections per chip increases
while the width decreases. This all demands a great improvement of
the electromigration performance [4].

Many models and theories have been published mainly from a dif-
fusion point of view [5, 6]. Yet, a microscopic model in mesoscopic
systems, like in particular for ballistic contacts, is still missing.

This work shall give further insight into the mechanism of electro-
migration as in atomic-size contacts exemplified for the metal lead
(Pb). This soft metal offers robust superconductivity with high en-
ergy gap and critical parameters to provide additional spectroscopic
methods. Additionally, the valence of three offers the possibility to an-
alyze the influence of the orbital nature of electronic conduction onto
current-induced rearrangements. The quasi-standard material gold
shows only single valence and can be used as a reference.

After outlining the present state and development in the research
of electromigration in nano-scale conductors, chapter 3 will introduce
the necessary basic concepts behind the description of ongoing ef-
fects. This description includes electronic transport effects found in
nano-scopic transport and related spectroscopic methods for probing
electronic and phononic excitation. While a macroscopic model is pre-
sented for electromigration to motivate the study of the atomic move-
ment, the more complex phenomena of mesoscopic superconductivity
such as effects like Andreev reflections are presented to understand
the samples’ characterization studies.

For the optimization of the experimental setup and the successful
fabrication of thin-film samples made from Pb, chapter 4 is devoted to
all steps leading to a reliable measurement of the nano-contacts. As Pb
was introduced as new material, important changes in the fabrication
process are presented. The redesigned measurement system consist-
ing of a Heliox cryostat from Oxford Instruments was completed with
up-to-date instruments. The newly developed control software writ-
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ten in Python enables modular extension and is used for three setups,
in total.

A variety of measurements was performed to characterize the bare
samples and to compare the data with previous results for related sys-
tems. In this first part of chapter 5, the electronic and superconduct-
ing parameters of thin-film Pb break junction samples are in the focus.
The following part deals with the examination of current-induced re-
arrangements in atomic contacts based on the Pb break junctions.

In chapter 6, the performed steps and findings of this work are
summarized. Combining the newly gathered results with possible
future experiments and ideas, a perspective for the project to continue
is presented.
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2
S TAT E O F T H E A RT

The transport of atoms triggered by an electric field was first described
in molten alloys by Geradin in 1861 [7]. Modern studies were started
by Seith and Wever in 1953 who could attribute the phenomenon more
precisely to the flowing charge carriers. By reversing the current di-
rection, the mass movement could be turned as well [8].

With the upcoming development of microelectronics, research in
the electromigration process of metallic interconnections started in
the late 1980s. In 1997, IBM could improve the electrical conductance
by replacing the interconnect material of choice Al by Cu. As shown
by studies, Cu is also more robust towards electromigration due to its
higher binding energy. The need for more performance in ICs affects
not only the size and technology of the active components, the passive
connections are of great importance as well. This growing interest is
evidenced by recent publications on this topic. Oates [9] emphasis the
importance of reliable interconnects for upcoming generations of for
the silicon technology. Further investigation of metallic interconnects
made from Cu [10, 11] and nanocontacts made from other metals [12,
13] are topics of ongoing research.

As the scale of the connections was shrunk to the nanoscale, the
dimensions reached the range of the quantum regime where the
electronic transport is ballistic. This downscaling increases the in-
fluence of the microscopic properties of the conductors, i.e. step
edges and grain boundaries [14]. Research by Stahlmecke et al. on
nano-fabricated polycrystalline gold and monocrystalline silver wires
revealed opposing strength of the so-called wind and direct forces
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state of the art

[15–17]. When applying a current to nanowires, by real-time imaging
they could identify a void formation. Voids appearing either at the
anode or cathode side related to a dominating direct or wind force,
respectively. While the gold wire showed a prevailing wind force as
observed for other polycrystalline metals before, the silver wire was
more exposed to the direct force.

In contrast to large contacts, a diffusion model related to a con-
centration gradient is not longer applicable when single atoms are
studied. Scanning tunneling microscopy (STM) offers high-resolution
imaging in the atomic limit to observe changes in real-time and real-
space [18–20]. The actual manipulation of ad-atoms by STM with
sufficiently high voltages and currents was reported earlier [21–23].

These studies can be combined with scanning force microscopy re-
vealing the related force scales for the manipulation of single particles.
Ternes et al. [24] showed that up to 0.2 nN are needed to move CO
molecules on a Cu surface. Forces obtained by ab initio calculations
for Au atoms moving across the surface in an electromigrated junction
exhibit an energy barrier of roughly 200 meV and a similar force in
the range of up to 0.3 nN as seen in Figure 2.1. The electromigration
of Ag atoms in small Ag islands requires much less force in the range
of only 10−14 N according to Tao et al. [25]. These experiments help
to classify the processes taking place.

Theory work for the basic understanding of current-induced forces
in atomic wires were published in the early 2000s [27–29], while
Dundas presented more application-oriented results on atomic mo-
tors [30]. As the influence of surface effects plays a big role, the pre-
dicted power of the theory is limited.

Especially reversible switching exploiting bistable switching states
in atomic contacts, so called atomic switches, attracted attention. First
evidence of single-atom switches was published by Schirm et al. [31,
32] for Al at low-temperatures as shown in Figure 2.2.

After establishing a few-atomic contact by mechanical stretching,
the applied current is slowly varied in a triangular way to an alternat-
ing polarity. Sometimes, the atomic arrangement can be conditioned

6



state of the art

Figure 2.1.: The figure shows the model and results from ab initio calculations on
single-atom switches. Model a shows two positions of the analyzed Au atom while
position B is located at the hollow site between A and C. The energy curve b for the
migration of a single Au atom. In c, transmission spectra are presented for the three
points. The last figure d shows the force while moving the atom along its path from
A to C. With kind permission from [26].

to switch between two stable states (Figure 2.2, a). When recording
a conductance jump, the ramping polarity was inverted which some-
times led to a switching back to the initial state. The channel compo-
sition was analyzed by superconducting multiple Andreev reflection
to stay the same for each state (Figure 2.2, b).

As the switching state is encoded in the position of only few or
even one atom, they might be the smallest memory bit accessible with
only two leads. Further experiments involving few-atomic switches
were carried out by Wang et al. [26] at room temperature. It shows for
Au, that mainly conductance differences of 0.7− 1.2G0 are observed.
These measurements are performed in an atmosphere with an Argon
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Figure 2.2.: Measurements recorded on an Al sample shows robust bistable switch-
ing in a. The upper curve shows conductance against time while the symbols ac-
count for a conduction channel decomposition performed by multiple Andreev re-
flection. b exhibits non-linear I-V curves recorded in the superconducting state for
both presented atomic arrangements. By fitting these I-Vs, the channel composition
is obtained. With kind permission from [32].

pressure of > 100 hPa. A lower pressure resulted in a considerably
faster self-breaking.

With the help of stochastic resonance induced by an optimized
noise amplitude, Yoshida and Hirakwa [33] could reduce the needed
threshold voltage to approximately 10 %. Low-voltage operation at
ambient conditions as needed for every-day applications seems to
come within reach.

The current-induced movement of mass takes place in almost every
material when supplying a sufficiently high current density. When
regarding a nano-contact, the linear relation between area and resis-
tance is not longer given. Investigating only few-atom thick contacts
will make the quantity current density obsolete. A description of the
electronic system by atomic orbitals is appropriate. Their quantum
properties can lead to different findings. Which parameters influence
the nanoscopic contact change like, e.g. valence of the atom?

As previous experiments performed on metal [26, 32] and oxide
junctions [34] analyzed the back-switching by electrical currents, the
influence and range of interface effects is not examined. The question
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arises if superconducting leads and interfaces without dissipation will
change the processes taking place at the moving atom.

Measurements at room temperature show the influence of a rising
temperature at the contact which can even lead to thermal runaway.
When not using a feedback circuit, the thermal runaway will melt the
nano-wire in an uncontrolled way [19, 35, 36]. More controlled exper-
iments can be performed at cryogenic temperatures as the thermal
energy of the idle contact is small compared to the barrier energy.
How do the switching parameters change when increasing the base
temperature of the sample?
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3

B A C K G R O U N D

For understanding the basic idea behind the results presented, the
following chapter will give a short introduction to the theory of some
important aspects presented in this thesis.

The classical picture of electronic transport relies on moving elec-
trons which periodically interact with phonons or lattice defects. Here,
the length scale between two collisions, l, is the elastic mean free path
since energy is conserved. The sample geometry L will then distin-
guish two regimes: the classical diffusive regime with l � L and the
ballistic regime for l > L. The latter exhibits a straight trajectory of the
moving electrons with a constant momentum in reduced dimensions.

For inelastic scattering, the electron’s phase memory is not con-
served leading to a second classification by the phase-coherence
length Lϕ. For Lϕ > L, the phase information is still conserved in
the order of the sample’s geometry. For this case, the system is de-
noted as mesoscopic [37].

3.1 electronic transport spectroscopy

The physical phenomena investigated in this thesis depend on the
electronic system of the metallic sample. A basic approach of the
description of electronic conductivity is the Drude model that gives
e.g. rise to Ohm’s law in the classical limit. However, to describe
mesoscopic contacts more sophisticated models must be considered.
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Coming from basic tasks like recording current I(V0) with applied
fixed bias V0 which provides the junction’s resistance, a full current-
voltage (I − V) trace measuring I(V) yields more physical evidence.
The more sophisticated spectroscopic methods shall be described as
well.

All occupied states in the free electron model form the Fermi sphere
which is symmetric around~k = 0 in equilibrium. Applying an electric
field ~E to the metal will shift all the occupied states along the field axis
according to

δ~k(t) = − e~Et
h̄

(3.1)

adding δ~k which is linear over time t to the momentum of every elec-
tron. Due to electron-electron scattering, lattice defects, and impu-
rities, the momentum will be changed, resulting in a different ~k di-
rection. The characteristic time τ with the mass m and the electron
density n defines the electrical conductivity σ

σ =
ne2τ

m
(3.2)

which is inverse to the resistivity ρ = 1/σ. As this simple model is
in the classical limit l � L, it can only be applied to the connecting
leads.

3.1.1 Mesoscopic transport

An important test-bed for mesoscopic transport are quantum point-
contacts as created by single-atom contacts in a mechanically control-
lable break junction (MCBJ) setup.

Treating electronic channels in the ballistic conductor as the eigen-
modes of an electron in a box, only modes below the Fermi en-
ergy EF will be able to carry currents. Taking the tunneling
model, the transmission probability of an electron through a poten-
tial barrier with height Φ and length L can be estimated to T ∝
exp

(
−2L

√
2m(Φ− ε)/h̄

)
with the applied bias ε = eV < Φ [37].
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3.1 electronic transport spectroscopy

When individual transmission probabilities τi of the independent
electronic eigenmodes are considered, the full transmission T over all
modes can be obtained by

T = ∑
i

τi (3.3)

known as the Landauer approach [38]. Hence, the total conductance G
is the sum over all the single transmission probabilities of the contact
multiplied by the conductance quantum G0:

G = G0T, G0 =
2e2

h
(3.4)

With a linear current-voltage relation, the current I at given bias V
can be the same for many low or few highly conducting channels

Iτ=1.0(V) = VG0

10

∑
1

0.1 = VG0

2

∑
1

0.5 (3.5)

with no possibility to distinguish the channel composition. A possi-
bility to disentangle the composition is presented later with the use of
superconductors.

3.1.2 Tunneling spectroscopy

A widely used instrument to characterize the sample’s electronic prop-
erties is scanning tunneling spectroscopy, which is closely related to
STM. Hereby, two opposing electronic baths (tip and sample, now only
left and right) are energetically offset by applying a voltage bias V. The
measured current is proportional to the energy integration dε over the
density of states (DOS) ρl/r(ε), the applied bias voltage V and temper-
ature T with the Fermi function f (ε) with ε given here relative to EF
which is assumed to be equal for both electrodes:

I(V, T) ∝
∫ +∞

−∞
ρl(ε)ρr(ε + eV) · (3.6)

· [ f (ε, T)− f (ε + eV, T)]dε (3.7)
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A net current will flow, if electronic states are occupied on one elec-
trode when a state is empty at the same energy ε on the other elec-
trode. Usually in STS, a normal conducting tip like Pt/Ir or W is used
to obtain a constant DOS ρl(ε) = ρ0 to simplify the analysis of the
obtained spectra. If the DOS ρr varies on an energy scale ∆ε � kBT,
the relation

ρr(ε) ∝
dI(V, T)

dV
(3.8)

yields direct information about the sample’s DOS. For two energy-
dependent and unequal ρl/r(ε) like in the superconducting state, the
recorded dI/dV represents a convolution of ρl(ε) and ρr(ε). This data
cannot be deconvolved in general. Assuming both electrodes to ac-
commodate the same DOS ρl(ε) ≡ ρr(ε) := ρ(ε), one can fit Eq. (3.6)
to the measured data and extract ρ(ε).

3.1.3 Inelastic electron tunneling spectroscopy

An important spectroscopic method is Inelastic Electron Tunneling
Spectroscopy (IETS) which will allow us to see vibrational excitations
of molecules in the electronic transport. Starting with the normal
elastic tunneling process as described in Eq. (3.6), the model has to be
enhanced by an inelastic transport channel as shown in Figure 3.1 a.

Vibrations can be excited by scattering with the travelling electrons
in the lattice or in a molecule in the current path. If vibronic excita-
tions couple to the electronic systems, energy can be deposited in a
vibration mode. As the energy of typical vibronic excitations is in the
range of 5− 30 meV for solids (phonons), molecules exhibit vibrations
from tens to hundreds of meV.

When the bias voltage eV is larger than the excitation energy of a
specific mode h̄ω, the inelastic process will make a second empty state
accessible for the tunneling electron, thereby increasing the transmis-
sion probability. This opening will lead to a kink in the I −V or to a
step in the conductance G as seen in Figure 3.1 b. A clearer signature
of this process is a peak in the second derivative of I, which should

14



3.1 electronic transport spectroscopy

Figure 3.1.: Process of IETS demonstrated with a vibration mode at E0 = h̄ω0
(adapted from [39]). a shows two biased electrodes where electron transport can
take place either elastically (1) or inelastically (2) by transferring E0 to a vibration
mode of a molecule e.g. b The 2

nd path will increase the conductance by adding
another empty state in the right electrode. As the lower sketch is exaggerated in
amplitude, the detection is mainly done by measuring the differential conductance
G = dI/dV and its derivative d2 I/dV2.
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be anti-symmetric with respect to bias reversal for a symmetric I −V:

I(V) = −I(−V) (3.9)

The experimentally measured linewidth Wexp of the vibrational ex-
citations in an IET spectrum consists of mainly three contributions
[40, 41]:

• Owing to the finite lifetime of the excitation, an intrinsic
linewidth Wint of the excited vibration exists which adpots a
Lorentzian shape.

• A thermal broadening of Wth ≈ 5.4kBT is introduced due to
smearing of the Fermi distribution. The broadening can be well
described by a Gaussian shape [42].

• By the applied AC voltage in the experiment an additional
broadening of Wmod ≈ 1.7eVAC is introduced with a complex
shape [42].

Wint and Wth can be well combined to a Voigt profile representing the
convolution of a Lorentzian distribution with a Gaussian distribution.
Unfortunately, the complicated shape of Wmod renders an analytic
expression for the full spectral width difficult. An estimation is given
as shown in Eq. (3.10) [37, 40, 43].

Wexp =
√

W2
int + W2

th + W2
mod (3.10)

3.1.4 Point-contact spectroscopy

For decades, point-contact spectroscopy was used to gain detailed in-
formation about the phononic properties of solids. As the method’s
name suggests, a rather small contact in the range of tens of nanome-
ters shall be created. Naidyuk and Yanson list the following meth-
ods [44]:
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3.1 electronic transport spectroscopy

• Thin film Popular planar tunnel junctions of the 1970s could
nicely be used for point-contact spectroscopy (PCS) [45]. Hereby
a think film of the desired material is evaporated and subse-
quently oxidized to form a thin insulating layer. As last step
the same material is again evaporated on top. During this pro-
cess, pinholes in the insulating layer will form and open thin
conductive connections which can be further tuned by current
pulses.

• Needle-anvil Even though nano-positioning is common prac-
tice by now, in the 1970s such precision was unreachable. 1977

Jansen et al. [46] published spectra obtained by approaching a
sharpened wire of some tens of micrometers tip radius onto a
flat counter electrode. Because of an oxide layer on the elec-
trodes the effective contact area was smaller than the mechani-
cal impact. As the oxide and adsorbed impurities can move into
the contact, a clean junction cannot been guaranteed.

• Nano-fabricated contact Without using any mechanical appa-
ratus, the enhanced lithographic possibilities could be used to
design and dry-etch nano-contacts in thin silicon nitride mem-
branes with subsequent evaporation. [47]

As the MCBJ method creates contacts in the ballistic regime much
smaller than the scattering length, PCS is a grateful analysis tool to
gain information about the phononic character of a specific contact
formation which is sensitive to the microscopic structure of the junc-
tion.

According to Naidyuk and Yanson [44], the point contact’s resis-
tance can be estimated with the Drude resistivity ρ = mevF/ne2l com-
bining electron density n and mass me, Fermi velocity vF, diameter d,
and mean free path l to:

R ' 16ρl
3πd2 +

ρ

d
(3.11)

The formula holds for an intermediate regime between clean l > d
and dirty l < d. The second term ρ

d can be treated as a correction
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by scattering for d/l � 1. Thus we can write R with the Sharvin
expression for the ballistic regime:

R ' RSh

(
1 +

3πd
16l

)
= RSh

(
1 +

3πd
16vFτ

)
(3.12)

The mean free path is limited by an energy-dependent scattering time
τ(eV) which is related to the electron-phonon interaction (EPI) func-
tion α2F(ε) as given by Grimvall [48]:

τ−1
el−ph(eV) =

2π

h̄

∫ eV

0
α2(ε)F(ε)dε (3.13)

Implementing this scattering time as source for a resistance increase
into the 2

nd term of Eq. (3.12) and calculating the differential resis-
tance yields a direct relation between a measurable second derivative
of voltage to current and the EPI function:

d2V
dI2 ∝

dR
dV
' RSh

3π2ed
8h̄vF

α2F(eV) (3.14)

This signal is called point contact spectrum and is easily measurable
by the lock-in technique as explained in Section 4.4.2.

3.2 electromigration

The current density j which is needed for electromigration (EM)
varies with the geometry. In bulk samples, the threshold of EM can
be 104 Acm−2, while thin films can carry up to 107 Acm−2 due to
stronger thermal coupling [49, 50].

Both, higher current density j and higher temperature accelerate the
process of EM to have observable results in an experiment. The mean
failure time t50 can be expressed with the hopping energy barrier EA
and a material dependent parameter B as [51, 52]

t50 =
BT2

J2 e−EA/kBT . (3.15)
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The motion of an atom in the lattice is mainly nucleated at vacan-
cies or impurities i.e. at lattice defects. EM includes two mechanisms:
Diffusion and directed motion by a driving force. As diffusion is a
random process, the direction in which the lattice defects move is arbi-
trary. The diffusion coefficient D will increase with temperature thus
facilitating a movement by atoms switching places with vacancies.

3.2.1 Driving force

If an electric field E is applied, a driving force Fdrive is introduced
to the system coercing a preferred direction. Fdrive consists of two
parts which are labeled as direct force Fdirect originating in the electric
field force acting on the charged ion and the so-called wind force
Fwind which is mediated by the scattering of electrons as illustrated in
Figure 3.2.

Figure 3.2.: Two major forces are used to describe the mechanism of electromigra-
tion. The direct force originates from the applied electric field while the wind force
is mediated by electrons scattering with the positively charged ions. Both forces
depend on the electric field in the vicinity of the ion. Adapted from [17].
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According to this simple picture, a combination of both forces in the
framework of the electric field force Fel = qE yields with the charge
state Z an effective valence Z?

Fdrive = Fwind + Fdirect = (Zwind + Zdirect)eE = Z?eE (3.16)

which has been measured for different systems [53].

From the start, a controversy exists about the acting force. Bosvieux
and Friedel [54] predicted in 1962 the metallic ion’s charge to be fully
screened by the surrounding electrons leaving only the wind force
as effective force. An exact linear-response expression devolped by
Kumar and Sorbello in 1975 [55] led to a screening of only 10 to 30 %
[56, 57].

Ab initio calculation performed by Dekker and Lodder yield a value
of Zwind,Pb = −3.4 at 473 K [58]. This value varies for different types
of lattice defects. If impurities are involved, its material will influence
the number of available valence electrons thus affecting Z?. Their cal-
culations reveal values as high as Zwind,Cu = −272 for copper with
manganese impurities. As calculations point out, Zwind can even
become positive in case of a hole-like current transport e.g. in Nb.
Which force predominates, is system-dependent. Stahlmecke found a
mass transport in opposit directions of crystalline silver wires, poly-
crystalline gold (Au) wires, and carbon contaminated wires [17].

Another microscopic theory was developed by Brandbyge et al. us-
ing DFT. Taking a three-atomic Au wire as test object, they attribute
the breaking of the contact to a change of the population of the bond-
ing and antibonding orbitals [28]. For one-dimensional objects, the
dissipation mechanism is excitation of phonons by hot electrons. For
currents as low as G0Vph ≈ 1 µA with the phonon energy eVph, no
dissipation takes place in the wire [59]. Above this threshold, heating
takes place in the contact. Though, the 3D anchors connecting the 1D
system will heat up by Joule heating.
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3.2.2 Temperature

As stated before, the driving force and temperature are challenging to
distinguish effects of EM. Besides, due to Joule heating the real tem-
perature at the moving ion’s environment is higher than the substrate
temperature. Trouwsborst et al. analyzed the EM behavior of an Au
wire at different substrate temperatures from 4.2 to 295 K while mon-
itoring the junction’s actual temperature [60]. Although, the substrate
temperature was varied by almost 300 K, EM emerges in a narrow
range between 330 and 420 K.

Even though temperature is an important aspect of the process, it is
difficult to control. Due to the electronic current, local heating of the
junction will occur which cannot be measured by external thermome-
ters. Yet, simulations can be performed to estimate the temperature
near the center of the junction.

3.2.3 Binding energy

One crucial material-dependent parameter is the binding energy of
the lattice atoms which is closely related to the melting tempera-
ture. Local variations exist at the atomic position located in the bulk,
surface, defects or grain boundaries [14]. While atoms in the bulk
tend to have a higher binding energy compared to the surface atoms
and grain boundaries, atoms near defects can vary to have higher or
lower values. Measurements of the binding energy were performed
by Trouwborst et al. [61] for Au dimers.

3.3 superconductivity

Superconductivity was first discovered by Heike Kamerlingh Onnes
in 1911, while cooling mercury to very low temperatures with his
newly built helium liquefier. Kamerlingh Onnes was investigating
how low the resistance of a very pure metal can drop when lowering

21



background

the temperature. While reaching the temperature of liquid helium,
the resistance dropped abruptly to a not measurably low value.

It took more than 40 years to find a microscopic theory and expla-
nation for this new effect. After the development of the phenomeno-
logical Ginzburg-Landau theory in 1950 [62], Bardeen, Cooper, and
Schrieffer showed that a weak attractive interaction near the Fermi
energy of electrons can lead to a pairing. They identified a phonon-
mediated attractive force between two electrons which will condense
two electrons to so-called Cooper pairs (CP).

To facilitate terms, a normal conductor is abbreviated as N while
for a superconductor an S is used. If vacuum or an electronically
insulating layer separates two conductors, an I is inserted. For ease
of reading, the excitation of an electron in the conductor will be still
called an electron even though it is strictly speaking a quasiparticle
(QP).

3.3.1 BCS theory

Following [63], two scattered electronic k states inside the Fermi
sphere will only find free states outside the sphere. Those two elec-
trons would surely increase the kinetic energy of the whole system
but one can show that a formation of a Cooper pair by condensing
two electrons will lower the total energy in the weak-coupling limit
V0D(EF)� 1 by

E ≈ −2h̄ωD exp
(
− 2

V0D(EF)

)
(3.17)

with a small attractive interaction V0 and the Debye frequency ωD as
characteristic energy scale for the phonon-mediated interaction.

The relation between the critical temperature Tc and interaction
strength D(0)V0 leads to

kBTc =
2eγ

π
E0 exp

(
−1

D(0)V0

)
(3.18)
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with the phonon energy E0 = h̄ωD and the Euler–Mascheroni constant
γ. For the weak-coupling superconductors, a good approximation of
Tc and ∆0 is made by

2∆0

kBTc
=

2π

eγ
≈ 3.52 . (3.19)

Important in this work is the density of states ρ(ε) which can be
calculated according to the BCS theory by

ρ(ε) =

ρN
|ε|√

ε2−∆2
0
|ε| > ∆0

0 |ε| < ∆0

(3.20)

with ρN the normal conducting DOS (see Figure 3.5).

3.3.2 Josephson effect

When two superconductors are weakly coupled, e.g. via a tunneling
barrier, a phase difference is established and gives rise to novel phe-
nomena known as Josephson effects [64].

An S-I-S contact consists of two superconductors separated by a
thin insulating barrier like Al-AlOx-Al, or in case of a MCBJ sample,
the separation of the two electrodes in the picometer range. Placing a
normal metal between the two reservoirs will form an S-N-S contact
representing a weakly superconducting normal metal due to induced
superconductivity by proximity effect. If the interface is created by
narrowing the lateral size to below the superconducting coherence
length, the constriction c will act as separation in a S-c-S arrangement.

For the phase difference ∆ϕ will lead to a reduction of the actual
critical current Is of the contact following

Is = Ic sin ∆ϕ (3.21)

in a sinusoidal way.
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Applying a constant voltage V over the junction will force the phase
to shift periodically with the Josephson frequency ωJ = 2eV/h̄ and will
induce a supercurrent according to

Is = Ic sin ωJt (3.22)

3.3.3 Andreev reflection

In a mesoscopic SNS or SIS contact, the coupling of the macroscopic
wave function over the barrier is weak. A transport of CPs will be
almost suppressed but tunneling of single electrons will still be pos-
sible according to the usual tunnel effect as described earlier. If an
occupied state and a vacant state are aligned in the energy scale, a
current transport will be possible.

In a superconductor, the energy gap around EF shifts all electronic
states to an energy higher than ∆. Thus, a solely electronic transport
between two superconducting electrodes can only happen with high
enough bias eV > 2∆, since both sides of the contact have to be ener-
getically offset by ∆ as seen in Figure 3.3 a.

We use here a combined representation of the boson picture and the
semiconductor representation for the density of states of the quasi-
particles. This is practical, since Andreev reflection describes a con-
version form quasiparticles into Cooper pairs and vice versa. In the
boson representation, which is the most general picture, the CP con-
densate is energetically located at the Fermi level and there are no
states to be considered below the Fermi level. In the semiconductor
representation in the ground state electrons are in the "hole" band be-
low Delta below EF. Care has to be taken when calculating currents,
since in this mixed representation all electrons appear twice: as part
of a CP and as quasiparticle in the hole band. However, the energy
conservation in the various transport processes can be easily visual-
ized.

Despite the missing states for quasiparticles, current transport is
possible by a process postulated by Andreev in 1964 [65] for low bias.
Labelling the left superconductor as 1 and the right one as 2 and with
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Figure 3.3.: Depending on the voltage bias at the junction, different transport mecha-
nisms take place. For eV > 2∆, a, normal conducting electrons can pass the junction,
since empty states are filled from occupied states as in a usual tunnel contact. An-
dreev reflections are needed for transport at ∆ < eV < 2∆, as no electronic states
are available on one side b. An electron will travel across the junction being retro
reflected according to the Andreev reflection coefficient ai. By this reflection process,
a Cooper pair (CP) is formed. In c the case for even lower voltages is shown. Mul-
tiple Andreev reflections involve breaking and creating of CPs at both sides while
transporting electrons and holes across the junction.
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eV > ∆, the filled states of S1 are aligned with EF of S2, where no
electronic states exist. Andreev reflection sets in when an electron is
transferred from S1 → S2. The probability to enter S2 is determined
by the Andreev reflection coefficient ai as presented in Figure 3.3 b. It
is important to note that by using |ai|2, the phase information is lost.
This approach can be pursued for a qualitative analysis. However, the
phase is needed for the correct calculation of the current [66, 67]. For
|ai|2 = 1, a tunneling electron will be fully reflected as a hole at EF,
filling up a CP state in S2. As this process involves two particles, a
finite coupling of the electrodes is needed to contribute significantly
to the current transport. Such coupling can be found in atomic-size
contacts as established in MCBJ experiments.

For eV < ∆ only higher-order processes can take place, where CP
states of both superconductors will be involved. The 1

st order of mul-
tiple Andreev reflections can be described by transferring one electron
from S1 to S2. According to the Andreev reflection coefficient due to
the expelled electronic states, a hole is reflected. Back in S1, again,
no electronic states are found. The hole will now be retro reflected
as electron ending up in an empty electronic state of S2 as seen in
Figure 3.3 c.

At zero temperature, the maximum supercurrent which will be car-
ried over a single channel with transmission τ can be calculated by

Imax =
e∆
h̄

(
1−
√

1− τ
)

(3.23)

without applied bias for L � ξ0 [68]. Yet, elevated temperature will
highly affect the supercurrent in Josephson junctions and it depends
on the exterior circuit [69]. To analyze the supercurrent a current
biased setup is recommended (which is not the case for the setup
used in this thesis).

As soon as a bias voltage V is applied, the superconducting phases
will evolve as ϕ = ωJt according to Section 3.3.2. The total current
will be a summation over all harmonics of ωJ given by

I(V, t) = ∑
n

In(V)einωJt (3.24)
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which can be separated into a non-dissipative and a dissipative part
by taking only the odd and even harmonics, respectively. The latter
part shall yield

ID(V, t) = I0(V) + 2 ∑
m>0
<(Im(V)) cos(mωJt) (3.25)

with the constant DC component I0(V). As ωJ will already be as high
as 48 GHz for 100 µV voltage bias, the AC component will not be
accessible in the experiment presented here. Thus, we will focus on
the DC component only.

3.3.4 Multiple Andreev reflections and channel analysis

According to calculations performed by Cuevas et al. [66], I-V spectra
of an quantum-point contact with a single channel in the supercon-
ducting state can be simulated for varying transmission coefficient.
Results gained from a provided FORTRAN script are presented in
Figure 3.4 for τi = 0.1, 0.2, . . . , 1.0 in the contact range.

From first sight, the spectra can be coarsely classified by the appear-
ance: For highly transmitted contacts with τ ≈ 1.0, a steep increase
of the current for small voltage biases is expected. As soon as the
transmission is only lowered little, a suppression of the current near
V = 0 is observed, while for 0� eV < ∆ still a rather strong increase
leads to a finite current with a curvature opposite to the lower trans-
missions. Lower transmissions τi < 0.7 tend to resemble more and
more to a tunneling contact with vanishing contribution of MAR and
only a clear step at eV = ∆.

The non-linear current-voltage relation is the base for analyzing the
contribution of single channels to an atomic contact. As depicted in
green in the figure, a simple combination of two independent chan-
nels like, e.g. τ0 = 0.4 and τ1 = 0.6 with τ = ∑ τi = 1.0 yields a
qualitatively different result as for a single channel with τ0 = 1.0.

More difficult to analyze is the blue case with τ0 = 0.2 and τ1 = 0.3
representing a sum of τ = 0.5. Here, the traces of both components
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Figure 3.4.: I-V curves for different transmission coefficients have been calculated
[66]. The resulting spectra are presented while two curves (blue and green) show a
summation of two independent channels.

are very similar, which limits the accuracy of the channel analysis. For
small transmissions and many channels, a low sample- and electronic
temperature with an undisturbed BCS spectrum is necessary.

A different approach to disentangle the channel composition is to
use shot noise spectroscopy which can be used even in the spin polar-
ized regime [70, 71] or supercurrent [72] or conductance fluctuations.

3.3.5 Skalski model

Skalski et al. [73] published, among others [74–76], a detailed model
for the DOS of superconductors containing paramagnetic impurities
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modeled by phenomenological pair breaking parameter Γ, which is
still of great interest. The unit of Γ is energy, usually normalized to the
order parameter to become dimensionless Γ/∆(T). One of Skalski’s
findings is the dependence of the superconducting DOS derived from
the BCS theory (see Section 3.3.1). With increasing density of para-
magnetic scattering centers, a broadening of the coherence peaks at
ω = ∆ is observed due to increasing collision rate.

Figure 3.5 shows calculated spectra for the BCS case and for four
values of the pair-breaking parameters (Γ/∆ = 10−3, 10−2, 10−1, 1.).
As depicted in the figure, the superconducting energy-gap is closed
for Γ ≥ 1 leading to the effect of gapless superconductivity.

Figure 3.5.: Density of states for BCS and the Skalski model (Γ/∆ = 10−3, 10−2,
10−1, 1) from high to low peak height, respectively.

Skalski’s evaluation of DOS lead to the following two formulas
Eq. (3.26) and Eq. (3.27). Both have to be solved numerically with
ω and Γ in units of the actual gap size ∆(T, Γ) to obtain the DOS in
the next step.

sin3 2y + (ω2 + Γ2 − 1) sin 2y− 2ωΓ = 0 (3.26)
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cosh x cos 2y = ω cos y− Γ sin y (3.27)

Having x and y calculated, one can find the shape of the DOS N(ω)
by formula Eq. (3.28) in relation to the normal conducting DOS N0.

N(ω) = N0 sinh 2x (cosh 2x− cos 2y)−1 (3.28)

Finding the solutions to gather a full spectrum takes too much time
to generate them while fitting. Therefore, a detailed set of curves has
been calculated for Γ < 4 and saved as separated files. A step size of
Γ/4000 is more detailed than needed and the energy span up to 10 ∆ is
sufficient for most spectra.

The model can also be applied to account for pair breaking by ex-
ternal fields. Γ is expected to evolve like

Γ =
e2Del B2r2

6h̄∆
(3.29)

for a nanowire with radius r, diffusion constant Del =
1
3 vFl calculated

from the Fermi velocity vF and the mean free path l, and the magnetic
field B perpendicular to the wire axis [77–80].
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E X P E R I M E N TA L M E T H O D S

This chapter presents the measurement setup which is based on a me-
chanically controllable break junction. The whole measurement sys-
tem was freshly designed using up-to-date measurement electronics, a
redesigned low-temperature stage for reliable contact formation, and
a new, modular software. In the beginning, the preparation of sam-
ples using the superconductor lead is explained. Limitations, prob-
lems, and solutions which showed up during the preparation of the
experiment will be explained.

4.1 mechanically controllable break junction

In 1982 Binnig et al. [81] published their first results for the scanning
tunneling microscope (STM). The STM technique became a very pow-
erful instrument to analyze the surface of metals, semiconductors, and
superconductors with its electronic properties. Even manipulation of
ad-atoms, introduction of molecules to the surface, analyzing photon
emission, and much more is feasible [82]. However, this technique suf-
fers from issues which reduce its scope of application: Among others,
thermal drift of the positioning system, susceptibility to vibrations,
and crucial dependence on cleanliness of the surfaces.

A different approach for tunneling experiments in superconductors
was the idea of breaking a notched wire attached to a bending beam
in 1992 by Muller et al. [83]. When forcing the supporting beam by a
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piezo stack to bend, the wire will eventually break creating a nano tun-
neling gap. In contrast to a STM based break-junction, the mechanical
stability is greatly improved due to a reduced susceptibility to vibra-
tions. Additionally, the effort in sample preparation was reduced a
lot as the wire’s surface only plays a minor role.

Further improvements were performed by Muller et al. [83, 84] es-
tablishing the term mechanically controllable break junction (MCBJ).
When introducing the micro-fabricated MCBJ [85,86], the use of litho-
graphic means improved the stability and increased the range of ap-
plications.

Today, the single-atom quantum point contacts created by the MCBJ
technique are a widely used testbed for the study of a variety of
quantum transport phenomena [70]. Complementary to the STM
technique, superconducting multiparticle transport, shot noise, and
thermopower measurements only reflect a part of the applications.
Combining the exceptionally sharp electrodes with molecular quan-
tum dots [87] and linking with more sophisticated circuits will create
numerous applications.

The reduction ratio r of a MCBJ setup can be calculated using the
substrate’s thickness t, the length of the free-standing bridge arms u
and the distance of the counter supports L (see Figure 4.1) as

r =
6tu
L2 =

∆u
∆x

(4.1)

which then can be used to translate the motion ∆x of the pushing rod
into a stretching or compression of the metallic electrodes ∆u [37, 83].
The real case will further increase the ratio due to a non uniform
bending and the flexibility of the underlying polyimide layer (see Sec-
tion 4.2.1). For MCBJ samples fabricated by lithographic means, a re-
duction ratio of 10−4 to 10−6 can be achieved. This ratio is sufficiently
high to use a purely mechanic drive system with micrometer accuracy
to control the electrode displacement in the picometer range [37].

The mechanism outlined in Figure 4.1 is the main part of the me-
chanical setup. It allows the fine control of the breaking and closing
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Figure 4.1.: Sketch of the used MCBJ mechanism in the cryostat with its most im-
portant components. On the right, the used sample geometry with its freestanding
bridge is presented.

procedure of the thin-film samples. Due to the limiting factors con-
cerning the choice of material and the lack of lubricants, the main
goal is to construct a reliable mechanical function.

The mechanism presented was planned to include four guiding
rods (slides) which would lead to a high stability of the movement
and reduce the influence of the screw’s torque. Due to wear-out of
mechanical parts, a configuration with only two guiding rods next to
the differential screw turned out to work more reliably.

Most of the parts were manufactured from non-magnetic material
like copper or bronze, yet the screw and the guiding rods had to be
fabricated from stainless steal which will slightly magnetize in strong
magnetic fields.

4.2 sample fabrication

The presented work relies on the suspended metallic bridge a MCBJ
provides. As described before, micro-fabricated MCBJ samples offer a

33



experimental methods

greater range of possibilities compared to the more basic notched wire
samples. They of course require a sophisticated fabrication procedure.
Another disadvantage is the incompatibility with highly reactive met-
als which need to be handled with great care (rare earth metals) or are
even almost impossible to use (alkali and alkaline earth metals). The
steps reported below are summarized in the appendix in Table A.

4.2.1 Electron beam lithography

The desired structuring of the break junction’s metal film is done via
electron beam lithography (EBL) in a 1540XB CrossBeam scanning
electron microscope (SEM, Zeiss) with Elphy Plus lithography exten-
sion (Raith). To this end, a double-layer resist system is spun on top
of a freshly prepared polyimide buffer layer. This sacrificial layer is
fabricated by spinning polyamic acid (Durimide 115A, Fujifilm) on
a mechanically polished bronze wafer with a thickness of 300 µm at
5 000 min−1. Subsequent baking at 450 ◦C in high vacuum ensures a
well interconnected polyimide layer with a thickness of roughly 2 µm.

After that, a copolymer MMA-MAA EL11 is spun via spin coater at
2 500 min−1 with subsequent softbake for 5 min at 100 ◦C. The resist
for defining the structure is a standard PMMA A4 950k (Poly(methyl
methacrylate)) electron beam resist, which is spun at 5 000 min−1. The
sample is then baked for 30 min at 170 ◦C in ambient atmosphere.

The prepared substrate will be cut in pieces of 2.5x18 mm2 to fit
later into the low temperature setup. The width is slightly smaller
compared with the dimensions of 3x18 mm2 used before. Yet, the
sample is still large enough to have reliable contacts but reduces the
required forces by 1/6. Thereby, forces and torques are reduced in the
breaking mechanism.

4.2.2 Sample designs

To improve the functionality of pure Pb samples, designs for the fabri-
cation of samples comprising several metals were developed. One of
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the future goals of Pb MCBJ is the coupling of molecules to a super-
conducting electrode. Since the coupling to Pb directly is challenging
due to its oxide layer, an Au layer with induced superconductivity is
favorable. The different ideas will be presented here.

All different designs of the nanobridge have a common connection
to the leads which connects the main junction in the center of the sam-
ple to the contacting pads located 3 mm off-center by a 40 µm wide
stripe of metal shown in Figure 4.2. Two additional junctions and con-
necting leads are usually placed on the same substrate for redundancy.
Their connecting leads do not offer pads and are somewhat shorter to
allow gradual contacting via silver paint.

Due to the macroscopic extent, 7 write fields of 1000× 1000 µm2 are
stitched for the leads and pads with only one 100× 100 µm2 field for
each junction. An aperture of 120 µm with a current of roughly 5 nA
and 10 µm with a current of around 28 pA was used for the large and
small field, respectively.

Figure 4.2.: The macroscopic contact design shows 7 write fields of 1000× 1000 µm2

each and usually 3 fields of 100× 100 µm2 each.

4.2.2.1 Bare Pb junction

For measurements on pure Pb samples a simple design of two tri-
angles with a symmetric opening of 45◦ was chosen. By indenting
both triangles to form a 40 nm thick constriction, the actual width
can be adjusted by slightly modifying the default dose of roughly
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140 Ascm−2. A final width of the metal bridge of around 200 nm
showed reliable electrical conduction and superconductivity.

4.2.2.2 Multilayers

The most basic approach to multilayers will be to evaporate not only
the Pb layer but also an Au layer below or above, patterned with the
same mask. As a result, the whole sample from the leads to the bridge
will consist of a Pb/Au proximity system with reduced critical param-
eters in the Pb layer. As shown later, it is an easy fabrication scheme
quickly providing results. Yet, it was unable to force the contact to
break in the Au layer which would be required to establish a molecu-
lar contact.

4.2.2.3 Shadow evaporation

Restricting the breaking-point into a Au nanobridge can be accom-
plished by using a shadow mask with two nanobridges one of which
is purely made from Au and one is made from Pb but not connected.
The design still represents a proximity system going from the leads
to the anchors of the bridge, since the distance of the two shadows is
only some hundred nanometers.

A schematic view of the mask design used is presented in Fig-
ure 4.3 for a two-layer resist system. The PMMA resist with thickness
t is used to pattern the sample while the MMA-MAA copolymer is
needed to obtain a sufficiently large undercut avoiding evaporating
onto the flank.

Unfortunately, Pb is difficult to handle regarding the creation of reli-
able nanogaps which would be necessary to create an only several tens
of nanometers long Au bridge. Figure 4.4 presents the used lithog-
raphy design. The rectangular window will create the nanobridge
when performing evaporation under an angle. As the thickness of the
copolymer is not constant for all samples, the shadow evaporation
will variate as well. A typical thickness is h = 600 nm with an offset
of d ≈ 275 nm for θ = 24◦.
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Figure 4.3.: By placing the sample at two different orientations under an angle θ
above the evaporation crucible, the resulting structures will be separated by d =
h · tan θ. A shrinking s has to be considered when choosing the pattern size p. The
undercut r is obtained by the more solvable copolymer MMA-MAA.

4.2.2.4 Focused ion beam fabrication

As a last option for single-step lithography, several approaches were
combined to overcome some of the mentioned points. This goal was
accomplished by the help of a focused ion beam (FIB) in connection
with the electron beam lithography system.

The basic idea is to use a standard MCBJ mask with a connected
bridge in the center of the structure. This sample is then produced by
the shadow evaporation technique to create two spatially offset layers
of Pb and Au. As most of the design is wider than the shadow’s offset,
only the nanobridge itself will establish a fully separated Pb and Au
bridge.

To improve the results, a slightly asymmetric design was chosen
to place the Au bridge in vicinity of pure Pb electrodes as shown
in the bottom of Figure 4.4. Of course, the PbAu electrodes will be
shortcut by a Pb and an Au nanobridge. This problem is sorted out
by the use of the FIB system by cutting the Pb bridge with a fine Ga+
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Figure 4.4.: The upper design is a classic process which intrinsically offers a sepa-
ration between the electrodes. The lower one provides an asymmetric shape which
needs further processing by the FIB.
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beam. With the continuous Au layer, the probability of rupture at
a Pb/Au interface is reduced while the need of a nanogap does not
apply. Results of this process are shown in the next chapter leaving a
lot of space for optimization.

4.2.2.5 Two-step lithography

One of the most promising lithography approaches was the two-step
lithography. In the first step, an only 100× 500 nm2 large bridge was
defined by electron beam lithography. After a subsequent evaporation
of 40 nm of Au and lift-off, a new double layer resist system was spun
onto the sample.

An alignment of the write field to two sets of markers at a dis-
tance of ±50 µm and ±10 µm is performed. To this end, a second
lithography step with the anchor points of the bridge and the current
leads can be set with a precision of roughly 20− 50 nm relative to the
1

st step. Both lithography mask designs are presented in Figure 4.5.
After developing the sample and evaporation of 150 nm of Pb with
subsequent lift-off, a hetero system with pure Pb leads and only a Au
bridge was completed.

Yet, the separation of the bridge anchors of the 2
nd evaporation kept

being a challenge: often, a big gap of more than 150 nm or an over-
grown junction was obtained. Additionally, samples which looked
good in the SEM showed a Pb-like histogram in the measurement,
probably because of a breaking at the Au-Pb interface or even only in
the Pb electrode.

4.2.3 Evaporation

In combination with the EBL, the evaporation of the metal has to be
well adjusted to fabricate reliable samples. The main material used in
this work is lead (Pb) whose material and superconductivity param-
eters can be found in Table 4.1. It is a conventional superconductor
with the second highest Tc of all elementary superconductors.
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Figure 4.5.: The more advanced two-step process with a subsequent evaporation of
Au and Pb needs two masks. The two parts are displayed in different scales.
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Table 4.1.: Material specific parameters of lead.

Quantity Value

Crystal structure fcc
Density 11.3 g/cm3

Melting point 327 ◦C
Critical temperature 7.22 K

Superconducting
coherence length ξ0 52 nm

London penetration depth λ0 32 nm

Its melting point is rather low which results in a dewetting behavior
when evaporating on polyimide. Additionally, lead forms easily and
quickly an oxide layer which can fully oxidize the nano-sized free
standing bridge. The used measures against those two issues were
the following:

• Wide bridge design. Whereas the designed width of the free-
standing bridge is around 100 nm for gold and aluminum, it
has been increased to around 200 nm for lead.

• Thick layer. To avoid full oxidization of the films while ex-
posed to ambient conditions and in the oxygen plasma (see Sec-
tion 4.2.4), the layer thickness was chosen to around 150 nm
which is thick enough when carefully storing the sample before
measurement. Samples thinner than 120 nm tend to become in-
sulating after dry etching.

• Cooled evaporation. When depositing the material in UHV
conditions, the sample was cooled with LN2 down to well be-
low −100 ◦C reducing the thermal energy of the incident atoms
on the surface. This approach keeps the atoms at the position
where they hit the surface first to avoid the accumulating in
droplets.
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• High evaporation rate. Since the melting point is so low, it
is easy to achieve a high evaporation rate with electron beam
evaporation. A high rate will show similar influence to the film
quality as a cooled sample does. Both parameters improve the
reproduction of the resist mask by the metal.

In the following, combinations of evaporation rate and substrate
temperature shall be analyzed. Intuitively, evaporation at higher tem-
perature and lower rates will form larger grain sizes as the individual
atoms can form larger crystallites [88, 89]. For thin Au films evap-
orated on glass, mica, and Si Golan et al. [90] show an increase of
the typical grain size by 50 to 120 % while increasing the substrate
temperature from 60 to 260 ◦C. Thus, Pb evaporated at lower temper-
atures should yield a finer structure with reduced grain size what is
not observed.

a: Parameters: 50 Ås−1, 20 ◦C, sample
Pb01

b: Parameters: 65 Ås−1, −57 ◦C, sam-
ple Pb02

Figure 4.6.: Comparison of two different substrate temperatures resulting in dif-
ferent grain sizes and shapes (both 80 nm film thickness). The shape of a narrow
and long bridge is better reproduced at low temperature (mask of the left sample
was not fully connected). Evaporation conducted in a commercial UHV evaporation
system (BESTEC) by electron-beam evaporation.
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As seen in Figure 4.6, the lower substrate temperature b gives rise
to a larger grain size while the evaporation at room temperature a
seems to result in smaller ones. The electron-beam evaporation was
performed in a commercial UHV system (BESTEC). According to my
experience, the difference in evaporation rate of 50 to 65 Ås−1 has
only little impact. Figure 4.6 evidences, that structures are more
reliably adapted when lowering the temperature as the tiny bridge
filled smoother at reduced substrate temperatures. Another sign is
presented in Figure 4.7 which shows the discrepancy between desired
and final structure when Pb particles pile up at a certain distance to
the nano bridge which is the actual lithography design. This discrep-
ancy is caused by Pb atoms condensing to the solid wire by thermal
activation while some atoms stick to their incident position on the
substrate.

Figure 4.7.: The fabricated nano-bridge is decorated with tiny particles assembling
at a certain distance to the main structure. Their position corresponds well to the
actual lithography mask.
Parameters: 50 Ås−1, −75 ◦C, 80 nm, BESTEC system

Varying the evaporation rate from 2.0 to 5.0 Ås−1 at constant tem-
perature shows a similar behavior with bigger grains at higher rates
as seen in Figure 4.8. Here, the fundamental crystal structure looks
like ice floes at both evaporation rates. But the lower evaporation
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rate causes a garnishment of little droplets on top of the large crystal-
lites. As this issue will lower the film quality, an evaporation rate of
> 5 Ås−1 is used for all samples presented in this work.

a: Parameters: 2.0 Ås−1, −155 ◦C,
150 nm, Pb158

b: Parameters: 5.0 Ås−1, −160 ◦C,
150 nm, Pb160

Figure 4.8.: The two SEM micrographs show MCBJ samples fabricated at different
evaporation speeds. The layer quality benefits from the home-built UHV evapora-
tion system with a higher cooling performance. Both samples show large grain sizes
but at lower evaporation speed a grainy sub-structure is visible (see a).

4.2.3.1 Fabrication of tin and indium contacts

As one of the first superconductors to be studied, tin (Sn) and in-
dium (In) with a critical temperature of 3.72 K and 3.41 K, respectively,
seemed to be alternatives to Pb. With a comparable low melting tem-
perature of 505 K and 430 K, Sn and In exhibit strong desorption, too.
In terms of lithographic reproducibility, Pb shows better results.

In Figure 4.9, the center part of a break junction sample made from
Sn with two-step lithography is shown, with the gold bridge of the 1

st

step visible. This preexisting bridge serves as crystal nucleus for two
grains next to it. Yet, no continuous layer is formed by the 160 nm
of evaporated Sn. The desorption at room temperature is much too
strong which was the reason not to try lower temperatures either.
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Figure 4.9.: Sample Sn903 produced from high purity Sn 99.999% with a nominal
film thickness of 160 nm with evaporation rate of 5 Ås−1 at 29 ◦C.

4.2.3.2 Fabrication of PbIn contacts

The lithography process benefits from smaller grain sizes as the pat-
terning of the desired structure can be performed in more detail. By
inhibiting the crystal growth in Pb one can keep the grains small. This
approach was reported before by Clarke et al. [91] with the help of In
impurities. A recipe of 95 : 5 wt% of Pb : In as used by H. Pothier was
employed.

To this end, In was mixed with Pb into the electron beam crucible. It
shows, that the layer texture does not change measurably as depicted
in Figure 4.10. As the vapor pressure of Pb is much higher than one of
In for given parameters, mainly Pb will be deposited on the sample’s
surface.

Using the same lithography design as in Pb samples, Figure 4.10a
exhibits the typical ice floe structure found also for Pb films. Thus,
either no In is included in the film or In impurities do not disturb
the crystal formation. EDX measurements show 0 % of In in the layer
which proves the assumption of only evaporating Pb.

A sample prepared by evaporating from an alloyed crucible with
a high rate of 75 Ås−1 at low temperature with an In concentration
of 6 wt% is shown in Figure 4.10b. The image shows one of the best
results for the shadow evaporation structure, however, with only a
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a: Parameters: 75 Ås−1,−135 ◦C, sam-
ple Pb871

b: Parameters: 75 Ås−1,−131 ◦C, sam-
ple Pb882

Figure 4.10.: Two samples fabricated are presented using a PbIn alloy as electron
beam source. a is a basic sample fully made from PbIn, b shows a shadow evapora-
tion with a gold bridge.

washed-out sign of the Au bridge (yellow) between the PbIn (blue)
electrodes. The yield of well separated Pb electrodes could not be
increased The crystallographic structure is mainly affected by the un-
derlying Au.

One last attempt was alloying Bismuth into the existing PbIn-alloy
due to its higher vapor pressure compared to In. Yet, no change was
observed in the produced lithographic structure concerning grain size
and reproduction quality.

4.2.4 Etching

As last step a dry etching step is performed with the use of an oxygen
plasma in a reactive ion etching device. The usual parameters can be
found in Table 4.2. If possible, the laser interferometer was used to
determine the etching depth. When the adjustment of the interferom-
eter was not successful, a fixed etching time of 17 to 20 min showed a
sufficient under etching.

Other than for gold, the addition of a small flow of SF6 does not
lead to faster and softer etching behavior but to the destruction of the
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Table 4.2.: Commonly used parameters to perform an under etching of the central
metal bridge in lead samples.

Quantity Value

Pressure 1 mbar
Gas Flow (O2) 50 sccm

HF Power 35 W
HF Bias ≈ 28 V

Time 20 min
Removed Height ≈ 550 nm

samples. Two samples were etched with an additional flow of 1 sccm
SF6. Both lost the metallic glance, became darker in color compared
to usual etching and they lost their electrical contact. This behavior
was not investigated further.

Compared to Au or Al, Pb shows clear degradation upon dry etch-
ing with O2, exhibiting a resistance increase of several percent. Mea-
sured resistances before and after etching are listed in Table 4.3 with
an increase between 11 and 44 %. The samples differ in the thickness
of the Pb layer and were covered with a 10 nm Au layer to protect the
sample from oxidation.

Obviously, the gold layer does not sufficiently protect the Pb layer
from oxidizing. Assuming a model, in which the ratio of PbOx to Pb
is homogeneously altered over the full sample surface, the data is very
inconsistent. The samples Pb117, Pb119, and Pb121 were etched in the
same step and have roughly the same initial resistance. Nevertheless,
they show a large variance concerning the resistance increase of 18,
27, and 44 %. If the leads would equally contribute to the resistance
increase, the large surface area should give rise to an averaging effect.

From this point of view, it is more convincing to attribute the main
rise to the nanobridge. This assumption is motivated by its freestand-
ing nature and its high surface/volume ratio. Isotropic oxidation of
the surface will lead to oxidizing of a large fraction of the nanobridge.
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Table 4.3.: Comparison of the influence of O2 etching. R before and R after indicate
the resistance before and after the etching procedure, respectively.

Sample R before R after Ratio Layer structure
(Ω) (Ω) (%)

Pb117 259 306 18 150 nm Pb 24 Ås−1

10 nm Au 2.7 Ås−1, −132 ◦C
Pb119 262 376 44 150 nm Pb 24 Ås−1

10 nm Au 2.7 Ås−1, −132 ◦C
Pb120 210 251 20 150 nm Pb 24 Ås−1

10 nm Au 2.7 Ås−1, −132 ◦C
Pb121 288 366 27 150 nm Pb 24 Ås−1

10 nm Au 2.7 Ås−1, −132 ◦C
Pb123 442 540 22 120 nm Pb 3 nm/s

10 nm Au 2 Ås−1, −131 ◦C
Pb126 343 423 23 135 nm Pb 3 nm/s

10 nm Au 2 Ås−1, −137 ◦C
Pb127 365 404 11 135 nm Pb 3 nm/s

10 nm Au 2 Ås−1, −137 ◦C
KLG109 360 414 15 135 nm Pb 3 nm/s

10 nm Au 2 Ås−1, −137 ◦C

Additionally, microscopic differences of the nanobridge’s shape and
texture can have excessive influence onto the resistance rise by oxida-
tion.

4.2.5 Contacting

While starting with measurements of pure Pb samples, it turned out
that many cool-downs failed due to a ripped wire-pad connection. In
Au and Al MCBJ, this behavior was never or only rarely reported. In
gadolinium (Gd) MCBJs, also known to be a rather reactive metal, a
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similar behavior of ripping contacts was found. As an explanation, an
oxide layer on the metal film could lead to a decreased adhesion of
the silver paste which facilitates a lift-off of the Cu wire.

With these findings, a more reliable method of contacting was
needed. Figure 4.11 shows two methods of attaching the wires to the
MCBJ sample. On the left, the most common method is shown where
the wire is guided to the sample and to the contacting pad on the
shortest way possible. This is easy to facilitate but seems to be less
stable when cooling down or breaking the sample. Here, the silver
paste at the pad and the epoxy resin are in close contact. The illus-
tration on the right shows the mainly used contacting scheme which
differs by a wire loop between glue and silver paste to avoid a rigid
tie and seems to be more robust to bending and thermal expansion.

Figure 4.11.: Two ways of contacting a MCBJ sample: Scheme a was used to contact
the samples at the beginning of this work, later the more sophisticated version b
was used which yields more flexibility for the wire.
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4.3 low temperature setup

The measurements presented in this work were carried out at low
temperatures which is required by the nature of the performed tasks.

• Unlike Au, Pb is a reactive metal which will oxidize fast in an
oxygen-containing atmosphere and will loose its metallic prop-
erties. The advantage of the MCBJ technique to produce clean
atomic contacts of Pb is only maintained if any contamination
is kept off the atomic contact. Cryogenic vacuum yields the pos-
sibility of reliably freezing out any gasses except for He.

• The thermal energy in the atomic lattice restrains the stability of
an atomic arrangement. Since the measured contacts are at the
lowest size limit of solid matter, elevated temperatures will lead
to movement or rearrangements.

• As seen in Section 3.1.3, the broadening of peaks in IET spectra
is enhanced by the thermal broadening of the electronic system
which scales mainly linearly with temperature.

• The pairing mechanism of superconductivity occurs below the
critical temperature of the metal. Below T < Tc/2 a similar
behavior like T = 0 can be expected regarding electronic exci-
tation. Yet, lower temperature and higher energy resolution of
spectra come hand in hand.

To achieve these requirements, a 3He cryostat (Oxford Instruments)
was equipped with custom-made wiring and a breaking mechanism.
At the beginning of this work, an existing cryostat with custom wiring
was the starting point [92]. Still, some modifications and additions
had to be done to obtain the final setup presented below.

Due to the harsh restrictions on material at low temperature, a de-
sign with two well-selected and polished guiding rods was developed.
As stainless steel is used, a finite magnetization is observed. The rest
of the mechanics was partly made from oxygen-free copper where
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possible to preserve good thermal conductance. Copper braids are
used to thermally connect the sample stage with the massive copper
back bone since the guiding rods only poorly conduct heat. The lower
part of the low-temperature setup is shown in Figure 4.12.

Four twisted-pair ManganinTMwires in stainless steel tubes were
used as measurement lines [92]. Their high resistivity of about 450 Ω
plus the high capacitance to ground via the metallic tube yield a very
efficient damping of high frequency components in the electric signal.

As ultimate HF filters the so-called copper powder filters were intro-
duced [93–96]. The roll-off sets in at around 1 GHz. However, at some
tens of GHz, a coupling of the windings occurs reducing the damping.
The presented setup uses 4 copper powder filters, 3 of them have been
wound with twisted-pair wires to provide 3× 2 channels, enough for
a quasi-four-point measurement with reference resistor. The fourth
filter is fourfold to thermalize and filter the thermometer’s four-point
wiring next to the sample. A later introduced heater is not filtered but
no deterioration of the signal quality was observed. As well as acting
as low-pass filter, they serve as very effective heat sinks to thermalize
wires down to base temperature.

In addition to these delicate measurement lines, 24 built-in wires
with low resistance were partly used for thermometry and heaters.

4.4 measurement electronics

The used measurement electronics and schematics consists basically
of a four-point measurement setup with a differential voltage ampli-
fier and a transimpedance amplifier. A biased AC signal is sourced
to the sample and both, the DC and AC response, are measured via
multimeters and a lock-in amplifier. Additional parameters like mo-
tor movement, magnetic field and temperature are controlled by ded-
icated devices. A simplified overview over the whole setup can be
seen in Figure 4.13.

The central grounding point is located at a home-built summation
amplifier (Adder) which is connected to a separated earth electrode.
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Figure 4.12.: The lower part of the used low temperature cryostat with its filter
battery and the mechanics at the bottom part. The right side shows a close-up of
the mechanics with temperature sensor and heater attached to the sample stage.

From this point, the floating voltage sources for DC and AC will be
coupled by the BNC shield. Via the bias cable, the ground reference is
connected to the cryostat shielding next to the main flange and then
by plugs and copper braid. The voltage amplifier was carefully de-
coupled from the main cryostat ground since the metal case gathers
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ground via the insulated fixing of both amplifiers. The only connec-
tion to both amplifiers is provided by the shielding of the current
sensing lead. The amplified single-ended signals are measured with
differential inputs which prevent additional ground loops. To this
end, the signal is connected to (+) and the shield to (-) of the input.

4.4.1 Voltage biasing

A Yokogawa GS210 was used as high precision voltage source to pro-
vide the DC biasing of the sample. Its output has no ground reference
which facilitates a ground-loop-free setup. The smallest step size of
100 nV enables a good resolution even for voltage scales of the super-
conducting gap.

For the lock-in amplifier (LIA), the model HF2LI from Zurich Instru-
ments was chosen accommodating two separate channels with three
demodulators each. The LIA was used as source for the sinusoidal
AC signal and was combined with the DC voltage by a home-made
summation amplifier and is then sourced to the experiment connect-
ing the negative signal to the system’s ground.

Since the grounding scheme of the LIA connects all BNC shields
to the USB ground, a breaking of the USB connection should be con-
sidered. This decoupling was accomplished by using the USB range
extender USB Ranger (Icron Technologies). Since the provided net-
work connection is easy to decouple by a non-shielded network cable
and insulating the USB plug, a proper insulated USB connection was
received.

4.4.2 Voltage and current measurement

The voltage signal of the sample was measured by a differential FET
amplifier (model DLPVA from FEMTO) with input impedance > 1 TΩ.
It provides an adjustable amplification factor of 101 to 104 to an out-
put voltage of ±10 V. Thus, measuring up to 1 V in the lowest am-
plification which is important for the electromigration processes. The
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Figure 4.13.: The measurement equipment and circuitry is a four-point measure-
ment with voltage and current amplifier. To avoid ground loops, an elaborated
grounding scheme with clear separation of the grounds was applied. In addition
to the elec-tronic measurement, separated controllers handle motor movement, tem-
perature and magnetic field. Due to a broken line, the current measurement had to
be carried out asymmetrically in the end.
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Figure 4.14.: Adapted grounding scheme of the LIA by Zurich Instruments [97].
The ground connection has to be broken at two points by tape and by a range
extender.

current was amplified by a transimpedance amplifier (model DLPCA
from FEMTO) offering a variable amplification factor from 103 to
1011 V/A. With this, a maximum current of 10 mA can be measured.
Both signals were recorded via an Agilent 34410A multimeter and
floating inputs to avoid additional ground loops. The input signals
were low-pass filtered with a cut-off frequency of around 90 Hz.

The LIA was AC coupled via high-pass filters of roughly 130 Hz to
the same signals using the differential inputs. By modulating the bias
voltage V0 with a small sinusoidal voltage VAC, the resulting current
which is detected by the LIA can be described by a Taylor expansion:

I(V0 + VAC cos ωt) = (4.2)

= I(V0) +
dI
dV

∣∣∣∣
V0

VAC cos ωt +
1
2

d2 I
dV2

∣∣∣∣
V0

VAC cos2 ωt + . . . (4.3)

= I(V0) +
dI
dV

∣∣∣∣
V0

VAC cos ωt +
1
4

d2 I
dV2

∣∣∣∣
V0

VAC(1 + cos 2ωt) + . . .

(4.4)
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Here, the latter equation contains a term proportional to the 2
nd

derivative of the current with respect to voltage. By setting a demod-
ulator to f = 2ω, the high sensitivity of the lock-in technique can
be exploited to gather the small signal component. Usually, a double
derivation of an I −V measurement can yield the same outcome but
often very noisy spectra will result.

As the LIA is a phase sensitive measurement, the phase offset ϕ0
has to be chosen carefully. Mainly ϕ0 is defined to maximize the
quadrature of the X channel with the order n = 1, 2, . . . and the time
constant T:

X(t) =
1
T

∫ t

t−T
sin
[
nωt′ + ϕ0

]
Vin(s)dt′ (4.5)

In the later analysis, a maximum was determined which could still
be offset by π. Therefore a look at the lower order signal yields the
polarity of the resulting output.

4.4.3 Control software

To control the various measurement devices, a custom made Python
script with graphical user interface was developed which is at the
time of writing this thesis used in three setups with similar structure.
As the need for more sophisticated measurement schemes emerged,
more and more functions were incorporated into the software.

Figure 4.15 shows a screen-shot of the running software. The main
window consists of the control section in the top area for configuring
the general functions, i.e. saving and limits, and starting measure-
ment routines, i.e. I-V sweep. The lower part presents the recent mea-
surement data continuously in a graphical and tabular form. Very
important control buttons are available on the right-hand side.

In the following section, the main functions used will be shortly
presented.
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Figure 4.15.: Screenshot of the freshly developed control software. The lower panels
show the recently recorded data as graphs and table. The upper part offers a variety
of custom-made measurement programs and settings.

4.4.3.1 Histogram

The histogram mode will constantly drive the motor at defined speed
from an opened to a closed position of the sample which is deter-
mined by the recent measured resistance of the junction. After reach-
ing the open (closed) setpoint, the resistance must be higher (lower)
for a given time (which was usually 1− 5 s) to invert the motor direc-
tion. The data was recorded at a constant data rate into one database
file including labels for each opening and closing cycle.
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4.4.3.2 Automatic ramping

An basic ramping protocol was used to create and reproduce reliable
hysteretic switching of atomic contacts. This function will monoton-
ically increase the applied voltage to a given limit and with a given
ramp, mostly 10 mV/s. As a jump of conductance is recorded above
a given threshold, the ramping direction will reverse. Further expla-
nation is found in Section 4.5.

4.4.3.3 Offset correction

Because of thermal drifts of the offset voltages, an error in the mea-
sured voltage and current cannot be avoided. A coarse offset correc-
tion is usually done at the amplifier with a live offset correction by
measuring the voltage and current at a 0 V bias. For very precise
measurements an individually estimated offset should be considered
while evaluating the data later.

4.4.4 Demagnetization of the superconducting solenoid

As magnetic flux is trapped in the superconducting magnet system by
high fields ramped before, a non-zero magnetization is still present
when no current flows in the coils. This behavior was noticed first
in a 12/14 T Nb3Sn magnet system as B-I-V maps showed different
zero-field traces. The estimated residual magnetization is in the order
of some mT as indicated in Figure 5.23b.

A simple remedy is to periodically drive the magnetic field to alter-
nating field polarities with decaying amplitude. This can be done at
high magnetization rates like 1 Tmin−1 with a starting amplitude of
100 mT and a linear decrease in 20-50 steps.
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4.5 electromigration procedure

Exploiting the simple but powerful MCBJ technique which enables the
formation of new contacts by mechanical means. A few-atom contact
can be prepared by simple indenting the two electrodes deeply with
subsequent pulling of the atomic contact. This assembly of uniform
atoms can, but does not necessarily, have a crystalline structure.

Starting with a freshly created contact in the range of a few G0,
the voltage supply’s output voltage will be ramped in a saw-tooth
shape with a slope of several 10 mVs−1. Simultaneously, the sample’s
voltage and current are recorded to analyze the temporal dependence.

The recorded data points are used to calculate the contact resis-
tance live. If a data point differs more than a given percentage from
its immediate predecessor, which is either caused by noise or by an
instantaneous rearrangement of the contact, the ramping slope of the
voltage source is inverted at the threshold voltage Vthr.

At low bias voltages, the measured resistance shows disproportion-
ately high noise. This fluctuations could easily lead to an unwanted
detection of an atomic rearrangement. To avoid triggering the system
by this noise, a voltage window around zero bias is defined blocking
any action. By this, rearrangements with a very low threshold voltage
are masked, too.

This behavior is shown in Figure 4.16 for two different classifica-
tions of contact assemblies. The arrangement which can be exploited
as two-state memory is shown in a. It is also referred to as bistable
switching. While increasing the conductance, it stays mainly constant
until a critical current Ic1 flows, when the conductance changes step-
like. After a short continuation of voltage ramping, it is reversed to
negative bias, when at a 2

nd critical current Ic2 the conductance jumps
back to the initial value. The behavior of a configuration which is not
bistable is drawn in b. Here the reconfiguration is only induced by
the flowing current and as soon as I < Ic1, the initial configuration is
reset again. In the reverse polarity it can occur at Ic2 = −Ic1 or at an
arbitrary value. Thus, no hysteresis occurs.
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Figure 4.16.: Two different cases of current induced switching are shown. In a
the desired hysteretic two-state switching behavior is shown. It is also referred to
as bistable switching. b represents the monostable configuration. Here one state is
favored for low currents while a 2

nd configuration is stable while applying I > Ic.

Figure 4.17.: Example of a typical switching procedure of sample Pb1065 with the
resulting bistable configuration at around t = 350 s. After the completion of 5 full
cycles at t = 500 s, the measurement routine was changed to measure the influence
of a temperature increase.

One advantage of the MCBJ technique is the possibility to estab-
lish fresh metallic contacts by deep indentation of the two electrodes.
When stretching the contact again, the conductance decreases until
only few atoms form the smallest cross section of the bridge, when
the electromigration cycle is started. Figure 4.17 shows an example of
this procedure. This very contact was in the tunnel regime due to a
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breaking by high currents before. By simply lowering the electrode
distance a new few-atom contact was formed.

The bistable behavior is found at t = 350 s after starting the
triangular-like procedure. Before, atomic rearrangements are created
by high electronic currents. The first three switching-points of the
current ramps show a tendency of the contact to switch to a higher
conductance like at t ≈ 40 s. But as soon as the current is ramped to a
lower value, a large drop of the conductance sets in. This behavior is
referred to as monostable as no negative voltage polarity is needed to
reset the contact.

Additionally, some current-induced thinning is seen shortly before
the bistable configuration sets in. From 350 s on, a very stable configu-
ration is found. At 500 s the measurement procedure was interrupted
to perform a temperature sweep from 1.8 to 5.5 K which led to the
pausing of the voltage ramp for some seconds. After this little tem-
perature increase, the configuration became instable and ruptured.
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R E S U LT S

5.1 mcbj samples made from lead

Various measurements of different metals were performed with the
MCBJ technique to explore special aspects of atomic contacts. The
first establishment of lithographically break junction samples made of
Pb opens up new and enriching possibilities which will be presented
in the following chapter. Some of the results have been previously
published [98].

5.1.1 Mean free path

To verify the high film quality, the sample’s unbroken resistance at
room temperature (RT0) and its normal conducting resistance at low
temperatures (R0) was compared. The remaining resistance will then
be mainly dominated by impurity scattering.

To this end, the resistance was constantly recorded during
cooldown. Table 5.1 shows the extracted resistances in the normal
conducting state. The residual resistance ratios (RRR) are derived by
dividing both values.

As the resistance measurement is subject to offset errors especially
at low temperature, a fluctuation of the values is expected. Addition-
ally, the data was taken at 4− 8 K with still electron-phonon scatter-
ing present. In combination with the variance of layer growth during
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Table 5.1.: Parameters measured on four different samples show consistent results
for crystal related quantities. RT0 and R0 represent the samples’ resistance at ambi-
ent temperature and at roughly liquid helium temperature in the normal conduct-
ing state, respectively. RRR is the residual resistance ratio calculated from these
two values while l stands for the elastic mean free path computed from the known
geometry and R0.

Sample Pb1044 Pb793 Pb1065 Pb931

RT0(Ω) 206 188 83 50

R0(Ω) 5.8 4.0 3.55 2.9
RRR 36 47 23 17

l(nm) 160 230 220 270

evaporation, a large variation of the RRR is expected for several sam-
ples. This variation may be caused by slightly different evaporation
conditions like temperature, surface quality, vacuum condition, and
so on.

The average RRR of around 30 is close to previously published data.
For Pb films on glass, a RRR between 14 and 50 was reported [13, 99,
100]. Au MCBJ samples typically exhibit a RRR of only 3 due to much
smaller grain sizes.

The mean free path can be deduced to 150 to 300 nm (vF =
1.81 · 108 cms−1, n = 13.2 · 1022 cm−3, m∗ = 1.7 · 10−30 kg) according
to Eq. (5.1).

l =
σvFm∗

ne2 (5.1)

Here, σ is calculated by R0 and the piece wise summation over the
sample’s dimensions. l is in good agreement with the large grains vis-
ible in scanning electron microscopy (SEM) images presented earlier
(Figure 4.7) and the film thickness which is in the same order.
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5.1.2 Histograms

As a basic yet powerful characterization, conductance histograms
yield material specific information of the samples’ quality. These
are constructed from many stretching cycles of the break junction as
shown in Figure 5.1. For sufficiently high number of cycles, the statis-
tical data provides information about the contact formation.

Position (arb. u.)
0

1

2

3

4

5

6

G
(G

0
)

Figure 5.1.: Eight separate breaking traces of Pb482 obtained in the normal con-
ducting state plotted as conductance vs. rod displacement. The curves are offset
horizontally for clarity.

Usually, the plateaus of stable arrangements are tilted towards the
stretching direction (from left to right). This behavior was observed
before in atomic junctions created with the STM break junction tech-
nique arising from the development of the local DOS when stretch-
ing [70, 101–104]. Yet, some of the traces, especially the blue trace in
Figure 5.1, show step wise increase of conductance due to rearrange-
ments while stretching.

The calculated conductance histograms of three different samples
are presented in Figure 5.2 exhibiting measurements in the normal
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conducting state. The bias voltage V of the Pb649 measurement was
20 mV while Pb793 and Pb1044 were measured at 10 mV. To avoid
complications by the superconductivity, all samples have been mea-
sured in the normal conducting state by different parameters: Pb649

at V � 2∆, Pb793 at elevated temperature T = 8 K > Tc, and Pb1044

at B = 1 T > Bc. For the evaluation, 10 bins per G0 were chosen.

Figure 5.2.: Pb649 was measured at 20 mV while Pb793 and Pb1044 at 10 mV. All
samples have been measured in the normal conducting state: Pb649 at V � 2∆,
Pb793 at 8 K, and Pb1044 at 1 T. The bins are chosen to accommodate 10 bins per
G0. The dotted lines are results of a Gaussian fit next to the maximum.

To estimate the maximum of the rather broad peak, a Gauss fit was
used with the fitting results presented in Table 5.2. µ represents the
maximum’s position also indicated by an arrow while σ reveals the
full width at half maximum (FWHM) of the peak as

FWHM = 2
√

2 ln 2σ ≈ 1.9G0. (5.2)

The width of the conductance distribution extends over almost 2G0
when not including the underground of the histogram data.
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Table 5.2.: Data extracted by Gauss fitting from the mechanical histograms shown
in Figure 5.2. µ represents the center of the distribution and σ its width.

Sample µ(G0) σ(G0)

Pb793 1.77± 0.02 0.9± 0.2
Pb649 1.93± 0.02 0.7± 0.1

Pb1044 1.89± 0.02 0.8± 0.1

Average 1.86± 0.02 0.8± 0.1

The histogram shows a clear peak at around 2G0 with a broad dis-
tribution visible for all three samples. This last maximum is attributed
to the last stable single-atom contact. The relative height and width of
the single-atom peak deviates strongly from measurements recorded
on noble and alkali metals [70, 105–107] (see Figure 5.16). Contrary
to alkali and noble metals which show a single-atom conductance of
almost 1G0 because they have only one s electron, Pb offers two s and
two p electrons which will lead to a higher single-atom conductance.

A simple free-electron approximation is insufficient because of in-
clined plateaus since hybridization and spin-orbit coupling has to be
taken into account [102, 106]. As published by Scheer et al. [101], Pb
exhibits 3 conduction channels limiting the single-atom conductance
at 3G0. This property will increase the conductance variation because
of more complicated orbital combinations compared to s-like Au con-
tacts.

Similar results for the peak position and its width have been re-
ported earlier in notched wire samples [106,108] as seen in Figure 5.3.
Experiments performed in electrochemical environment [109] show
rather sharp peaks amongst others at 1.4, 2.0, and 2.8G0. Calculations
predict single-atom conductances of 2.7, 5.3, and 2.8G0 [109], which
reduce on stretching at the point of minimum total energy to 2.3, 1.6
and 2.8G0 for the 〈100〉, 〈110〉, and 〈111〉 direction, respectively.

The presented histograms are consistent with previously reported
data recorded on bulk wires [106,108]. The rather large grains created
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Figure 5.3.: Pb conductance histogram of more than 10 000 individual opening
curves obtained at 4.2 K and 100 mV bias voltage. The sample consists of a notched
high purity Pb wire. With kind permission from [106].

by evaporation lead to a quasi-crystalline environment for the single-
atom contact, with diameters in the range of the scattering length.

5.1.3 Superconducting parameters

The parameters predicted by the BCS theory are analyzed for Pb tun-
nel contacts extracting the critical temperature Tc, the critical field Bc
and the superconducting energy gap ∆.

5.1.3.1 Critical field

The bulk critical field Bc for Pb is 80 mT which is enhanced for thin
films with a thickness in the range of the London penetration depth.
The samples produced by nano lithography in the thin-film technique
exhibit a Bc well above the bulk value as presented in Figure 5.4. The
transition region extends from 110 to 180 mT.

Pb810 shows a special shape with linear trend below and above Bc
which can be attributed to the nanobridge. It consisted of a small
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Figure 5.4.: Several samples show a varying transition from the superconducting to
the normal conducting state. The curves are normalized to the same RN while the
minimum of each curve is vertically offset as indicated by the dotted lines. Measure-
ments performed at the following temperatures: Pb1044 860 mK, Pb1043 1690 mK,
Pb976 940 mK, Pb1065 450 mK, Pb970 400 mK, Pb810 570 mK (two-step sample).

proximity system due to a fabrication via two-step lithography. Al-
though, the complex sample geometry around the nanobridge con-
tributes only partly to the total resistance, it could have a rather in-
homogeneous distribution of Bc. This uncertainty leads to a contin-
uous increase of R(B) until superconductivity in the leads is fully
suppressed.

As already found earlier, an increased Bc by more than 20 times
was found for nano-necks created with the STM [110, 111]. The same
behavior was found before in thin Al films [112, 113].

The thin-film samples presented here show large grains and are
etched in reactive oxygen plasma. Both will lead to an electrically
non-homogeneous condition concerning the effective thickness of the
superconductor. If a grain is oxidized at its boundaries, a penetration
of the magnetic field is more likely to happen there.
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5.1.3.2 Critical temperature

As second important parameter, the critical temperature of the unbro-
ken Pb samples was analyzed at constant bias. Several R-T curves are
plotted in Figure 5.5. The resistance was normalized to a maximum
value while the offset in the superconducting state was subtracted to
allow a good comparability.

Figure 5.5.: The figure shows the evolution of the resistance near the critical tem-
perature at roughly the bulk value of 7.2 K of samples Pb970, Pb976, Pb810, and
Pb1065. The hysteretic behavior is attributed to the difference between the sample
and thermometer temperature, which is difficult to stabilize.

The transition of all samples lies near the bulk value of Tc = 7.2 K
but exhibits a hysteretic dependence on the temperature sweep direc-
tion. This effect arises from the difficulty to stabilize the temperature
since in this range a lot of exchange gas will couple to the 4 K bath.
As the thermometer and the heater are in vicinity of each other and
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Table 5.3.: Critical temperature of several pure Pb samples in the unbroken state.

Sample Tc(K)

Pb810 7.4± 0.05
Pb970 7.25± 0.1
Pb976 7.3± 0.1

Pb1065 7.25± 0.1

Average 7.3± 0.1

coupled well by the copper sample holder, the sample itself is only
loosely coupled and will be influenced stronger by the exchange gas.

As the thermometer-sample distance cannot be reduced, only lower
sweeping increases the reliability. Still, the sweep of sample Pb1065

was already as slow as ≈ 1 Kmin−1 and still shows hysteresis. In
these measurements, a second thermometer and heater was installed
to improve the homogeneity of the temperature distribution of the
setup. With these measures, the accuracy allows a determination of
Tc to a slightly higher value of 7.3± 0.1 K.

5.1.3.3 Tunnel spectrum

A superconductor-insulator-superconductor (S-I-S) contact is formed
by breaking the superconducting nanobridge to form a tunnel junc-
tion. As stated in Eq. (3.6), the I-V characteristics will give insight into
the DOS of the superconductor. Since the resulting spectrum will be
a convolution of twice the DOS, for later analysis a deconvolution by
numerical means has to be performed.

Still, a simple analysis of the coherence peak’s position Vp of the
tunnel spectra presented in Figure 5.6, the relation 2∆ = eVp holds as
discussed in Section 3.1.2.

The superconducting pairing parameter was estimated to ∆ =
(1375± 25) µeV at 500 mK, close to the bulk value. Deviations from

71



results

0 1 2 3
V (mV)

0

4

8

12

d
I

/
d
V

G

Pb1044

Pb793

Pb1065

Pb931

0 1 2 3
V (mV)

0.0

0.5

1.0
I
(n

o
rm

.)

Figure 5.6.: I and dI/dV of four Pb tunnel spectra measured at ≈ 500 mK of the
samples Pb793, Pb931, Pb1044 and Pb1065. Both quantities are normalized to an
outer-gap value to ease comparability. The varying width of the coherence peaks
could originate from trapped flux in the superconducting magnet.

bulk value have been reported earlier for samples with reduced mean
free path [114].

A broadening of the coherence peaks of (150± 20) µeV full width at
half maximum (FWHM) for two samples is observed in the dI/dV spec-
trum. The remaining two samples exhibit a FWHM of (250± 20) µeV,
probably due to a small residual magnetic field in the superconduct-
ing magnet system and the high sensitivity of the transport properties
to magnetic fields as shown later.

The origin of the intrinsic broadening of the resulting spectrum
is an underlying broadening of the DOS, as T is small enough to
avoid additional rounding and the transmission probabilities can be
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Table 5.4.: Parameters measured on four different samples show consistent results
for superconductivity related parameters.

Sample Pb1044 Pb793 Pb1065 Pb931

Tc(K) 7.4± 0.2 7.2± 0.1 7.2± 0.1 7.1± 0.1
Bc(mT) 125± 5 125± 5 125± 5 125± 5
∆(meV) 1.38± 0.03 1.39± 0.01 1.39± 0.03 1.37± 0.03

estimated to be constant in this small energy window. A variation of
∆ near the contact could cause this behavior. The intrinsic broadening
presented in Figure 5.6 is in agreement with results of other groups
using Pb tip and Pb single-crystal sample. 1

5.1.3.4 Magnetic field dependence

The evolution of the numerically derived dI/dV of a Pb tunnel contact
under an applied magnetic field perpendicular to the sample plane is
presented in the upper panel of Figure 5.7. Seven distinct fields are
displayed with a solid line while fits are plotted in a dashed represen-
tation. The zero-field curve was shrunk by a factor of two for clarity.
The lower panel and the inset show the corresponding calculated DOS
and the estimated pair-breaking parameter Γ, respectively.

By assuming a Skalski DOS according to Section 3.3.5, we fit the
recorded I-V curves by Γ as the only free parameter and keeping ∆
constant [73]. An initial broadening by residual magnetic field, in-
homogeneities, and electronic broadening is accounted for by Γ =
5 · 10−3. The fitting results for the pair-breaking parameter are stated
in Table 5.5 and plotted in the inset of Figure 5.7. As the precision
of the almost linear curves in the higher field range is limited, the
parameter range is cut off at Γ = 3.8.

The lower panel of Figure 5.7 shows the calculated DOS of each
curve according to the fitted pair-breaking parameter values. Already

1 Private discussion with K. J. Franke
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Figure 5.7.: Magnetic field dependence of a Pb tunnel contact measured at 500 mK
at sample Pb1065. The upper panel shows the derived numerically from measured
data (solid) and the Skalski fit (dotted) with estimated ∆ = 1.40 meV. In the bottom
panel, the underlying density of states is displayed. The inset shows the evolution
of the pair breaking parameter Γ taken from the Skalski fitting as a function of
magnetic field. The linear fit covers the first seven data points.

for B = 0, a widening of the peak compared to the BCS case is visible
which is accounted for by a small Γ = 5 · 10−3. The curve recorded
at B = 150 mT exhibits the intersection with the x-axis next to ε = 0
with a calculated Γ of 0.8.
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Table 5.5.: Fitting results for the Skalski model of the data shown in Figure 5.7.

Field (mT) Γ/∆ Field (mT) Γ/∆

0 0.005 125 0.5
25 0.05 150 0.8
50 0.11 175 1.4
75 0.19 200 2.5

100 0.26 225 3.4

In the case of a tunnel contact, the characteristic length scale is even
lower than the unbroken sample discussed in Section 5.1.3.1. By this,
an even higher Bc is found.

With increasing pair-breaking which can be modeled by Skalski’s
formula, the coherence peaks will be lowered and broadened until for
Γ = 1 a state called gap-less superconductivity is expected without
energy gap [73, 115]. For even higher fields, the I-V loses its non-
linear character and becomes linear at around 200 mT indicated by
Γ ≈ 3. 2

The quadratic dependence shown in the inset of Figure 5.7 indicates
a magnetic field along the wire. Yet, the field was applied perpendic-
ular. By the reduced geometry of the nano-neck, a distinct reference
axis cannot be considered. Previous experiments reported the same
evolution of the pair-breaking parameter [77, 80].

5.1.3.5 Temperature dependence

A crucial parameter in experiments performed with superconductors
is the temperature of the sample. As superconductivity exists only at
low temperatures, much care should be taken to analyze the influence
of finite temperatures in the system.

2 Note: Many magnetic field I-V maps have been recorded but only a few with
proper demagnetizing of the superconducting coil prior to the measurement. The
occurrence of a remanent field and its impact on the zero-field measurement was
noticed rather late.
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Figure 5.8.: Measurements taken at different sample temperatures were fitted
with varying gap sizes ∆(T) and were compared to the BCS prediction of a weak-
coupling superconductor for two different Tc values. An error of 100 mK was taken
into account for both theory curves while the measurements’ error was estimated
to about 50 mK. The black crosses are experimental data with solid lines as guide
to the eye.

pairing energy As already discussed in the theory, the size of
the superconducting gap ∆ varies with temperature until it vanishes
at T → Tc. The BCS prediction for ∆(T) only holds for a weak-
coupling superconductor which reaches its validity limit for Pb. Fig-
ure 5.8 shows the actual measurements compared to calculated values
of ∆(T)/∆0 for two possible critical temperatures 7.2 K and 7.4 K.

As from the R(T) measurements presented before, a critical tem-
perature of Tc = 7.3 K was obtained. The experimentally obtained
points should lie in between the calculated curves. However, the ex-
perimental data shows a larger gap for lower sample temperatures
and towards the critical temperature, a crossing of the BCS curve for
Tc = 7.4 K is observed.

On the one hand, neither of the two theory curves provide full
match for the whole parameter set. Of course, measurement errors
cannot be excluded, but since the data points lie above the theory
and cross it next to Tc indicate, that the validity of the BCS weak-
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coupling model could be limited for the present system. On the other
hand, Luo and Yao report measurements performed at Pb nano-gap
structures to fully follow the BCS theory [116]. With ∆ = 1.46 meV
they also show one of the highest reported gap sizes which does not
correlate to the reported Tc = 7.2 K according to the BCS theory (see
Section 3.3.1).

Since the transition from the normal to the superconducting state
has a finite width and the temperature sensor used in the cryostat
are of limited precision, Tc could be determined by an uncertainty of
±100 mK while the temperature measurement itself has a precision
of ±50 mK. The resulting error is used to estimate the confidence
intervals given in Figure 5.8.

broadening of coherence peaks In the present study, the
measurement of tunnel contacts at elevated temperatures revealed a
significant broadening of the coherence peaks of the dI/dV at 2∆(T). A
broadening of this magnitude was not reported before, measurements
on Al showed negligibly small broadening [77].

To gain insight into the mechanism, the data was fitted by simulat-
ing the I-V characteristics according to Eq. (3.6). Due to the symmetry
of the contact, the tunneling can be simplified to ρl = ρr = ρ, which
is temperature independent for all three fitting models.

fermi-dirac broadening Due to its intrinsic temperature de-
pendence, the Fermi-Dirac distribution will adopt a temperature de-
pendent broadening into the standard tunneling formula Eq. (3.6).
Due to numerical and physical reasons, a slightly broadened Skalski
DOS was used. The fitting of the data is shown in the upper plot of
Figure 5.9. When integrating the BCS DOS, an infinitely high amount
of data points would be needed to account for the singularity at ε = ∆
which can be avoided using a slightly damped Skalski DOS instead.
Additionally, a present magnetization of the breaking mechanism and
the superconducting solenoid will lead to a inevitable broadening of
the coherence peaks. When dealing with poly crystalline samples as
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used in the present work, inhomogeneities in the metallic film cannot
be avoided. This difficult to quantize material parameter will lead to
additional intrinsic broadening of the coherence peaks.
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Figure 5.9.: Two models only show a weak agreement with the measured data of
sample Pb1065. Only Fermi-Dirac smearing with a constant Skalski broadening was
used for the upper plot while the lower plot was simulated only with the Skalski
model.
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skalski broadening To test the Skalski pair-breaking model
with the same data set, we replaced the energy dependent DOS ρ(ε)
by the additionally pair-breaking dependent Skalski DOS ρ(ε, Γ). By
supposing the temperature as pair-breaking mechanism we assume a
Γ→ Γ(T) to account for the temperature in the Skalski-Model.

I(V, T, Γ) ∝
∫ +∞

−∞
ρ(ε, Γ)ρ(ε + eV, Γ)

· [ f (ε, T)− f (ε + eV, T)]dε (5.3)

This simple fit fails to describe the extended rounding of the coher-
ence peaks as the width of the peaks does not increase with higher
temperature. For higher temperatures, the peaks in the theory curve
seem to become sharper. This assumption is true for the absolute
width, but the relative width and shape compared to the gap size is
almost constant.

Nevertheless, the fit is in good agreement in the current suppres-
sion regime of |V| < 2∆(T)/e even for elevated temperatures. This
agreement can be attributed to the smearing of the occupation at the
Fermi edge (EF).

On the one hand, the temperature dependence of the Fermi-Dirac
distribution assists in describing the lifted current suppression for
|V| < 2∆(T)/e as seen in the lower plot of Figure 5.9. On the
other hand, the emerging broadening of the coherence peaks is not
described well by a Skalski pair-breaking mechanism, as the interme-
diate temperatures from 4.5 to 7.0 K indicate. The magnitude of the
broadening is only poorly reproduced by the fit.

lorentzian broadening Starting with the Lorentz distribution
L(ε, σ) as given in Eq. (5.4), we can expand the superconducting DOS
by a broadening parameter σ. Herewith, we account for some smear-
ing of ∆ already present at T = 0.

L(ε, σ) =
1
π

σ

σ2 + ε2 (5.4)
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This modeling is done by performing a convolution of the DOS ρ with
the Lorentz distribution L (see Eq. (5.5)). Due to numerical limitations,
the energy range is cut off at ±10∆ which has no apparent influence
for the voltage range of interest.

ρ(ε, σ) =
∫ +∞

−∞
ρ(ε′)

σ

σ2 + ε′2
dε′ (5.5)

As before, the resulting DOS is inserted into the tunneling formula
and fitted to the given data according to Eq. (5.3). This model can be
interpreted as a distribution of gap sizes, which spread with increas-
ing T due to the non-linear temperature dependence of the ∆(T) and
a slightly inhomogeneous distribution of Tc.

I(V, T, σ) ∝
∫ +∞

−∞
ρ(ε)ρ(ε + eV) · [ f (ε, T)− f (ε + eV, T)]dε (5.6)

The resulting fit containing the Lorentzian distribution of gaps is
displayed as black dashed lines in Figure 5.10 for the data which is
indicated as solid colored lines. The small panel shows the underlying
DOS which was used to calculate the fitting curves. For facilitate
comparison, the DOS is normalized in both axes.

In contrast to the Skalski model used before, the shape of the calcu-
lated curves are two of a kind for elevated temperatures. For the less
broadened peaks at T < Tc/2, the width of the coherence peaks can
be well approximated, yet, the height of the peaks differs clearly.

comparison of the three fitting results In Figure 5.11,
the fitting results from the three presented fits are shown. The Fermi-
Dirac components of the upper two fits shows a mainly monotonous
characteristics. Yet, the curve is far from a linear behavior. For the
Skalski fit, the introduced broadening is not able to reproduce the
widening of the coherence peaks. The presented system is not be-
lieved to show non-monotonous behavior as the parameters found by
the fitting.
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Figure 5.10.: The influence of elevated temperature in a tunnel contact is modeled
by a empirically broadened DOS. The upper plot shows the numerically derivated
I-V characteristics of sample Pb1065 (solid) with fits (dashed) while the lower plot
shows the underlying DOS.
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Figure 5.11.: An overview over three fitted DOS used to describe the coherence
peak broadening is shown here. The results are normalized to ∆(T) of the traces
to obtain comparable results. Only the Lorentzian fitting returns parameters which
can be related to the actual measurement temperature in a monotonous relation.

The phenomenological Lorentzian fit provides a linear relation be-
tween fitting and measured temperature. Additionally, the broaden-
ing parameter σ evolves monotonously with increasing sample tem-
perature. Thus, exhibiting the best agreement with the experimental
data.

As only a Lorentzian broadening yields reliable fitting results, a
Skalski pair-breaking mechanism can be excluded for the observed
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widening of the coherence peaks. Furthermore, a smearing of the
Fermi-Dirac can only be used to describe the upcoming current in the
gap for higher temperatures neglecting the coherence peaks. A full
description is only fulfilled by the Lorentzian model as it combines
a proper broadening mechanism and the contribution in the gap by
adapted electronic occupation given by the Fermi-Dirac distribution.
Among other things, inhomogeneity of the electrode material or an
intrinsic property could lead to the observed behavior.

5.1.4 Channel analysis

In the superconducting state, I-V traces can be analyzed regarding
the transmission of electronic conduction channels by the frame work
of multiple Andreev reflections (MAR) as introduced in Section 3.3.4.
The fitting process consists mainly of the least-squares method ap-
proximating precalculated curves with the actual measurement data.
The algorithm was adopted from Schirm and is described in detail
in his PhD thesis [31]. A low sample and electronic temperature will
facilitate the decomposition as the contributions of the channels to the
so-called mesoscopic pin code [117] is only linearly independent, if the
system is undisturbed.

Several contacts in a single-atom configuration have been measured
to test the decomposition of MAR traces into separate channels. An
example of five different Pb contacts which were analyzed by MAR
is shown in Figure 5.12. The measured contacts (markers) belong to
independent open-close-cycles and exhibit a symmetric shape. Fits
are shown in solid lines for the positive bias regime.

The resulting values for the channel transmissions τi, i = 0, 1, . . . are
presented in Table 5.6 sorted by the largest transmission-coefficient τ0.
Due to a finite measurement temperature and non-perfect BCS DOS,
the assignment is no longer unique. Hence, the results represent the
channel combination with the lowest numerical error. However, the
data and theoretical predictions show only little deviations.
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Figure 5.12.: The figure shows five independent I-V measurements on single-atom
contacts of sample Pb793 (markers) with MAR fits (solid lines). The total conduc-
tance and the transmission coefficients τi of five contacts were determined as listed
in Table 5.6.

Contacts a, c, and d lie in the range of the lowest peak in the his-
togram as discussed in Section 5.1.2. Thus, they can be classified as
single-atomic junctions according to their transmission. As reported
before, a single Pb atom carries the electronic current by three distinct
channels [80, 101]. This result is confirmed only by contact a and d
whereas c exhibits an additional fourth channel. The latter contact is
an indication for the complex arrangement of the atoms and orbitals
in the Pb few-atomic junction. Even though the conductance lies in
the range of a single-atom, a two-atomic junction could be the case as
well.

Comparing contact b and c reveals the complex electronic configu-
ration once more. Modeling these two junctions requires 4 channels
both times even though their conductance differs by 0.7G0. Many
different configurations can form contacts with a comparably high
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Table 5.6.: Transmission coefficients of the contacts shown in Figure 5.12. τ repre-
sents the total transmission. The fitted individual channel transmissions are labeled
as τi.

Contact τ τ0 τ1 τ2 τ3

a 1.77 1.00 0.41 0.36

b 2.55 0.98 0.75 0.41 0.40

c 1.82 0.95 0.48 0.22 0.17

d 1.56 0.85 0.51 0.20

e 0.09 0.08 0.01

conductance with varying channel count or vice versa. By this means,
the last broad peak in the histogram can be explained.

5.1.5 Evolution of phonon modes

The van Hove singularities of the TA and the LA phonons are located
near 4 meV and around 8.6 meV in Pb, respectively [118]. Due to
the soft nature of Pb, the energies are only little above the gap in
a tunnel contact. Hence, investigation of the superconducting gap
revealed the impact of phononic excitations on the electronic transport
before in planar tunnel junctions [119, 120]. Both publications report
the evidence of phonons in the 1

st and 2
nd derivative of I vs. V.

In atomic-scale junctions, soft phonons have been predicted with a
variety of vibration frequencies [121]. A normal conducting atomic
contact was prepared at T = 650 mK and B = 1 T to avoid masking
the weak phononic interaction with the strongly non-linear transport
signal. Only to the outstanding mechanical stability of the MCBJ tech-
nique, consecutive measurements of the EPI function could be real-
ized with a lock-in measurement (see Eq. (3.14)).

The contact was slowly stretched by a constant displacement. After
each stretching cycle a spectrum was recorded. The result is presented
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in Figure 5.13 while omitting curves which looked identical to the
previous one for clarity.
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Figure 5.13.: Consecutive PC spectra of a normal conducting Pb junction of sample
Pb1065 while slowly stretching (bottom to top) are offset vertically. The dI/dV signal
of selected traces is shown in Figure 5.14.

The initial conductance was 4G0 while the last stable contact was es-
tablished at 0.46G0 (with only partially open channels below τi < 0.5).
For the latter IETS regime, an enhancement by inelastic effects of the
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signal is expected (positive bias). When multiple channels contribute
to the transport, predicting an enhancement or diminution by inelas-
tic effects becomes difficult. Overlaying effects like universal conduc-
tance fluctuations will weaken the general anti-symmetry of the spec-
troscopy. This behavior has been observed in Au atomic contacts be-
fore [122].

Figure 5.14.: The simultaneously recorded conductance of the breaking of a few-
atomic Pb contact for selected positions in Figure 5.13 is plotted here (Pb1065).

Figure 5.14 presents selected dI/dV measurements taken simultane-
ously with the PCS. At zero-bias, a systematic decrease in conduc-
tance appears. Due to the reduced dimensions of the contact, an ef-
fective screening of the conduction electrons is not longer possible
which will result in a tiny but measurable reduction of conductivity
by the so-called dynamic Coulomb blockade (DCB). As already ob-
served in Al before [123], the occurrence of the effect is connected to
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the electronic circuit. Additionally, the impedance of the junction and
its environment play a crucial role.

In the measured voltage span of ±10 mV, more features appear
arising from the phonon interaction. The largest contact of G > 4G0
corresponds well to a two-atomic junction when comparing with the
conductance histogram. Shallow maxima at −9 (N) and −5 mV (�)
and weak minima at +5 (�) and +9 mV(N) are found. As they ap-
pear in the vicinity of the bulk phonon energies, they are attributed
to electron-phonon scattering and remain visible down to G ≈ 3G0.

As expected, upon further stretching of the contact, the relative in-
tensity of the signal at ±9 meV reduces and shifts to smaller energies
and eventually the sign gets inverted. Meanwhile, the structures near
±5 meV invert their sign as well, even though it is hard to see in the
negative bias branch.

The transition from PCS regime to IETS regime takes place at G ≈
2G0 in this stretching experiment. For this transition to happen, most
transmissions of the electronic channels must be τi < 0.5 [124]. For
the last contact in the single-atom regime just before breaking at G ≈
0.46G0, this condition must be true. Thus, the last two curves can be
safely assigned to the IETS regime. Those junctions show two distinct
maxima in the positive and two minima in the negative bias which
are caused by inelastic phonon scattering.

For both limits of this measurement, the high and low conductance
state correspond well to the PCS and IETS regime, respectively. Due
to disordered contacts and rearrangement, the signal is masked by
conductance fluctuation. Additionally, dynamical Coulomb blockade
deteriorates the signal quality near zero-bias. Therefore, a strict as-
signment of the visible structure to specific physical effects is difficult.
Yet, by choosing the measurement conditions according to the effect
studied, further improvement is possible.
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5.1.6 Resolving the double gap of Pb

Already in the 1960s, tunneling spectra obtained in planar Pb devices
led to the observation of a variety of different values for the energy
gap ∆ [120, 125, 126]. The authors attribute the change of several per-
cent in magnitude to a crystal-direction dependent energy gap. Re-
cently, a STM study by Ruby et al. performed on Pb single-crystal
samples explored the origin of the different values for ∆ [127].

With the help of deep indentation, they covered a W tip with poly
crystalline Pb. This superconducting layer does usually not show a
distinct orientation. Clean terraces of 〈111〉, 〈100〉, and 〈110〉 where
examined by STS. Only due to the high energy resolution arising from
the tip’s non-linear DOS, the small splitting between the two supercon-
ducting bands could be resolved.

Theoretical calculations predict two distinct Fermi surfaces (FS)
with different pairing energy and different character [128]: FS1 with a
spherical s-p character shows a smaller pairing energy compared to a
second, FS2, with p-d character. Since FS1 is expected to have a weak
dependence on the crystal directions and FS2 is highly anisotropic, the
probability to tunnel into either of the FS depends highly on the orien-
tation of the crystal. The authors verify their claim by reconstructing
the FS by dI/dV mapping the surface next to an impurity. By this
method, a projection of the Fermi sphere in one~k-plane was obtained.
The calculated shape resembles the~k resolved images strengthen two
discrete superconducting bands.

In the presented study, sample Pb473 exhibited spectra which re-
vealed indications of two distinct pairing-energies. A SEM image of
the sample after measurement is presented in Figure 5.15. As the sam-
ple was exposed to a molecular solution, the surface looks polluted of
residues.

The sample was fabricated by evaporating Pb with a consecutive
layer of Au with 150 nm at 10 Ås−1 and 20 nm at 1 Ås−1 thickness,
respectively. The histogram presented in Figure 5.16 resembles the
Pb histogram presented earlier with an additional peak at around
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Figure 5.15.: SEM image of sample Pb473 taken after the measurement. The con-
tamination arises from molecular residues.

0.4G0 with unknown origin. The missing peak near 1G0 leads to the
conclusion that the contact is formed by Pb atoms [70].
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Figure 5.16.: Conductance histogram of sample Pb473 with 623 opening traces.
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A tunnel spectrum of four contacts in Figure 5.17 reveals two dis-
tinct coherence peaks at the gap edge. The arrows indicate the peak
positions counting from low to high bias: 0.73, 0.97, 1.66, 1.83, and
1.90 mV.

Figure 5.17.: The differential conductance of sample Pb473 is presented in the main
plot. The curves A, B, C, and D have a conductance of 2.3 · 10−4, 2.4 · 10−4, 2.9 · 10−2,
and 4.9 · 10−2G0, respectively. The inset shows the corresponding I-Vs. Both data
sets have been normalized to ease comparability.

A small deviation of the coherence peaks’ position exists between
the far (A and B) and the near (C and D) tunneling curves. The lat-
ter exhibit a contribution of the Andreev reflection which also shows
two distinct energies. The splitting of roughly 230 µeV is lowered
slightly for the near tunneling regime. We observe a ∆PE ≈ 900 µeV
as extracted from the tunnel spectra.
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Work published around 1970 already showed a multi-gap behavior
of Pb [120, 126]. A variety of ~k dependent gap energies observed in
the present study was published covering the range [120, 125, 126].

The splitting extracted is larger than observed by Ruby et al. [127]
who reported 150 µeV for a pure Pb system. Though, the theoretical
predictions by Floris et al. expect an even larger splitting of up to
30% [128].

Additionally, when taking the inverse proximity effect into account,
the pairing-energy of both bands is expected to reduce. The smaller
s-p band energy is more affected by the Au layer on-top of the super-
conducting film than the larger p-d band. The presence of a stronger
hybridization of the gold’s s electrons and the lead’s s-p band could
lead to a stronger proximity effect. Hence, the pairing energy differ-
ence between the two bands could change depending on the strength
of the inverse proximity effect.

5.1.7 Proximity effect

This section describes the results of samples with extended layers of
Pb which serve as superconductor with a reservoir of Cooper pairs
to induce correlations in a normal conducting Au layer or bridge. As
the proximity effect will act mutually, the superconducting properties
of Pb will deteriorate when in contact with Au. The fabrication and
results of hetero-samples will be presented now.

5.1.7.1 Critical temperature

While fabricating Pb/Au hetero contacts, many samples with a contin-
uous layer structure were fabricated. Some statistics of Tc for different
ratios of Pb and Au were recorded which are presented in Table 5.7
and visualized in Figure 5.18.

Most of the samples were produced by evaporating all layers in situ
without breaking the vacuum. Some where prepared with breaking
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the vacuum but with having the Au layer evaporated in the first step
to avoid an oxidized interface.

Table 5.7.: Evolution of critical temperature with thickness of the Au layer. The
columns are ordered according to the evaporation order.

Sample 1
st

2
nd

3
rd Tc (K)

Several 150 nm Pb - - 7.3
Pb216 5 nm Au 110 nm Pb 5 nm Au 5.9
Pb373 20 nm Au 150 nm Pb - 5.7
Pb375 20 nm Au 150 nm Pb - 5.5
Pb471 150 nm Pb 20 nm Au 5.2
Pb486 10 nm Au 120 nm Pb 10 nm Au 4.9
Pb453 130 nm Pb 2 nm Al 20 nm Au 4.5
Pb362 150 nm Pb 25 nm Au - 4.4
Pb481 40 nm Au 150 nm Pb 3.5

Pb353, Pb356 40 nm Au 150 nm Pb - 3.4
Pb482 40 nm Au 150 nm Pb 3.3
Pb355 40 nm Au 150 nm Pb - 3.0
Pb291 150 nm Pb 50 nm Au - 2.2

As the table shows, a monotonous decrease of the critical tempera-
ture is observed for an increasing thickness of the Au layer. For pris-
tine Pb samples with a thickness of 150 nm usually a Tc of 7.2 to 7.3 K
is expected (see Section 5.1.3.2).

Sample Pb291 shows the highest impact of inverse proximity effect
with only a third of the pristine Pb Tc. Still, the critical temperature is
still twice as high as the one of Al.

Plotting the data of the table into a figure reveals a clear linear
relation between the amount of Au in contact with the Pb.
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Figure 5.18.: Tc is plotted against the the Au layer thickness of several samples
stated in Table 5.7. Symmetric samples have a sandwich-like structure, while bottom
and top give the position of the gold layer.

Noticeably, the symmetric sandwich structures of Pb216 and Pb486

with two Au layers are in good agreement with an asymmetric struc-
ture design with only a single-sided Au layer. Yet, latter show a little
higher Tc. The thickness of the Pb layer is expected to be higher than
the superconducting coherence length. Thereby, the influence of the
inverse proximity effect affects the Pb layer asysmmetrically leaving a
slightly stronger superconducting strip. A non homogeneous distribu-
tion of the cooper pair density is expected for all samples depending
on the distance to the Au layer [78].

As the evaporation processes have been carried out in situ in UHV
conditions, an oxidation of the Pb surface is unlikely. An indication
for a stronger interaction for the top or bottom arrangement between
superconductor and normal metal has not been found. Only little
structural asymmetry in the sample design is introduced by the insu-
lating polyimide substrate resulting in a slightly different electronic
environment. Therefore, no dependence between the both arrange-
ments is expected and renders the evaporation order irrelevant.
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5.1.7.2 Gold contacts

The final structure is presented in the following images. They are
colorized yellow and blue to highlight single areas of Au and Pb, re-
spectively. The part of the sample with a bi-layer is indicated by a
reddish color, while the polyimide is set to green for better contrast.

shadow evaporation Using Pb as superconductor, a hetero
sample was fabricated by means of a rather standard lithography tem-
plate with a consecutive use of shadow evaporation. Sample Pb790

consists of 38 nm of Au followed by 150 nm of Pb evaporated at
−140 ◦C.

Figure 5.19.: The figure shows the nano bridge of the hetero sample Pb790 which
was fabricated with shadow evaporation lithography. The single layers of Pb and Au
are highlighted by blue and yellow, respectively. The area of Pb had to be estimated
as the contrast is low.

Even though two bridges do exist, the histogram clearly shows an
Au contact as presented in Figure 5.20. The sharp peaks at 1 and
slightly below 2G0 are typical for Au and atypical for Pb samples.
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Figure 5.20.: Histogram of Pb-Au Sample Pb790 with 20 bins per G0 showing a
clear 1G0 peak typical for Au samples indicating the formation of Au contacts. The
data consists of 176 recorded opening traces.

For the unbroken sample, we estimate a Tc of 4.8± 0.2 K, which
is higher than expected following the results of the planar films pre-
sented before. Since the system shows a rather inhomogeneous de-
sign by shadow evaporation, the outer stripe of the sample consists of
a single layer of Pb.

Also seen before in planar samples, two thin Au films have less
impact on Tc. This behavior could hold as well for the outer-most edge
of pure Pb in the connecting leads. Several contacts with conduction
from the contact to the tunnel regime have been used to analyze the
superconducting parameters by I-V spectroscopy. Figure 5.21 shows
five selected IVs with different character.

Junctions A and B in the near tunneling regime exhibit a current
suppression for |V| < 200 µV which corresponds to Egap ≈ 100 µeV.
This width is far less than a tenth of the initial ∆ of Pb. Additionally,
the current is not fully suppressed. The latter could arise from a
relative high measurement temperature of 400 mK and 750 mK for A
and B, respectively.

As Tc is coupled to the pairing energy ∆ (see Section 3.3.1, a much
lower measurement temperature is needed to fully suppress the elec-
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Figure 5.21.: Five independent I-V spectra were recorded to analyze the proximity
effect for sample Pb790. For the different curves A to E the conductance was 0.021,
0.035, 0.681, 1.278, and 6.024G0, respectively.

tronic excitation in the gap (see Section 5.1.3.5). For measurements
with this proximity system, only a 3He/4He dilution refrigerator sys-
tem obtains sufficiently low temperatures in the mK range.

fib enhanced shadow evaporation To obtain a reliable sep-
aration of the Pb electrodes, the sophisticated process involving elec-
tron beam and FIB lithography was used (see Section 4.2.2.4). Sample
Pb1000 presented in Figure 5.22 exhibits two bridges at first, but after
the FIB treatment only the Au bridge is left.

For R(T) as depicted in Figure 5.23a, three ranges are found. The
single layer Pb parts of the lead become superconducting below 7.2 K
fitting well to all results reported above. By its transition to the super-
conducting state, the resistance is reduced as a first step. For temper-
atures below 5 K, the mutual interacting Pb-Au parts of the sample
fulfill the transition to the superconducting state.
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a: The sample shows two well devel-
oped bridges of two materials.

b: The Pb bridge is cut by manually ad-
justing the FIB beam.

Figure 5.22.: Colorized SEM image of the last fabrication step of sample Pb1000

with the FIB. The Pb bridge (blue) is cut by the beam to remain with only a Au
bridge (yellow).

Unfortunately, the sample only shows a small Bc of 2.5 mT when
correcting the offsets caused by the magnet system as seen in Fig-
ure 5.23b. Two dips in the resistance can be seen for −6 to −1.5 mT
and 0 to 5 mT offset by roughly ±2.5 mT.

The inset shows a vanishing resistance for distinct magnetic fields
and a hysteresis. At these points, superconductivity even at the gold
bridge leads to a dissipationless transport. Already at 10 mT, the
central Au bridge becomes normal conducting thus increasing the re-
sistance by 6 Ω until at 210 mT the leads become normal conducting.

When lowering the sample temperature to below 1 K, a last de-
crease in resistance is observed. As the Au bridge is expected to show
the lowest Tc, one can safely attribute a Tc of roughly 1 K for this part
of the structure. As the temperature measurements could not be car-
ried out to the base temperature and residual magnetic field cannot
be fully excluded, a dissipationless transport is not found.

However, after fine-tuning the magnet at base temperature, the
R(B) plot reveals 0 Ω at 350 mK.

As expected from the critical values, the influence onto the
nanobridge’s electronic system by the superconductor is rather low.
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Figure 5.23.: R(B) and R(T) of sample Pb1000 are plotted in these two figures. The
critical quantities are heavily reduced compared to the bulk values for some parts
of the structure.

I-Vs A and B are presented in Figure 5.24 in the tunnel and contact
regime at 0.018 and 7.4G0, respectively. In addition to these measure-
ments, ongoing improvements of the sample design by A. Nyary led
to a superior induced superconducting signal in the Au contact. Two
exemplary measurements C and D are presented in Figure 5.24.

In contrast to an atomic contact in the normal state, the curves show
nonlinearities around zero bias. Of course, the magnitude of the ef-
fect is rather small but could be measured. On the one hand, a re-
duction of the conductance for the tunnel contact is visible which is
attributed to a remaining correlation of electrons in the Au electrodes.
On the other hand, the large contact reveals a small contribution by
a supercurrent. Based on the advances already presented, samples
with superior superconducting properties can be obtained by further
optimization.
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Figure 5.24.: Measurements performed on the presented sample Pb1000 with a
conductance of 0.018 and 7.4G0 for A and B, respectively. The temperature was
650 mK. Two recently examined samples Pb1143 and Pb1145 show a more robust
signal of superconductivity in the contact regime (C, 1.32G0, 350 mK) and in the
tunnel regime (D, 0.057G0, 500 mK). The superior performance is attributed to
improvements in the sample design (Measurement conducted by A. Nyary).

5.2 current-induced switching in lead atomic-size con-
tacts

Whenever a high current density is applied to a metallic wire, a grad-
ual thinning will set in. In thin wires with only few atoms in diameter,
the thinning will lead to movement of single atoms along the wire.
The atomic movement can be well assigned to recorded conductance
jumps.

In this section a detailed analysis of the influence of high currents
onto few-atomic contacts is presented. Since the origin of the process
is yet unknown, statistical data of many recorded rearrangements is
shown. By plotting these statistical events against the voltage and cur-
rent, a possible mechanism can be evaluated. At last, special config-
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urations have been extensively analyzed to gain further information
about their composition.

The classification of configurations and the method of generating
special arrangements will be explained now.

bistable contacts The first type of contacts shows two distinct
conductance values which have a hysteretic dependence on the bias
polarity. After crossing V+

thr in the positive bias with a jump in conduc-
tance, ∆G+, the conductance stays constant as the new configuration
is stable. When reaching V−thr in the opposite bias regime, the initial
conductance and configuration reemerges.

This procedure can be repeated many times. For this type of con-
tacts it is important, that at zero bias no change of the configuration
is observed, i.e. the contacts are stable in both (bi) endpoints.

V+
thr and V−thr are not necessarily the same, often a slight asymmetry

is found, sometimes a rather large one.

monostable contacts Monostable contacts, then again, do
show a jump in conductance for a given Vthr. After returning from
a little overshoot, the contact falls back to the initial state immediately
when hitting the limit V < Vthr.

In negative polarity for V < V−thr, sometimes V−thr ≈ −V+
thr, will lead

to another jump in conductance triggering the ramp to invert.
This type of contact has only one (mono) stable configuration when

no current is applied. A 2
nd configuration becomes energetically fa-

vorable when a sufficiently high electronic current is flowing.

5.2.1 Atomic rearrangements

Reliable information about the processes taking place while having
current induced atomic reconfiguration can only be obtained by ac-
quiring as many events as possible because the starting conditions
are not known. When pulling few-atom contacts by the MCBJ tech-
nique, we can gather information about the conductance but an accu-
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rate description of the actual atomic configuration requires detailed
microscopic calculations.

Thus, a statistical analysis of recorded rearrangements was exam-
ined concerning the switching parameters at varying conductance val-
ues and thus depending on the contact size.

5.2.1.1 Statistical data for Pb contacts

The combination of more than 14 000 atomic rearrangements is plotted
in form of a histogram in Figure 5.25 versus Vthr and Ithr at which the
rearrangement occurred. Every switching event was included from
Pb1044 and Pb1065 were included: pure rearrangements, monostable
and bistable configurations. The events were grouped by their initial
conductance ±0.5G0.

The switching procedure ignores all switching events taking place
at V < 80 mV. This restrictions takes precautions against detecting
resistance noise as a switching event accidentally. Some events are
still recorded in this area due to a non-ideal voltage biasing. When
a contact jumps to a higher conductance, the applied voltage drops
and it can rarely be found in the data. For a Gaussian fit, data which
has systematically be sorted out, will slightly influence the fit quality.
However, judging from the existing data, only few events occur at
V . 100 mV. To this end, only some events get lost.

To fit the data, a standard Gaussian fit is used to model the given
distribution as stated by

p(x, µ, σ) = α · e−
1
2 (

x−µ
σ )

2

(5.7)

with the distribution width σ and the offset µ for I and V as x. The dis-
tribution is scaled with an arbitrary factor α to fit the data best. Taking
the µ(G) of the Gaussian fits provided in the figures, the thresholds
can be given quantitatively as stated in Table 5.8.

Beginning from small contacts with G = (1 ± 0.5)G0, Vthr shifts
from high voltages of roughly 270 mV towards the lower end as nearly
170 mV for 5G0. This trend disproves a pure voltage dependency
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Figure 5.25.: Probability distribution of 14 000 switching events of sample Pb1044

and Pb1065 grouped by the actual conductance regime. Vthr (Ithr) decreases (in-
creases) monotonically with higher conductance. While acquiring the data, only
events with Vthr > 80 mV were recorded to avoid the relatively high resistance noise
to influence the measurement procedure.

of the switching events as a voltage drop and a related electric field
would only be affected little by a change of conductance.

With lower conductance, a higher voltage is needed to establish a
sufficiently high current density initiating the rearrangement of atoms.
As a simple geometrical relation between contact area and conduc-
tance is no longer given in the ballistic regime, the ratio Vthr/G is not
constant.
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Table 5.8.: Statistical distribution of switching events of all configurations ordered
by the initial conductance. The binning was ±0.5G0 around the center value given.

Pb Au
Conductance Vthr Ithr Vthr Ithr

(G0) (mV) (µA) (mV) (µA)

1 272± 5 24± 1 516± 10 46± 1
2 244± 2 38± 1 412± 6 65± 1
3 223± 1 49± 1 280± 3 65± 1
4 191± 2 57± 1 166± 2 50± 1
5 173± 2 66± 1 116± 1 45± 1

Regarding the current dependency Ithr, the trend is inverted show-
ing only ≈ 24 µA for single-atom contacts and a high current of
≈ 66 µA for the largest contacts. Due to a larger relative difference of
the current values, the distribution is separated more clearly around
a center value for Ithr. As the conductance ranges can be roughly ap-
proximated by the number of atoms in the contact, it is plausible that
a higher Ithr is needed for larger contacts to generate the same force
for many atoms as for only a single one.

Small junctions of G ≈ (1± 0.5)G0 with only one central Pb atom
exhibit a well defined current path. This central atom will react on the
full force induced by the electronic current. Assuming that only one
atom switches its position, a single-atom contact interacts with the
whole current. Thus, a small current is needed to change the atom’s
position because a focusing into the switching atom.

5.2.1.2 Statistical data for Au contacts

As comparison for a metal exhibiting only single valence [101], an
Au sample, Au02, underwent the same treatment in terms of voltage
ramping and analysis as the Pb sample. The data is presented in
Figure 5.26 with the extracted fit data in Table 5.8. The data is also
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grouped into conductance ranges of G = (x ± 0.5)G0 to analyze the
influence of the contact size.
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Figure 5.26.: Histogram generated from 6 300 switching events grouped into con-
ductance regimes of sample Au02. The maximum of the Gaussian fit (dashed lines)
for Vthr decreases monotonically with higher conductance while the distribution of
Ithr only shows little variance.

At first glance, the distribution of Vthr is extended over a much
larger voltage span in Au compared to Pb for all contact sizes. Mainly
all events in Pb are in the range of 100 to 400 mV while for Au the
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distribution extends from 50 to 700 mV. The fitted distribution max-
ima shift from 270 to 520 mV and 170 to 120 mV for the lowest and
the highest conductance range, respectively.

While the data as a function of the voltage has a well separated
nature with only little overlap, the data plotted against the current is
more compressed. Additionally, no order of the distribution’s center
according to the conductance regime is apparent like it is the case for
Pb. The lowest and highest conductance share the same center of Ithr,
which is also contrary to the results seen in Pb. The findings of Pb
and Au will be compared and discussed in Section 5.2.1.5.

5.2.1.3 Cumulative histograms

The data presented before can be visualized without resolving with
respect to the particular conductance. Figure 5.27 presents the data
and a Gaussian fit as dashed line. The bin size is the same as in the
previous figures to ease comparability. With the higher number of
events in the combined data set, the shape nicely resembles a Gaus-
sian distribution.

The distribution width of the two metals differs a lot in the volt-
age space but is of a comparable size in the current plot, as could
already be seen in the separated plots. As indicated by the Gaussian
fit, Vthr,Pb = (210± 10)mV and Vthr,Au = (290± 10)mV are found for
the threshold voltage. The current maximum is at Ithr,Pb = (43± 1) µA
and Ithr,Au = (57± 1) µA.

5.2.1.4 Conductance difference of rearrangements

When plotting the change in conductance for Pb of the events pre-
sented before, the distributions seem independent of Vthr and Ithr.
The data shown in Figure 5.28 is grouped into conductance regimes
of (x± 0.15)G0.

This outcome differs strictly from the thresholds observed for the
absolute rearrangement conductance presented in Section 5.2.1.1. For
Pb, a strong influence of the contact size is found.
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Figure 5.27.: Combining all conductance ranges from the plots before, Pb (red), Au
(blue), and Al (green) show distinct maximum positions. The Gaussian fits (dashed
lines) exhibit a clearly visible shift of the center position. The Al data was taken for
contacts in the range of 1G0 < G < 3G0 from [31].

Additionally, data obtained for Pb, Au, and Al was plotted against
the conductance change ∆G in Figure 5.29. Al data of Schirm [31]
was included (green). Small ∆G are most probable for all metals and
become rarer for a higher ∆G. Yet, Al and Pb show a steep drop versus
a higher ∆G compared to Au. The latter exhibits a almost linear decay
with a relatively high contribution even at a high ∆G.
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Figure 5.28.: For voltage and current, the difference of the conductance ∆G before
and after a rearrangement were statistically analyzed. The data was grouped into
histograms with the binning ∆G = (x ± 0.15)G0. No deviation of the threshold
parameter regarding the jump height is found.

The data of the first bin for Al actually shows more than 300 counts.
This high value can be caused by a different analytic and experimental
approach as small ∆G are difficult to properly measure and count.

5.2.1.5 Discussion

We start the discussion with the roughly constant Ithr for the Au sam-
ple presented in Figure 5.26. The single spherical s-orbital is the only
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5.2 current-induced switching

Figure 5.29.: The statistical analysis shows a histogram of conductance change
for atomic rearrangements. Pb, Au, and Al show a similar trend. Jumps with
only a low difference of the two states are more probable. Yet, Au and Al have
a more pronounced contribution for jumps with higher magnitude. Data for Al
(Vthr < 300 mV) taken from [31].

to carry the current for each atom. If more than one atom is taking
part in the electron transport, which is mainly the case, the coupling of
Au atoms is of an isotropic nature. Calculations performed by Bürkle
et al. [121] are presented in Figure 5.30a. Ψ1 shows the dominant left-
incoming transmission eigenchannel which is symmetric around the
transport direction. Thus, it is expected that all atoms in the constric-
tion will be influenced by the electronic current even for wider junc-
tions. The actual contact size plays only a minor role when supposing
a dependence only of the total current flowing in the junction. Since
a theoretical description of the dependence of the current is missing,
the observation can only be phenomenologically explained.

Moreover, as the classical picture of a current density is insufficient
to describe the ballistic regime, an influence of the orbital structure
onto the ongoing process seems more likely. This opposite situation
exists in Pb, where each atom offers up to three or four conduction
channels. The p orbitals will add an anisotropy to the current trans-
port by the three orientations as seen in Figure 5.30b. The coupling of
the electronic system will depend on the spatial overlap of the wave
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a: Au junction b: Pb junction

Figure 5.30.: Calculated wave-functions for the highest left-incoming transmission
eigenchannels in Au and Pb contacts. With kind permission from [121, 129].

functions. Eventually, only one conduction channel will dominate the
switching process as seen before in Au junctions. Thus a reduction of
efficiency of the switching will occur when the number of atoms and
thus possible current paths increases. This assumption gives rise to
further questions which can be addressed by theoretical calculations.

For further discussion, the absolute current is taken as causal. Ad-
ditionally, assume the same potential heights separating the adjacent
atomic positions. To this end, only the coupling of the absolute cur-
rent to the electronic system of the easiest movable atom will lead to
a change in the atomic arrangement. When only a small number of
conduction channels come into question, the probability of rearrang-
ing the junction is higher for the same current. As Pb atoms exhibit
three conduction channels per atom, a more complex arrangement of
conduction channels will be the case.
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5.2 current-induced switching

The results presented for Pb in Figure 5.25 show a well separated
Ithr for all junction sizes when plotting the data against the current.
This behavior is different to the previous case of Au where almost
only one Ithr for all contacts was found. As described indicated be-
fore, a focusing onto a single prominent conduction channel will lead
to little variance when analyzing different junction sizes. When in-
vestigating complex and branched electronic paths, a wider contact
will lead to the need for higher absolute currents. Hereby, the partic-
ular conduction channel well coupled to the moving atom will only
partially benefit from higher currents.

Thus it is conclusive that the Au sample shows the same center for
the switching events distribution of Ithr, while the Pb sample has a
high spread of Ithr according to the number of atoms in the junction.
Regarding Vthr in Au, the lower required voltage for a higher conduc-
tance can be deduced from an increased current.

Measurements performed by Schirm [31] on Al MCBJ samples at
low temperatures have been added to Figure 5.27 to ease a compar-
ition. When comparing Vthr of all three metals, the maximum of Pb
fits well to the maximum of Al, both near 230 mV. Since Al and Pb
belong to the same group of trivalent metals [101], a similar electronic
behavior is expected. But other than Pb, Al shows a rather wide dis-
tribution of Vthr as seen before in Au. Yet, by a different experimental
and numerical procedure as used by Schirm slightly varying results
are expected.

Regarding threshold current Ithr, the distribution of Al shows the
maximum of its broad distribution somewhere between the values for
Pb and Au. As the melting point of Al (934 K) lies between Pb (601 K)
and Au (1337 K), the binding energy does as well (see Section 3.2.3).

The shift in Ithr of 14 µA from Pb to Au can be explained by the
much higher melting temperature and thus binding energy of Au
compared to Pb. As the binding energy is higher, the electromigration
mechanism has to overcome a higher potential barrier to rearrange the
atomic position. A potential influence of the metal’s valence onto the
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absolute current needed for switching has to be verified by further
calculations.

When facing the conductance difference of the atomic rearrange-
ments presented in Section 5.2.1.4, more questions arise. Neither is a
high ∆G linked to a high applied current nor is a small ∆G to an only
small current. As a reverse conclusion, the position of an only weakly
coupled atom could be switched by a small current to obtain a much
stronger coupling to the electronic system of the junction exhibiting a
large conductance increase.

The presented statistic opens a lot of possibilities for the electronic
system and energy landscape of the atomic configuration. Through
this, an even more complex theoretical analysis of atomic rearrange-
ments has to be tackled. To understand an emerging rearrangement,
the potential landscape and the coupling to the atomic system has to
be better understood.

5.2.2 Bistable contacts

Simple atomic rearrangements are easy to obtain by applying suffi-
ciently high currents. However, they contain only limited informa-
tion because the structure is not known. To create bistable contacts,
two stable configurations with similar threshold currents have to exist.
These potential minima exhibit a relatively low barrier which can be
overcome by relatively low currents which do not destroy the atomic
configuration on a larger scale. By repeatedly switching the contacts
forth and back and using advanced spectroscopic methods, we could
confirm the identical structure of both configurations, as we will show
now.

5.2.2.1 Electronic channels

When a bistable configuration is obtained by current-induced training
of the atomic contact, the non-linear I-V characteristics of the formed
S-N-S contact can be further analyzed in the framework of MAR as
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5.2 current-induced switching

described in Section 3.3.4. The result of a MAR fitting will exhibit the
so-called mesoscopic pin code describing the electronic channel compo-
sition of the given switching state. It is obvious that these measure-
ments can only be performed in superconducting junctions.

a: lower set 1.74G0 : τ0 = 0.81 + τ1 =
0.61 + τ2 = 0.29 + τ3 = 0.03 and upper
set 0.74G0 : τ0 = 0.57 + τ1 = 0.16 + τ2 =
0.013

b: lower set 1.08G0 : τ0 = 0.79 + τ1 =
0.17 + τ2 = 0.12 and upper set 1.66G0 :
τ0 = 0.98 + τ1 = 0.40 + τ2 = 0.16 +
τ3 = 0.13

Figure 5.31.: Two examples of a channel analysis of the two switching states of
a bistable contact. The channel distribution is exactly the same in terms of the
available accuracy of the fit for each state. The curves were offset vertically since
data (symbol) and fit (solid lines) lie perfectly on top of each other.

When a bistable configuration is established, MAR spectra were
taken in a low-bias range with high resolution after every switch-
ing cycle to confirm the electronic structure of the contact. Out of
many analyzed bistable contacts, two independent bistable switches
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are shown in Figure 5.31. As the I-Vs recorded differ by noise and
thermal offset drifts only, they were plotted with a vertical offset of
0.2 to facilitate the visualization. The examples are located in the
lowest conductance regime for single-atom Pb junctions, i.e. around
1.8 − 1.9G0 where the single-atom maximum was found in the his-
tograms presented before.

The curves presented in Figure 5.31a all show only partly transmit-
ted channels with the highest channel determined as τ0 = 0.81 and
τ0 = 0.57 for the higher and lower conductance, respectively. The
number of channels is reduced on switching from 4 → 3 while both
show one rather weakly coupled channel with τ ≤ 0.03. A differ-
ent behavior can be seen in Figure 5.31b with the highest channel τ0
switching between 0.79 and 0.98 to an almost perfect ballistic channel.

statistics A total collection of 24 analyzed bistable contacts is
presented in a condensed way in Table 5.9. The numbers represent the
difference in the amount of required channels needed to reconstruct
the electronic signature of the contacts. Mainly all transitions have the
same channel count or increase it by one. None of the events has a
change of three or more channels.

Table 5.9.: Statistics of change in channel distribution of bistable switching.

Channel difference 0 1 2 3+

Number of contacts 10 10 3 0

A more detailed representation of the analyzed data is found in
Table 5.10. For ∆τ = ∑ ∆τi ≥ 1 between two states, the number
of channels changes by 2. The rest of the events have conductance
changes of between 0.28 ≤ ∆τ ≤ 0.87 and have an equal distribution
of 0 and 1 changes.
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Table 5.10.: Table of all analyzed contacts concerning channel composition. Only
channels with τi > 0.05 are counted. ∆τ, τh, and τl represent the change in trans-
mission and the higher and lower transmission of one bistable configuration, respec-
tively. According to the transmission, ∆#, #h and #l are the difference in channel
count and the absolute number obtained by fitting.

∆τ τh τl ∆# #h #l ∆τ τh τl ∆# #h #l

0.29 2.12 1.83 0 4 4 0.58 2.02 1.44 1 5 4

0.29 2.47 2.18 1 6 5 0.58 1.66 1.08 1 4 3

0.29 2.33 2.04 0 4 4 0.61 2.50 1.89 0 5 5

0.31 2.02 1.71 0 4 4 0.61 2.67 2.06 1 6 5

0.35 3.61 3.26 1 8 7 0.62 1.31 0.69 0 3 3

0.36 2.07 1.71 0 4 4 0.68 2.64 1.96 1 5 4

0.37 2.88 2.51 1 6 5 0.74 2.23 1.49 1 5 4

0.39 2.44 2.05 1 4 5 0.87 2.28 1.41 0 4 4

0.40 2.73 2.33 0 6 6 1.00 1.74 0.74 2 4 2

0.41 2.38 1.97 1 5 4 1.48 2.62 1.14 2 6 4

0.45 2.26 1.81 0 5 5 1.54 2.33 0.79 2 5 3

0.54 2.54 2.00 0 5 5

50% of the cumulative channel transmissions are below τi = 0.35
with a maximum around τ = 0.2. All the contacts show at most one
well transmitting (τ0 > 0.8) and several partially connected channels.
Often configurations with two or even three identical τi are found.
While higher conductance jumps go along with a thorough change in
the particular channel transmissions, the less pronounced rearrange-
ments only show little modifications concerning number and trans-
mission.

Most of the analyzed contacts represent a single-atom or two-atom
contact since the number of conduction channels is 3 to 6. The highly
transmitted channel arises from one well aligned p-like orbital while
the only weakly overlapping orbitals result in poorly transmitting
channels. The majority of the bistable contacts only show little vari-
ance in the provided conduction channels and the resulting transmis-
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sion. We can deduce from this fact and the preservation of one highly
transmitting channel, that the atomic arrangement exhibits only little
change. Most probably will the well coupled central atom keep its
position while an adjacent atom toggles between two slightly differ-
ent location. Thereby, the overlap of orbitals in a plane normal to the
current direction is modified.

The events in Table 5.10 with ∆# = 2, show exceptionally high
change of conductance. This finding can be caused by a non-resolved
rearrangement of two atoms or with movements of one atom in one
switching cycle. Still, a reversible cycle is found. For all contacts,
an increase in conductance along with an increase of conductance
channels is observed. Some channels maximize their transmission in
a bigger scale. The last contact with the highest ∆τ shows the two
configurations:

∑ τi = 0.79 τ0 = 0.47, τ1 = 0.16, τ2 = 0.16

∑ τi = 2.33 τ0 = 0.97, τ1 = 0.68, τ2 = 0.43, τ3 = 0.15, τ4 = 0.10

Here, the dominating channel doubles its transmission and two
new channels appear. Arguing with a valence of 3, only one weakly
coupled atom bridges the contact for the lower conductance. After the
switching, a second atom carries additional modes while one of them
will be better aligned with the surrounding orbitals.

5.2.2.2 Correlation analysis of bistable configurations

The data presented before can be visualized using a two-dimensional
histogram comparing the conductance of the bistable configurations.
The results of the 2d correlation analysis are shown in Figure 5.32

and Figure 5.33 for Pb and Au, respectively. The average jump height
calculated is 0.5G0 for Pb and thus slightly higher compared to the
Au sample with 0.4G0.

The Pb data exhibits a high probability of events taking place be-
tween 2 and 3G0. Though, the measurement software was adjusted to
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Figure 5.32.: A correlation analysis of all bistable configurations of samples Pb1044

and Pb1065 exhibit an average jump height of 0.5G0. Every bistable configuration
is only accounted for once. The two solid lines are a guide to the eye with no offset
and an offset of 1G0. The dashed line represents the average jump height.

measure a wider range up to 8G0. On the one hand, junctions with
high conductance do not tend to form bistable contacts and rather
electromigrate to thinner contacts. On the other hand, larger contacts
with higher conductance only show a small difference between the
two bistable states as compared to small contacts.

For the Au sample, a little clustering around 1, 2, and 3G0 is ob-
served, as more stable contacts are found at these positions. This
phenomenon is known from the conductance histogram already. Yet,
as for the case of Pb, the conductance difference does only show an
almost constant jump height for all initial conductances. Due to the
low number of events, the data is not as clear as for Pb.

As reference to the measured events of Pb and Au, data published
by Schirm et al. [32] are presented in Figure 5.34. Al is a triva-
lent metal like Pb and shows one constant distribution of bistables
switches parallel to the diagonal with an average distance of 0.3G0.
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Figure 5.33.: For the gold sample Au02 the average difference between the two
bistable states was estimated to 0.4G0. At 1, 2, and 3G0 a clustering is found. These
points are pronounced in conductance histograms, too. Two solid lines were in-
serted for ease of comparability with no offset and an offset of 1G0. The average
jump height is indicated by the dashed line. By outlining the distribution, the inho-
mogeneity is emphasized.

Differently than for Pb and Au, an additional weak clustering with an
offset of 1.0G0 is found.

When comparing all three metals, some similarities are found for
all of them: First, a wide spread of the jump heights extends for Pb,
Au, and Al to around Ghigh−Glow ≈ 1G0. However, Al shows a more
extended spread to almost 1.5G0.

Second, events even below the conductance of the single atom con-
tact are found. In Pb, large conductance jumps are usually observed
for Glow < 1G0. As Al exhibits the lowest single-atom conductance of
only ≈ 0.8G0, it has to most extended distribution of events towards
a low conductance.
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5.2 current-induced switching

Figure 5.34.: Data previously published by Schirm et al. [32] shows data acquired
for Al junctions. By plotting a bistable contact against the conductance of the
two states, two preferred conductance differences become visible indicated by two
dashed lines. The offsets are 0.3G0 and 1.0G0 relative to the diagonal. With kind
permission from [32].

Last, different than expected, very small conductance jumps are not
as probable as a little larger ones. A high number of events forms a
discrete distribution within a distance of 0.3− 0.4G0.

All statistical events have to be considered with care as the mea-
surement software sets limits. Conductance jumps are usually only
detected by the control software when a threshold of roughly 0.2G0 is
exceeded. This limits the data collection next to the diagonal where
no data points should appear. In this work, the conductance is cal-
culated from the current and voltage values directly before and after
the switching event which can lead to little variance as events below
0.2G0 are evaluated. A masking of these events is not performed to
avoid spoiling the data.

5.2.2.3 Hysteresis loops

A special way of presenting the hysteresis of bistable switches are the
so-called butterfly plots. By plotting the conductance of a junction
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against the applied current, which is reversed after the switching into
2

nd configuration, closed traces develop. In Figure 5.35, a selection of
these characteristic shapes recorded on Pb1044 and Pb1065 are shown.
The range around the zero-crossing of the current had to be removed
due to high resistance noise.

The manually selected curves shall not be interpreted as quantita-
tive measure of the occurrence as the selection was arbitrary. Yet, the
figure exhibits special cases of interesting details which shall be men-
tioned now.

Figure 5.35.: The conductance of selected bistable contacts of samples Pb1044 and
Pb1065 are plotted against the applied current. Several switching cycles are shown
for every contact to demonstrate the repeatability of the process. Because of the
voltage biasing, a conductance change will induce a current change as seen for the
switching points. The blue dotted lines represent the origin of each loop since the
curves are offset horizontally for clarity.
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Junction a shows a pronounced asymmetry of Ic1 and Ic2. As the
channel count will increase from the low to the high conductance state,
the arguments provided before are substantiated. a will presumably
only show one conduction channel which will couples well to the
electronic system of the atom.

An onset of a third configuration is found for contact b when a
negative current is applied to the high-state. Before the switching
back to the low-state, a conductance increase is found. Whether this
third state is of mono or bistable nature is unknown.

The other four selected junctions show a difference in the continu-
ous changing of the conductance. Contact c exhibits a rare decrease
of the conductance for the lower state when lowering the current to
the negative threshold current. Others contact shown for this conduc-
tance range, i.e. d, do not exhibit such a feature.

Junctions e and f show a strong variance of the background change
towards the higher threshold current. Given the same conductance, a
more pronounced influence of the connecting leads can be excluded.

By detailed analysis of hysteresis loops recorded on Al, Schirm [31]
assigned the continuous change of conductance to electromigration
forces. By deflecting the central atoms slightly from their position of
rest, a minor alteration of the conductance is induced. Because of the
dependence of only |I|, conductance fluctuations have been ruled out.
The excitation of vibrations was excluded, too, since the observed kink
in the recorded G(I) at I = 0 does not fit.

The observed background in Figure 5.35 often shows a symmetric
shape concerning positive and negative applied current. Some curves
exhibit a strong asymmetry. The high and the low state do not nec-
essary have to follow the same trend. To deepen the understanding
of the influence of the electromigration force, further calculations or
simulations are needed to compare experimental observation with.

121



results

5.2.2.4 Point contact spectroscopy: Role of phonons

The phononic response of a bistable hysteretic contact can be ana-
lyzed via PCS (see Section 3.1.4) which gives insight into the electron-
phonon interaction function α2F(ε) directly related to d2 I/dV2 (see Sec-
tion 3.14). For this purpose, a bistable contact with at least three full
switching cycles was established. Subsequently, point-contact spectra
were recorded in the high and low conducting state for three full cy-
cles which are shown in Figure 5.36 for eight individual contacts with
bistable hysteretic behavior upon voltage reversal.

The both switching states are well distinguishable from each other.
Yet, often similar features at the same bias voltage are found. The rear-
rangement comes along with a small shift of the peaks and a variation
of intensity.

Contact A shows a clear signal for V = ±5 and ±10 mV in the low
state. The contribution vanishes for the high state at ±10 mV bringing
up additional structure at ±14 mV.

Another example, E, exhibits two clear peaks for the low-
conductance state in the positive bias branch. The high-conductance
state can nicely reproduce the peak at around +5.3 mV with a slight
blue shift while the peak next to +1.4 mV is red-shifted to +600 µV.
For negative bias, the inverted peak at 3.2 mV is visible for both states.

H shows only small change in conductance between the switching
states. Nevertheless, the two PCS differ a lot, especially in the very low
voltage bias around 0 V. The only resemblance is a peak at +6 mV. A
kink at −9.5 mV is visible in both states but with different sign.

Since the extrema in the PCS originate from the microscopic vibra-
tional modes of the contact and appear in both states, they reflect
rather little change in the atomic assembly when switching for con-
tacts. It is not straight forward to track extrema in the both switching
states. Many modes (as calculated by theory) will merge with posi-
tive and negative sign to form the final spectrum. Bürkle et al. [121]
present a number of 10 modes in a single-atomic junction for a bias up
to 15 meV. The calculated modes exhibit a much smaller width than
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Figure 5.36.: The figure shows the d2 I/dV2 of eight different bistable Pb contacts
ordered by conductance. The data of different contacts are offset vertically for clarity.
The insets show the dI/dV of the two associated contact configurations.
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the measured ones as presented in Figure 5.36. Therefore, a detailed
assignment of the modes is hopeless.

As the bistable contact conformations are prone to any kind of me-
chanical deformation, it is not possible to stretch one state to obtain
further information about the mechanical properties. When stretch-
ing a contact, a shifting of the modes can help to identify their origin.
Unfortunately, any attempt to stretch the bistable arrangement results
in a further irreversible change by electromigration.

5.2.2.5 Magnetic field

To eliminate superconductivity from influencing the switching thresh-
olds, bistable contacts were driven between both states continuously
while increasing the magnetic field slowly. Two data sets are pre-
sented in Figure 5.37 for two independent contacts. As mentioned
earlier, one can estimate Bc ≤ 200 mT with the measurements reach-
ing much higher fields.
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Figure 5.37.: The two plots show different contacts. Both were continuously
switched while ramping a magnetic field with the threshold indicated by bars (red).
The standard deviation is added by the shaded box (red). Only a weak temperature
change was observed (blue).
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The red bars represent Ithr for every cycle while the blue points
indicate the substrate temperature. There is a small drift of the tem-
perature but none in the threshold currents. The standard deviation
of the measured values are indicated by the shaded red rectangle.

Because of the observed independence of the threshold of the
magnetic field, an influence of superconductivity can be excluded.
When evaluating the difference between the superconducting and nor-
mal conducting switching experiments, only the boundary conditions
change. As the superconducting critical current Ic is always exceeded
in the bistable arrangement while switching, only the areas with a
current I < Ic can influence the switching behavior.

This finding includes a mainly local heating effect of only a small
volume. As the main difference will be the dissipationless current
transport, this small volume will represent an additional heat source,
or not.

A different system which consists of a planar Pb stripe with a weak
link was studied by Staudt and Hoffmann-Vogel [13] with regards to
the influence of superconductivity. The findings exhibited no elec-
tromigration in the superconducting state which was attributed to a
dissipation less current. When heating the stripe by Joule heating
above Tc, electromigration sets in. This effect took place much below
the critical current both in the leads and the weak link.

Yet, the systems differ a lot: The MCBJ system offers only a very
limited critical current in the µA range. The stripes presented by
Staudt yield an Ic > 1 A [13]. Their results are another indication,
that the main influence on the electromigration barrier is caused by
a temperature increase. This behavior shall be discussed in the next
paragraph.

5.2.2.6 Substrate temperature

Temperature is a crucial parameter when looking into atomic rear-
rangements. If an atom’s position is fixed by a potential well, the time
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τesc to leave this stable position depends on the attempt rate νesc to exit
and the chance to succeed pesc. Combining both parameters forms

τesc ∝ ν−1
esc · p−1

esc (5.8)

with inverse dependence on them. The probability can be treated as
a tunneling over a barrier with pesc = e−β

√
∆E representing an energy

difference between the barrier height and the particle ∆E and the re-
maining parameters like mass and barrier width merged in β.

When assuming a constant νesc, only a higher thermal energy will
rise the escaping probability in an exponential way. In the case of an
electrically biased contact, the electromigration force and the thermal
energy have to be compared: increasing one lowers the demand of the
other.

Still, increasing the substrate temperature can lead to a slightly dis-
torted lattice with different potential landscape. Thereby, potentials
and thresholds can change their height. So both possibilities exist: A
lowered and an enhanced threshold by increasing the temperature.

To proof this idea, bistable contacts are fabricated and continuously
switched back and forth while the substrate temperature is increased.
Because of the the fragile atomic arrangement, many contacts rear-
range to a more stable position presumably caused by a shifted po-
tential landscape. Some data sets recorded on bistable contacts which
keep the atomic arrangement constant are presented in Figure 5.38.

Seven independent contacts are shown with their evolution while
increasing the temperature. Some were taken at two distinct tempera-
tures while the others are gradually heated up. Both, the positive and
the negative threshold is plotted by only taking the absolute value
with different markers. Measurements a and d tend to have a higher
Ithr for an elevated substrate temperature while b, e, f, and g show
lowered thresholds. The junction c exhibits different trends for the
current polarity.

Judging from the presented data in Figure 5.38, a simple rule for the
temperature increase cannot be given. The two observations made
are: On the one hand, changing the temperature, while a bistable
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Figure 5.38.: The threshold current of bistable switching is analyzed with varying
temperature. The colors identify a measurement set while different symbols repre-
sent opposite bias. A linear regression (solid line) is added to ease the comparison.
For contacts a and d a higher threshold current is found while b, e, f, and g exhibit
a lower one.

configuration is established, will often lead to a rearrangement. By
further ramping of the current, a thoroughly different configuration
is obtained. On the other hand, a clear trend for the temperature
dependence of Ithr is not found.

When comparing the actual substrate temperature of 2 to 12 K to
the estimated temperatures given in Section 3.2.2, only a small impact
on the switching thresholds is expected. Hence, the temperature in-
crease will only lead to slightly altered equilibrium arrangement of
the atoms. This change can then lead to a higher or lower current
threshold as observed. A more detailed analysis of the influence of
temperature on the switching behavior is presented in the following
section.
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5.2.3 Monostable contacts

Even though monostable contacts were not the focus of this work,
they can give insight into the energetic landscape of the switched
atoms. As bistable contacts will not switch back with the small pro-
vided thermal energy given, telegraphic noise is not observed. This
characteristics is only the case for monostable configurations.

The time-resolved on-off ratio which describes the ratio of the con-
tact being in one or the other configuration is modeled according to
Eq. (5.9). The data is further analyzed using an exponential fit as given
in Eq. (5.10). Gerhard et al. [130] analyzed a system of two states sep-
arated by a barrier. When applying an electric field, the energy of the
states is modified by ∆E.

No f f /Non = exp (−∆E/kBT) (5.9)

y(x) = A exp (Bx) (5.10)

A = (2± 8) · 10−14 , B = (0.16± 0.02) (5.11)

For the zero-bias case, the monostable contact rests in the off state
according to configuration A in Figure 5.40 a. When applying a volt-
age to the contact, the two states align. A finite probability exists to
find the atomic configuration B. At V0 = (203± 1) mV, both states are
equally occupied with poff = pon = 0.5 indicating a symmetric energy
landscape. This special point relates to ∆E = 0.

This can be interpreted as following: The energy of one of the two
configurations was altered by the applied electrical field. We assume
a constant coupling factor α between applied voltage V and an energy
shifting. Extracting α from the fit, we find

α = B · kBT (5.12)

which can be used to estimate the energy shift which leads to the
symmetric case for the potentials.

As the substrate temperature is known to be T = 1.7 K, the relation
Eq. (5.12) yields an effective coupling parameter α of the electric field
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a: Telegraphic noise of a monostable
contact under bias. In a certain range
the conductance (blue) starts to fluctu-
ate. The applied bias voltage is slowly
ramped (red) back and forth.
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b: Probability for the off state of the
same contact with the model from an
exponential fit as given in Eq. (5.10).
The data was extracted from the conduc-
tance noise of Figure 5.39a.

Figure 5.39.: The two plots show a monostable configuration with a very slow
sweep of the bias voltage a. From this data the voltage-resolved po f f (symbols) is
depicted in b with the exponential fit (solid line). The relative time for the conduc-
tance to be in the lower state in the interval (V : V + dV] is labeled as po f f .

to the electronic system of the atom. With a fixed T, the energy shift
was calculated for the symmetric potential to be ∆E = αV0 = (4.9±
0.6)meV.

As the temperature of the junction is expected to differ heavily from
the substrate temperature in the switching process, the energy barrier
will increase accordingly. The present results are only valid when
neglecting the Joule heating of the dissipative current-transport. Sup-
posing T ≈ 100 K (see Section 3.2.2), the energy barrier could be as
high as ≈ 300 meV.

∆E exhibits a reasonable order of magnitude as reported before
(Figure 2.1, [26]). Yet, the actual junction temperature can be only es-
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results

Figure 5.40.: The figure shows the simplified energy landscape of a monostable
contact in three regimes. a represents the initial state of the contact for no or only a
low applied bias. The two states A and B exhibit an energy difference of ∆E. The
activation energy EA relative to B is small and in the range of the thermal energy
kBT. When a finite bias is applied, the landscape changes to a symmetric case
b, eventually. Further increment of the bias leads to an inverted structure with a
configuration preferring B as shown in c.

timated. By proper modeling of the junction, more information of the
temperature distribution can be obtained. Further studies should fo-
cus on monostable contacts which can lead to a better understanding
of the barriers connected with electromigration.
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6
C O N C L U S I O N A N D O U T L O O K

After introducing the steps of how to process the sample material Pb
for thin-film break junctions, several different measurement schemes
were presented to analyze the normal and superconducting proper-
ties.

The characterization and application to study the atomic rearrange-
ments were separated for clarity. This last chapter shall remind of the
most important results presented.

6.1 pb thin-film mcbj

In Section 5.1, a thorough characterization of Pb thin-film sample has
been performed confirming results of previous work. First, the ba-
sic properties of the fabricated Pb films were analyzed. The poly-
crystalline structure with large grains showed a high conductivity and
a large elastic mean free path at low temperatures. Additionally, con-
ductance histograms obtained by mechanical stretching of the break-
junction exhibited a distribution comparable to previous publications.
The main peak is split with two maxima at around 1.8G0.

Measurements of the critical superconducting parameters showed
reproducible values of Bc and Tc with small variations coming from
the individual sample shape. Yet, deviations and broadened transi-
tions compared to bulk samples were found and assigned to the mi-
croscopic structure of the free-standing bridge.
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conclusion and outlook

Measurements of the density of states of the electronic system by
tunneling spectroscopy in the unperturbed state showed good agree-
ment with reports of notched wire BJ experiments. The influence of
applied magnetic fields was analyzed with the Skalski model while el-
evated temperatures resulted in a broadening of the coherence peaks
which could only be phenomenologically explained by a Lorentzian
broadening. This behavior could mainly be caused by an intrinsic
variation of superconducting gap parameters.

To study the quantum transport properties of atomic contacts fabri-
cated from these samples, electronic spectra were taken by MAR and
PCS. The MAR measurements show an equally high energy resolution
comparable to previous experiments performed with STM BJ. The con-
duction channel composition of single-atomic contacts was extracted.
The PCS of few-atom contacts shows a substructure which could only
partially be explained due to contributions from dynamical Coulomb
blockade and conductance fluctuations.

In connection with Au as normal metal, the influence of normal
and inverse proximity effect has been studied. Three different fabri-
cation methods for Pb-Au-Pb contacts were presented and they show
induced superconductivity in the Au bridge. Due to the large dis-
tance between the normal conducting bridge and the superconductor,
the induced superconductivity was rather weak concerning gap pa-
rameters and critical parameters. By the time of writing this thesis,
ongoing improvements on the fabrication are tested that should lead
to a superior quality of hetero systems.

By the employment of Pb as the superconductor, more complex
structures involving Au or ferromagnetic metals benefit from its ro-
bust superconducting features. With the help of Au, reliable metal-
molecule contacts are established. The use of molecules as quantum
points with tailor-made coupling and functionality offers a multitude
of possibilities.
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6.2 current-driven switching in lead

6.2 current-driven switching in lead

In the second part, Section 5.2, results on atomic rearrangements us-
ing superconductivity and the ultimate stability of Pb MCBJ samples
were presented. The measurements were performed at different en-
vironmental conditions, i.e. in the superconducting state and at el-
evated temperatures. When comparing the bistable switching in the
superconducting and in the normal conducting state, no change in the
threshold current was observed. The behavior was entirely different,
when increasing the substrate temperature. Through this, an altered
threshold current was found with high influence onto the switching
threshold parameters.

In the bistable state, the electronic and phononic signature of the
contact stay the same in both states, confirming a fully reversible
switching process. Therefore, the intrinsic switching process does not
exhibit any wear. This feature suggest that these structures would be
suitable for long-life components.

Statistical analysis of thousands of switching events revealed a sys-
tematic difference between the multi valent metal Pb and the mono
valent metal Au. This comparison yields new insight into the mech-
anism behind electromigration. The orbital structure of few-atomic
contact has more influence onto the electromigration as known be-
fore. When analyzing the jump heights of Au and Pb, a larger spread
was found for Au with higher contribution of large rearrangements.

In the atomic regime, a theoretical model to understand the initial
processes is still lacking. Ongoing simulations only hardly give in-
sight into the microscopic mechanisms of the process. By a statistical
analysis of telegraphic noise, the energy barrier of particular energy
landscapes was estimated. The obtained barrier height can help to
evaluate the involved mechanism of electromigration.
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sample processing

A
S A M P L E P R O C E S S I N G

Step Parameters

Cutting of bronze wafer thickness ≈ 250 µm
Mechanical polishing of bronze wafer roughness < 1 µm

Cleaning with acetone and IPA

Drying on hotplate T ≈ 100 ◦C, T ≈ 1 min
Spin-coating of Durimide 115A T = 20 ◦C, 5000 min−1

Pre-bake in oven T = 130 ◦C, 5 min
Hard-bake in vacuum oven T = 450 ◦C, 30 min

Drying on hotplate T ≈ 100 ◦C, 1 min
Spin-coating of MMA-MAA EL11 T = 20 ◦C, 2500 min−1

Drying on hotplate T ≈ 100 ◦C, 5 min
Spin-coating of PMMA A4 T = 20 ◦C, 5000 min−1

Hard-bake in oven T = 170 ◦C, 30 min

Cutting to small chips 2.5× 18 mm2

Electron beam lithography 10 kV, 120− 180 Ascm−2

Developping in 1:3 MIBK:IPA 30 s
Developping in IPA 2 min

Spray with IPA, blow-dry with N2
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sample processing

Step Parameters

Electron beam evaporation 10− 30 Ås−1, T < −130 ◦C
of Pb (purity 99.999 %) < 1 · 10−6 hPa

Lift-off in acetone 60 ◦C, stirred
Spray with IPA, blow-dry with N2

Reactive ion etching 20 min, 1 hPa
50 sccm O2, 35 W
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measurement reference

B
M E A S U R E M E N T R E F E R E N C E

Sample Measurement set Figure

Pb1065 SW08 4.17

Pb482 Hist01 5.1
Pb649+Pb793 diverse 5.2

+Pb1044

Pb810+Pb970 diverse 5.4
+Pb976+Pb1043

+Pb1044+Pb1065

Pb970+Pb976 diverse 5.5
+Pb810+Pb1065

Pb793+Pb931 diverse 5.6
+Pb1044+Pb1065

Pb1065 BIV15b 5.7
Pb1065 TIV19 5.8, 5.9, 5.10

Pb793 IV 5.12

Pb1065 stretching2 5.13, 5.14

Pb473 Hist02 5.16

Pb473 IVs5 5.17

Pb790 Histo01 5.20

Pb790 IVs01 5.21

Pb1000 Tc 5.23a
Pb1000 Bc 5.23b
Pb1000 IV01 5.24
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measurement reference

Sample Measurement set Figure

Pb1044+Pb1065 diverse 5.25, 5.28, 5.32, 5.35

Au02 diverse 5.26, 5.33

Pb1044 SW16 db32 5.31a
Pb1044 SW14 db6 5.31b
Pb1065 SW15 5.36

Pb1044 SW45 db17 5.37a
Pb1044 SW45 db28 5.37b
Pb1044 a=SW43-58, b=SW29-73, 5.38

+Pb1065 c=SW31-6, d=SW04-117,
e=SW04-147, f=SW29-112,

g=SW04-50

Pb1065 SW07 5.39
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C
A C R O N Y M S

Al Aluminium

Au Gold

CP Cooper Pair

Cu Copper

DOS Density of States

EBL Electron Beam Lithography

EPI Electron-Phonon Interaction

Gd Gadolinium

He Helium

IC Integrated Circuit

IETS Inelastic Electron Tunneling Spectroscopy

IPA Isopropyl Alcohol

LIA Lock-in Amplifier

MAR Multiple Andreev Reflections

Nb Niobium
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acronyms

Pb Lead

PCS Point-Contact Spectroscopy

PI Polyimide

PMMA Poly(methyl methacrylate)

QP Quasi Particle

RRR Residual Resistance Ratio

SEM Scanning Electron Microscope

SFM Scanning Force Microscopy

STM Scanning Tunneling Microscopy

STS Scanning Tunneling Spectroscopy

W Tungsten
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ments for faster evaluation of electromigration in advanced mi-
croelectronics interconnections. J. Appl. Phys. 119, 184302 (2016).

[4] Pierce, D. G. & Brusius, P. G. Electromigration: A review. Mi-
croelectron. Reliab. 37, 1053–1072 (1997).

[5] Scorzoni, A., Neri, B., Caprile, C. & Fantini, F. Electromigration
in thin-film interconnection lines: Models, methods and results.
Mater. Sci. Rep. 7, 143–220 (1991).

[6] Baldini, G. L., De Munari, I., Scorzoni, A. & Fantini, F. Electro-
migration in thin-films for microelectronics. Microelectron. Reliab.
33, 1779–1805 (1993).

[7] Geradin, M. De l’action de la pile sur les sels de potasse et
de soude et sur les alliages soumis à la fusion ignée. Comptes
Rendus Phys. 53, 727–731 (1861).

145



bibliography

[8] Wever, H. & Seith, W. Neue Ergebnisse bei der Elektrolyse fes-
ter metallischer Phasen. Zeitschrift für Elektrochemie, Berichte der
Bunsengesellschaft für physikalische Chemie 59, 942–946 (1955).

[9] Oates, A. S. Strategies to Ensure Electromigration Reliability of
Cu/Low-k Interconnects at 10 nm. ECS J. Solid State Sci. Technol.
4, N3168–N3176 (2015).

[10] Hauser, J. S. et al. Controlled electromigration and oxidation of
free-standing copper wires. Appl. Phys. A 122, 1068 (2016).

[11] Basavalingappa, A. & Lloyd, J. R. Effect of Microstructure and
Anisotropy of Copper on Reliability in Nanoscale Interconnects.
IEEE Trans. Device Mater. Reliab. 17, 69–79 (2017).

[12] Arnold, D., Marz, M., Schneider, S. & Hoffmann-Vogel, R. Struc-
ture and local charging of electromigrated Au nanocontacts.
Nanotechnology 28, 055206 (2017).

[13] Staudt, D. & Hoffmann-Vogel, R. Controlled electromigration
of thin Pb films started from the normal and from the supercon-
ducting state. J. Phys. D: Appl. Phys. 50, 185301 (2017).

[14] Hoffmann-Vogel, R. Electromigration and the structure of
metallic nanocontacts. Appl. Phys. Rev. 4, 031302 (2017).

[15] Stahlmecke, B. et al. Electromigration in self-organized single-
crystalline silver nanowires. Appl. Phys. Lett. 88, 053122 (2006).

[16] Stahlmecke, B. & Dumpich, G. Resistance behaviour and mor-
phological changes during electromigration in gold wires. J.
Phys.: Condens. Matter 19, 046210 (2007).

[17] Stahlmecke, B. Elektromigration in Gold Und Silber Nanostrukturen.
Ph.D. thesis, Universität Duisburg-Essen, Fakultät für Physik»
Experimentalphysik (2008).

146



bibliography

[18] Landman, U. & Luedtke, W. D. Nanomechanics and dynamics
of tip–substrate interactions. J. Vac. Sci. Technol. B Microelectron.
Nanometer Struct. Process. Meas. Phenom. 9, 414–423 (1991).

[19] Hoffmann, R., Weissenberger, D., Hawecker, J. & Stöffler, D.
Conductance of gold nanojunctions thinned by electromigration.
Appl. Phys. Lett. 93, 043118 (2008).

[20] Paul, W., Oliver, D., Miyahara, Y. & Grütter, P. Transient ad-
hesion and conductance phenomena in initial nanoscale me-
chanical contacts between dissimilar metals. Nanotechnology 24,
475704 (2013).

[21] Tsong, T. T. Effects of an electric field in atomic manipulations.
Phys. Rev. B 44, 13703–13710 (1991).

[22] Stroscio, J. A., Whitman, L. J., Dragoset, R. A. & Celotta, R. J.
Atomic manipulation of polarizable atoms by electric field di-
rectional diffusion. Nanotechnology 3, 133 (1992).

[23] Braun, K.-F., Soe, W.-H., Flipse, C. F. J. & Rieder, K.-H. Electro-
migration of single metal atoms observed by scanning tunneling
microscopy. Appl. Phys. Lett. 90, 023118 (2007).

[24] Ternes, M., Lutz, C. P., Hirjibehedin, C. F., Giessibl, F. J. & Hein-
rich, A. J. The Force Needed to Move an Atom on a Surface.
Science 319, 1066–1069 (2008).

[25] Tao, C., Cullen, W. G. & Williams, E. D. Visualizing the Electron
Scattering Force in Nanostructures. Science 328, 736–740 (2010).

[26] Wang, Q. et al. Single-Atom Switches and Single-Atom Gaps
Using Stretched Metal Nanowires. ACS Nano (2016).

[27] Todorov, T. N., Hoekstra, J. & Sutton, A. P. Current-Induced
Embrittlement of Atomic Wires. Phys. Rev. Lett. 86, 3606–3609

(2001).

147



bibliography

[28] Brandbyge, M., Stokbro, K., Taylor, J., Mozos, J.-L. & Ordejón,
P. Origin of current-induced forces in an atomic gold wire: A
first-principles study. Phys. Rev. B 67, 193104 (2003).

[29] McEniry, E. J. et al. Dynamical simulation of inelastic quantum
transport. J. Phys.: Condens. Matter 19, 196201 (2007).

[30] Dundas, D., McEniry, E. J. & Todorov, T. N. Current-driven
atomic waterwheels. Nat. Nanotechnol. 4, 99–102 (2009).

[31] Schirm, C. Einfluss hoher Ströme auf atomare Kontakte. Ph.D. the-
sis, Universität Konstanz, Konstanz (2010).

[32] Schirm, C. et al. A current-driven single-atom memory. Nat.
Nanotechnol. 8, 645–648 (2013).

[33] Yoshida, K. & Hirakawa, K. Stochastic resonance in bistable
atomic switches. Nanotechnology 28, 125205 (2017).

[34] Aono, M. & Hasegawa, T. The Atomic Switch. Proc. IEEE 98,
2228–2236 (2010).

[35] Esen, G. & Fuhrer, M. S. Temperature control of electromigra-
tion to form gold nanogap junctions. Appl. Phys. Lett. 87, 263101

(2005).

[36] Strachan, D. R. et al. Controlled fabrication of nanogaps in am-
bient environment for molecular electronics. Appl. Phys. Lett. 86,
043109 (2005).

[37] Cuevas, J. & Scheer, E. Molecular Electronics: An Introduction to
Theory and Experiment. World Scientific Series in Nanoscience
and Nanotechnology (World Scientific Publishing Company,
Singapore, 2017).

[38] Landauer, R. Spatial Variation of Currents and Fields Due to
Localized Scatterers in Metallic Conduction. IBM J. Res. Dev. 1,
223–231 (1957).

148



bibliography

[39] Reed, M. A. Inelastic electron tunneling spectroscopy. Mater.
Today 11, 46–50 (2008).

[40] Lauhon, L. J. & Ho, W. Effects of temperature and other exper-
imental variables on single molecule vibrational spectroscopy
with the scanning tunneling microscope. Rev. Sci. Instrum. 72,
216–223 (2001).

[41] Lambe, J. & Jaklevic, R. C. Molecular Vibration Spectra by In-
elastic Electron Tunneling. Phys. Rev. 165, 821–832 (1968).

[42] Klein, J., Léger, A., Belin, M., Défourneau, D. & Sangster,
M. J. L. Inelastic-Electron-Tunneling Spectroscopy of Metal-
Insulator-Metal Junctions. Phys. Rev. B 7, 2336–2348 (1973).

[43] Wang, W., Lee, T., Kretzschmar, I. & Reed, M. A. Inelas-
tic Electron Tunneling Spectroscopy of an Alkanedithiol Self-
Assembled Monolayer. Nano Lett. 4, 643–646 (2004).

[44] Naidyuk, Y. & Yanson, I. Point-Contact Spectroscopy, vol. 145 of
Springer Series in Solid-State Sciences (Springer-Verlag, New York,
2005), 1 edn.

[45] Yanson, I. K. Nonlinear effects in the electric conductivity of
point junctions and electron-phonon interaction in normal met-
als. J. Exp. Theor. Phys. 39, 506 (1974).

[46] Jansen, A. G. M., Mueller, F. M. & Wyder, P. Direct measure-
ment of electron-phonon coupling α2 f (ω) using point contacts:
Noble metals. Phys. Rev. B 16, 1325–1328 (1977).

[47] Ralls, K. S., Buhrman, R. A. & Tiberio, R. C. Fabrication of thin-
film metal nanobridges. Appl. Phys. Lett. 55, 2459–2461 (1989).

[48] Grimvall, G. & Wohlfahrt, E. P. The Electron-Phonon Interaction
in Metals, vol. 16 (North Holland Publishing Company, Oxford,
New York, 1981).

149



bibliography

[49] Black, J. R. Current Limitations of thin Film Conductors. In 20th
International Reliability Physics Symposium, 300–306 (1982).

[50] Dekker, J. P., Lodder, A. & van Ek, J. Theory for the electromi-
gration wind force in dilute alloys. Phys. Rev. B 56, 12167–12177

(1997).

[51] Black, J. R. Mass Transport of Aluminum by Momentum Ex-
change with Conducting Electrons. In 6th Annual Reliability
Physics Symposium (IEEE), 148–159 (1967).

[52] Shatzkes, M. & Lloyd, J. R. A model for conductor failure con-
sidering diffusion concurrently with electromigration resulting
in a current exponent of 2. J. Appl. Phys. 59, 3890–3893 (1986).

[53] Ho, P. S. & Kwok, T. Electromigration in metals. Rep. Prog. Phys.
52, 301 (1989).

[54] Bosvieux, C. & Friedel, J. Sur l’electrolyse des alliages met-
alliques. J. Phys. Chem. Solids 23, 123–136 (1962).

[55] Kumar, P. & Sorbello, R. S. Linear response theory of the driving
forces for electromigration. Thin Solid Films 25, 25–35 (1975).

[56] Sorbello, R. S. Theory of the direct force in electromigration.
Phys. Rev. B 31, 798–804 (1985).

[57] Lodder, A. Force on Migrating Hydrogen in Metals. Defect
Diffus. Forum 237-240, 695–702 (2005).

[58] Dekker, J. P. & Lodder, A. Calculated electromigration wind
force in face-centered-cubic and body-centered-cubic metals. J.
Appl. Phys. 84, 1958–1962 (1998).

[59] Agraït, N., Untiedt, C., Rubio-Bollinger, G. & Vieira, S. Onset of
Energy Dissipation in Ballistic Atomic Wires. Phys. Rev. Lett. 88,
216803 (2002).

150



bibliography

[60] Trouwborst, M. L., van der Molen, S. J. & van Wees, B. J. The
role of Joule heating in the formation of nanogaps by electromi-
gration. J. Appl. Phys. 99, 114316 (2006).

[61] Trouwborst, M. L., Huisman, E. H., Bakker, F. L., van der Molen,
S. J. & van Wees, B. J. Single Atom Adhesion in Optimized Gold
Nanojunctions. Phys. Rev. Lett. 100, 175502 (2008).

[62] Ginzburg, V. L. & Landau, L. D. On the Theory of Super-
conductivity. In On Superconductivity and Superfluidity, 113–137

(Springer, Berlin, Heidelberg, 2009).

[63] Poole, C., Farach, H., Crewick, R. & Prozorov, R. Superconduc-
tivity (Elsevier, Waltham, MA, 2014), 3 edn.

[64] Josephson, B. D. Possible new effects in superconductive tun-
nelling. Phys. Lett. 1, 251–253 (1962).

[65] Andreev, A. The Thermal Conductivity of the Intermediate
State in Superconductors. J. Exp. Theor. Phys. 19, 1228 (1964).

[66] Cuevas, J. C., Martín-Rodero, A. & Levy Yeyati, A. Hamilto-
nian approach to the transport properties of superconducting
quantum point contacts. Phys. Rev. B 54, 7366 (1996).

[67] Scheer, E. et al. Proximity Effect and Multiple Andreev Re-
flections in Gold Atomic Contacts. Phys. Rev. Lett. 86, 284–287

(2001).

[68] Levy Yeyati, A., Martín-Rodero, A. & García-Vidal, F. J. Self-
consistent theory of superconducting mesoscopic weak links.
Phys. Rev. B 51, 3743–3753 (1995).

[69] Chauvin, M. The Josephson Effect in Atomic Contacts. Ph.D. thesis,
Université Pierre et Marie Curie-Paris VI, Paris (2005).

[70] Agraït, N., Levy Yeyati, A. & van Ruitenbeek, J. M. Quantum
properties of atomic-sized conductors. Phys. Rep. 377, 81–279

(2003).

151



bibliography

[71] Vardimon, R., Matt, M., Nielaba, P., Cuevas, J. C. & Tal, O. Or-
bital origin of the electrical conduction in ferromagnetic atomic-
size contacts: Insights from shot noise measurements and theo-
retical simulations. Phys. Rev. B 93, 085439 (2016).

[72] Goffman, M. F. et al. Supercurrent in Atomic Point Contacts and
Andreev States. Phys. Rev. Lett. 85, 170–173 (2000).

[73] Skalski, S., Betbeder-Matibet, O. & Weiss, P. R. Properties of
Superconducting Alloys Containing Paramagnetic Impurities.
Phys. Rev. 136, A1500–A1518 (1964).

[74] Ambegaokar, V. & Griffin, A. Theory of the Thermal Conduc-
tivity of Superconducting Alloys with Paramagnetic Impurities.
Phys. Rev. 137, A1151–A1167 (1965).

[75] Gor’kov, L. P. Theory of superconducting alloys in a strong
magnetic field near the critical temperature. J. Exp. Theor. Phys.
10, 998 (1960).

[76] Abrikosov, A. A. & Gor’kov, L. P. Contribution to the theory
of superconducting alloys with paramagnetic impurities. Zhur
Eksptl Teor. Fiz 39 (1960).

[77] Scheer, E. et al. Conduction channels of superconducting quan-
tum point contacts. Phys. B Condens. Matter 280, 425–431 (2000).

[78] Belzig, W., Bruder, C. & Schön, G. Local density of states in a
dirty normal metal connected to a superconductor. Phys. Rev. B
54, 9443–9448 (1996).

[79] Tinkham, M. Introduction to Superconductivity: Second Edition
(Dover Publications, Mineola, 2004).

[80] Rodrigo, J. G., Suderow, H., Vieira, S., Bascones, E. & Guinea,
F. Superconducting nanostructures fabricated with the scan-
ning tunnelling microscope. J. Phys.: Condens. Matter 16, R1151

(2004).

152



bibliography

[81] Binnig, G., Rohrer, H., Gerber, C. & Weibel, E. Surface Studies
by Scanning Tunneling Microscopy. Phys. Rev. Lett. 49, 57–61

(1982).

[82] Wiesendanger, R. Scanning Probe Microscopy and Spectroscopy:
Methods and Applications (Cambridge University Press, Cam-
bridge, 1994).

[83] Muller, C., van Ruitenbeek, J. & de Jongh, L. Experimental ob-
servation of the transition from weak link to tunnel junction.
Phys. C Supercond. 191, 485–504 (1992).

[84] Muller, C. J., van Ruitenbeek, J. M. & de Jongh, L. J. Conduc-
tance and supercurrent discontinuities in atomic-scale metal-
lic constrictions of variable width. Phys. Rev. Lett. 69, 140–143

(1992).

[85] Zhou, C., Muller, C. J., Deshpande, M. R., Sleight, J. W. & Reed,
M. A. Microfabrication of a mechanically controllable break
junction in silicon. Appl. Phys. Lett. 67, 1160–1162 (1995).

[86] van Ruitenbeek, J. M. et al. Adjustable nanofabricated atomic
size contacts. Rev. Sci. Instrum. 67, 108–111 (1996).

[87] Reed, M. A. Conductance of a Molecular Junction. Science 278,
252–254 (1997).
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