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Chapter 1

Introduction

Integrated circuits have undergone a tremendous miniaturization. To
sustain the exponential growth of microelectronics governed by Moore’s law
already requires significant efforts, moreover miniaturization can not be con-
tinued for long with the current technologies. At these extremely small sizes,
already quantum mechanical effects must be taken into account, and com-
pletely new effects, not seen in the macroworld arise. This completely differ-
ent behavior of matter can be exploited, so new alternatives to the current
technologies from spintronics to molecular electronics appeared.

The idea that a single atom or molecule can function as the active part
of an electrical unit is more than 35 years old [1], however, experiments
have only turned this vision into a promising alternative during the last
decade. Several interesting results, such as the conductance switching of
molecular junctions by light irradiation or in-situ chemical reactions have
been reported [2, 3] and even single molecule transistors, where large currents
can be switched by putting a single electron charge on a molecule have already
been realized [4]. Although these results hold the promise for various future
applications (from nanosensors to molecular memories), the reliability and
reproducibility of these devices are not yet resolved. Therefore, the main
goal of my PhD work was to develop reliable methods for contacting single
molecules and construct proper characterization tools for these devices.

Atomic and molecular junctions can be created by the Mechanical Con-
trollable Break Junction (MCBJ) technique. The method relies on the con-
trolled rupture of a metallic wire: during the rupture the wire gets thinner,
and atomic-sized contacts can be created by stopping the process before the
complete rupture of the wire. After the wire is broken the small distance
between the electrodes enables the contacting of molecules.

The measurements in this Thesis were carried out in the Low Temperature
Solid State Physics Laboratory of the Budapest University of Technology



6 Introduction

and Economics. Low temperature measurements guarantee high stability of
the system: atomic configurations can be studied for several minutes, and
for metallic samples are freshly broken at low temperature, the cleanness
of contact surfaces can be guaranteed for a long time, and a big variety of
materials, including strongly reactive metals can be applied as electrodes.
After the breaking of the junction, the electrodes can be reconnected again
thousands of times, thus a statistical analysis is possible.

At low temperatures several techniques can aid the understanding of
transport properties, and several interesting quantum mechanical phenom-
ena can be seen from the phase coherent quantum fluctuations to shot noise,
which cannot be observed at high temperatures due to the limited energy res-
olution of the measurements. An introduction to the theoretical background
of the field is given in Chapter 2.

However, at low temperatures the introduction of molecules to the junc-
tion is quite challenging, because most of the molecules freeze at 4K. The
setup used for dosing of the molecules was a main development of my PhD.
This work along with all the experimental methods are summarized in Chap-
ter 3.

Our long term goal of building functional single-molecule electronic de-
vices necessitates the development of reliable characterization techniques.
Usually, single molecule devices cannot be observed directly due to their ex-
tremely small sizes, and all the information about the device is obtained from
indirect electronic measurements.

The conduction properties of such contacts can be characterized by the
so-called mesoscopic PIN-code, i.e. a set of transmission eigenvalues of the
junction. The transmission values can not be determined from simple con-
ductance measurements, but by placing the junction between superconduct-
ing electrodes, and measuring the nonlinear sub-gap features in the current-
voltage characteristic, principally all the transmission eigenvalues can be de-
termined. Chapter 4 describes the behavior of superconducting atomic-sized
nanojunctions and their interactions with hydrogen. It is shown how the
evolution of transmission channels can be followed with the help of sub-gap
measurements, and combining this method with DFT calculations atomic
junctions can be fully characterized. At the of the Chapter 4 negative differ-
ential conductance phenomena is discussed, which is frequently observed for
molecular nanojunctions and for which a theoretical model is given.

However, most measurements in the literature are conducted at room
temperature, where the required energy resolution of these measurements are
not available. Mostly conductance histograms are measured, which display
the conductance of frequently occurring atomic and molecular configurations.
Still, as shown in this Thesis, one can go beyond conductance histograms and
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can study the correlation of these atomic configurations. This correlation
method is introduced in Chapter 5, where several simulations and examples
will demonstrate the capabilities of the method. At the end of this Chapter
the interesting effect of Pt-CO atomic chain formation will be demonstrated
with the help of detailed correlation analysis.



Chapter 2

Overview of the research field

This chapter gives a brief overview of the theoretical background and
the experimental methods of the field. First, the theoretical description of
mesoscopic samples, then the methods used to create and study atomic and
molecular junctions will be summarized. This chapter does not try to give a
complete review, for details of the field the reader should turn to Refs. [5, 6],
whereas Refs. [7, 8] give an extensive introduction to the general topics of
mesoscopic physics.

2.1 Characteristic length scales

The nature of transport properties depend on the length scale of investiga-
tion. A completely different behavior is observed for a macroscopic conductor
and for a few atom wide nanojunction. The conduction mechanism strongly
depends on the relation of the sample size (L) to other characteristic length
scales: the Fermi wave length (λF ), the momentum mean free path (lm) and
the phase coherence length (lϕ).

For macroscopic conductors the sample size is much larger than any other
length scale. However, for smaller samples and low enough temperatures this
can change. Several interesting quantum-interference phenomena, like con-
ductance fluctuations, localization effects can arise as the coherence length
gets larger than the sample size (lϕ ≫ L). For even smaller samples, if the
momentum mean free path is longer than the sample size (L≪ lm), the con-
duction is ballistic, otherwise we talk about diffusive conduction (L ≫ lm).
In ballistic systems the electrons are only scattered on the sides of the sample,
and the conductance is not scaling width the sample length.

The semiclassical picture is useful in describing systems larger than the
Fermi wavelength. For metallic atomic contacts, however, the electron wave-
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length is in the order of interatomic distance and therefore full quantum
mechanical treatment of the system is needed.

2.2 Landauer formalism

The Landauer formalism is a very elegant and simple, yet a very power-
ful phenomenological method used for describing the conductance of small,
phase-coherent samples. The system is modeled by a scattering region cou-
pled to electron reservoirs by ballistic quantum wires (see Fig. 2.2). In his
description Landauer assumed that we do not need to know the precise posi-
tion of the scattering centers, only the transmission properties of the electron
eigenfunctions of the coupling wires.

k

(k)

k

(k)

eV

Figure 2.1: Left: The representation of an ideal nanowire coupled to the electron
reservoirs by ideal leads. Right: The dispersion relation of the electron states in
the nanowire. As scattering only happens on the walls of the wire, states with
positive and negative k are coming from the left and right electrode, respectively.
The bias voltage shifts the chemical potential of the electrodes, and only states in
the bias window carry net current.

Since reservoirs are macroscopic conductors, it is safe to assume, that all
the electrons entering the reservoir will be thermalized to the temperature
and chemical potential of the contacts. As the basic concepts can also be
understood in two dimensions, the discussion is restricted to the two dimen-
sional case. Ideal ballistic wires in two dimensions can be modeled by the
following Hamiltonian:

Ĥ =
p2x
2m

+
p2y
2m

+ U(y), (2.1)
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where U(y) is a hard wall potential:

U(y) =

{
0 if 0 < y < W
∞ otherwise,

(2.2)

where W is the width of the wire. The solution is:

ψn(x, y) = eikx sin
(nπy
W

)
(2.3)

εn(k) =
~2k2

2m
+

(
~2π2

2mW 2

)
n2. (2.4)

In the longitudinal direction the solution is a plane wave, whereas in the
transverse direction quantized standing waves are formed. The dispersion,
shown in Figure 2.1 is composed of parabolas shifted in energy. The modes
with states smaller than the Fermi energy can carry current and are called
open conductance channels.

In the small bias limit the conductance of a perfect ballistic conductor
(Fig. 2.1) can be calculated [7, 8]:

G =
2e2

h
M = G0M, (2.5)

where G0 = 2e2/h, the conductance quantum, and M is the number of open
channels.

V

R, T

x

y

L R

Figure 2.2: The representation of a mesoscopic sample in the Landauer formalism:
a scattering center is coupled to the electron reservoirs by ideal leads.

In the Landauer formalism an arbitrary conductor is modeled by a scat-
tering unit connected to the electrodes by ideal quantum wires. The central
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scattering region is described by a scattering matrix which connects the elec-
tron waves coming from the left and right leads with the outgoing ones (see
Fig. 2.2):

|out⟩ = S|in⟩ (2.6)

This matrix is called S-matrix and has the following form:

S =

(
r̂ t̂

′

t̂ r̂′

)
, (2.7)

where r̂, t̂ and r̂’, t̂’ are the reflection and transmission matrixes from the
left and right side), respectively. (E.g. t̂ couples the incoming mode on the
left side to the outgoing mode on the right side.)

From this the conductance can be calculated:

G =
2e2

h
Tr(t̂

†
t̂) =

2e2

h

M∑
i=1

τi, (2.8)

where τi are called transmission coefficients.
Equation 2.8 shows, that in the eigenbasis the conductance equals the con-

ductance quantum multiplied by the sum of transmission coefficients. These
coefficients, the eigenvalues of the t†t matrix are usually called mesoscopic
PIN-code, and appear in several transport properties, as will be discussed
later. Detailed introduction to the Landauer formalism can be found in
Refs. [8, 9, 6].

2.3 Conductance histograms

Atomic and molecular junctions are usually made by scanning tunnel-
ing microscope (STM) or break junction techniques. These systems allow
the precise control of junction size and assure high stability. By elongating
the junction, the conductance as a function of the electrode distance can
be recorded. For small contact diameters these so called conductance traces
show plateaus alternated with sudden jumps (as shown in Fig. 2.3). The
plateaus correspond to stable atomic configurations, while the sudden jumps
mark the rearrangements between the different configurations. Upon stretch-
ing the contact, elastic energy accumulates in the atomic bonds, until at a
certain stage the configuration becomes unstable and the contact jumps to
an other atomic arrangement. This was demonstrated by the simultaneous
conductance and force measurements of Rubio et al. [10].
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Figure 2.3: Left: Typical conductance traces for gold nanojunction. Middle: Con-
ductance histogram for the three traces. Right: Conductance histogram for 10 000
traces. Peaks in the histogram show frequently occurring atomic configurations.

After a rupture the contact can be closed again and several ruptures
can be recorded. These ruptures are similar in nature, but different in de-
tails, therefore a statistical analysis is required. Conductance histograms con-
structed from hundreds of conductance traces show the frequently occurring
atomic configurations, with the lowest lying peak typically corresponding to
the single-atom configuration. The construction of conductance histogram is
demonstrated on Figure 2.3.

Conductance histogram technique is also widely used in molecular elec-
tronic studies. Fig. 2.4 demonstrates the pioneering work of Smith et al. [11],
where they have studied one of the simplest molecular systems: a hydrogen
molecule between platinum electrodes. The authors have measured platinum
contacts with low-temperature MCBJ technique in hydrogen environment,
and have found that by dosing the hydrogen to the sample surrounding the
peak corresponding to the mono-atomic platinum contact in the conductance
histogram has disappeared, and a new peak appeared (at G = 1G0) as shown
in Figure 2.4. By applying high voltage, the original peak at 1.5− 2G0 typ-
ical for pure platinum junctions could be recovered. The authors claimed
that this new peak in the histogram corresponds to a configuration, where
a single hydrogen molecule bridges the junction, which can be desorbed by
heating up the junction with large bias voltage. This work has triggered sev-
eral experimental studies of the field, and has also provided the opportunity
to analyze the emerging theoretical approaches giving an insight into the ba-
sic underlying transport mechanisms. A later work of the Leiden group has
focused on the interaction of small molecules with platinum electrodes [12]
showing the good hybridization properties of the electrodes with the target
molecules.
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Figure 2.4: Black area curve shows the conductance histogram for pure platinum
junctions. The grey curve shows the conductance histogram after the dosing of hy-
drogen molecules. The pronounced peak at 1 G0 corresponds to hydrogen molecule
attached to platinum electrodes. The inset shows typical conductance traces for
pure and hydrogen-affected platinum junctions [11].

Figure 2.5: Left: Conductance histogram for a series of molecules, with different
number of methylene groups. Inset: Fit of peak positions to 1,4-butanediamine
histogram. Right: Single molecule conductance as a function of the number of
methylenes groups. The red line shows an exponential fit confirming the tunneling
nature of conduction [13].

Conductance histogram technique is also used for studying larger molecules,
usually measured at room temperature. These molecules usually have low
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conductance, G ∼ 10−3− 10−5 G0, so resolving the molecular signals the his-
togram has to be constructed on a logarithmic conductance scale, and the
tunneling background of the vacuum or solution has to be subtracted [14].
The chemical control over these molecules allows the systematic study of
transport properties as a function of the molecular design.

As an example, the results of Venkataraman et al. [13] are shown in
Figure 2.5. The conductance of several molecules was measured with con-
ductance histogram technique, with the number of methylene groups (which
give the backbone of the molecule) varied, and it was found that the conduc-
tance decreases exponentially with the number of groups increasing, proving
that the transport mechanism through this molecule is electron tunneling.

Figure 2.6: Left: Cartoon showing the measured molecules. Center: Conductance
histogram for a series of molecules. Right: Single molecule conductance (deter-
mined from the conductance histogram) as a function of twisting angle between the
rings of the molecules. [15]

Another fundamental example of chemical design was shown in [15] by
Venkataraman et al. demonstrating the conductance of a series of biphenyl
molecules differing mainly in the twisting angle between two phenyl rings.
Figure 2.6 shows the conductance of the molecules as a function of the twist-
ing angle between them. The curve follows a cos2(θ) function and has a
maximum at the planar configuration, which agrees with expectations con-
sidering the overlap between the two delocalized electron clouds. A similar
work was done by Mishchenko et al. [16].

The overwhelming majority of studies use gold as electrode, which due
to its inertness, can also be studied at ambient conditions. Several studies
have focused on finding the proper anchoring group to the gold electrodes
[13, 17, 18].

The conductance histogram is a very powerful statistical tool in the field
of atomic and molecular electronics. However, according to equation 2.8,
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from conductance measurements only the sum of the transmission coeffi-
cients can be determined, and getting the whole PIN-code requires further
measurements.

2.4 Conductance fluctuations

It is known since the ’90-s that the conductance of phase-coherent meso-
scopic samples with large number of channels shows fluctuations as external
parameters, like magnetic field or bias voltage are varied. For diffusive sam-
ples, the average magnitude of this fluctuations is

δGRMS =
√
⟨∆G2⟩ ≃ e2/h. (2.9)

This is sample independent and called universal conductance fluctuation.
The reason for the oscillation is easy to understand: electrons traveling
through the sample are scattered several times and acquire different phase on
different path. The interference of the partial electron waves gives a correc-
tion to the bare conductance, and this correction can be tuned by changing
the interference condition. This can be done by changing the electron wave-
length with bias voltage or by tuning the phase with magnetic field. As
a result, random-like oscillations can be observed in the conductance as a
function of the external control parameter.

ballistic

region

di�usive

electrodes

Figure 2.7: Left: differential conductance curves (dI/dV (V )) for gold nanojunc-
tions [19], showing random like fluctuations with amplitude depending on the con-
ductance. Right: Cartoon showing the processes and probability amplitudes impor-
tant for describing the conductance fluctuations.
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For atomic contacts the number of channels is small, the mean free path
is longer than the contact size, and the size of the fluctuations is no longer
universal, however, conductance fluctuations still add a significant correction
to the conductance (5-10%). A cartoon showing the origin of conductance
fluctuations in atomic contacts is shown in Figure 2.7. An electron being
transmitted through the n-th channel of the contact with a probability τn
is partially reflected back from the diffusive electrodes. The backscattered
wave is reflected from the contact itself with a probability of 1− τn, and the
reflected waves can interfere with the original one. It can be seen that for
τn ∼ 1 and τn ∼ 0 the fluctuations disappear. Accordingly, the measurement
of fluctuations can be used as a tool to analyze the transmission coefficients
of the junction. By simultaneously measuring the conductance histogram
and the magnitude of the conductance fluctuation Ludoph et al. [20] have
demonstrated the saturation of conductance channels in atomic-sized gold
junctions. For the monoatomic contacts almost perfect suppression of the
fluctuation was found, showing that the monoatomic gold contact has only
one, perfectly open channel, furthermore, they have even demonstrated the
one-by-one opening of the channels for few-atomic junctions. Later Halbritter
et al. [21] have shown that the fine structure of the conductance plateaus is
determined by quantum interference phenomenon to a great extent.

Conductance fluctuation measurements were also applied to show that
a hydrogen molecular bridge between platinum electrodes has one perfectly
transmitting channel, contrary to pure platinum junctions [11], where 5 par-
tially transmitting channels give contribution to the transport. In contrast,
the palladium-hydrogen system did not show the suppression of the conduc-
tance fluctuations at the configuration with G = 1G0 indicating the different
nature of the molecular configurations (with more than one partially open
channels) [22].

The results show that this method is efficient when all the channels are
either open or closed, however for partially open channels the transmission
probabilities can not be precisely determined.

2.5 Shot noise

Another possibility of measuring the transmission coefficients is to mea-
sure noise. The current fluctuations are defined as the deviation from a mean
value:

∆I(t) = I(t)− ⟨I(t)⟩ . (2.10)
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The standard deviation of the current fluctuations can be expressed with the
spectral density of noise, S(f):

⟨
(∆I(t))2

⟩
=

∞∫
0

S(f)df. (2.11)

To connect the fluctuations with the transmission coefficients, we only
need to notice that the noise comes from the quantized nature of charges, an
electron is either transmitted or reflected from the junction:

n =

{
1 for transmitted electrons
0 for reflected electrons.

(2.12)

Because the average transmitted charge only depends on the transmission,
the mean value of n is easily calculated:

⟨n⟩ = τn. (2.13)

However around this mean value a finite standard deviation should be con-
sidered: ⟨

(∆n)2
⟩
=

⟨
n2
⟩
− ⟨n⟩2 . (2.14)

By summing over the independent eigenchannels the noise can be expressed
as [5]:

S(f = 0) ∼
M∑
n=1

τn(1− τn). (2.15)

This shows that by measuring the noise one can gain further information
about the PIN code. This was demonstrated by Brom et al. in [23], where
they have shown that the monoatomic gold contact has one perfectly open
channel. Shot noise measurement was also applied to show that a single
D2 molecule contacted between platinum electrodes has one perfectly open
channel [24]. However, as the results show, this method is also efficient only
when all the channels are either open or closed, and for partially transmitting
channels another method is needed.

2.6 Sub-gap spectroscopy

We have seen that for the measurement of the full mesoscopic PIN-code
conductance histogram measurements have to be supplemented with further
studies. Conductance fluctuation and shot noise measurement can be used,
provided that all the channels are nearly open or closed, otherwise these



18 Overview of the research field

methods are not effective. However for superconducting junctions, as shown
by Scheer et al. [25], the superconducting sub-gap method can be used for
junctions with partially transmitting channels. The method relies on the
nonlinear dependence of I-V curves on the transmission coefficients, as will
be discussed in detail below. A serious limitation of the method is that it
needs superconducting materials, although with decent fabrication efforts the
method can be applied to non-superconducting materials using the proximity
effect [26].

It is known from the theory of superconductivity that in a supercon-
ducting tunnel junction quasi-particle current can only flow between the two
sides, if the applied voltage exceeds 2∆/e, where ∆ is the superconducting
gap. As shown in Figure 2.8 quasi-particles with energy Ef − ∆ can tun-
nel to empty states with energy Ef + ∆ with a probability τ . Higher order
processes involving Andreev reflection can give contribution to the current
already inside the gap, therefore these processes are called sub-gap processes.

Figure 2.8: Processes involved in an SNS junction. The first order process (a)
has probability τ and it is allowed for V > 2∆/e, the second order process (b)
has probability τ2 and gives contribution at V > ∆/e, while (c) process appears at
V > 2∆/(3e) with probability τ3 . . .

In superconducting tunnel junctions higher order tunnel processes involv-



Statistical analysis of conductance traces 19

ing Multiple Andreev Reflection (MAR) are possible. Figure 2.8 shows the
first three processes and the resulting I-V curves schematically. In the sec-
ond order process (panel (b)) the quasi particle coming from the left lead is
reflected as a hole and a Cooper pair condensates in the right electrode. Due
to the two charges transferred in the process, it has the probability τ 2, and it
is already allowed at bias voltages higher than ∆/e. Higher order processes
can be imagined similarly, and an n-th order process is allowed at voltages
exceeding 2∆/n, and has the probability of τn.

For junctions with small transmission (tunnel junctions) the contribution
of higher order processes is negligible. However, for more transparent junc-
tions the different order processes show up as distinct features in the I-V
curves. For more channels the contribution of different channels add up, and
due to the non-linear dependence on the transmission probabilities junctions
with the same total conductance but different PIN-code can exhibit very dif-
ferent I-V curves. This property can exploited: by fitting these features, the
transmission probabilities of various channels can be determined with high
accuracy.

In Ref. [25] Scheer et al., have shown that although the single atom alu-
minum contact has a conductance of ∼ 0.8G0, typically three transmission
channels are required for the proper fitting of the I-V characteristics. Their
study also shows that for Nb already five channels contribute to the trans-
port, whereas for gold (studied by proximity effect) only a single channel is
open. These experimental results are in good agreement with the prediction
of theoretical calculations [27].

2.7 Statistical analysis of conductance traces

Although the direct imaging of atomic contacts is usually not possible,
several methods exist to gain further information about the junctions. Some
of these require special setups, extreme low noise level (eg. shot noise, and
sub-gap measurements), however already with careful data-analysis new phe-
nomena can be observed.

Yanson et al. have noticed that for gold atomic contacts the last con-
ductance plateau can be very long, several times longer than the typical
interatomic distance. They attributed this to monoatomic chains formed
during the stretching of the single-atom contact [29]. They have proven
this by constructing a plateau’s length histogram shown in Figure 2.9. This
histogram shows the distribution of plateaus length for the final plateau po-
sitioned around the conductance of the monoatomic contact. The peaks in
the histogram marked configurations with different number of atoms in the
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a) b)

Figure 2.9: (a) High Resolution Transmission Electron Microscope (HR-TEM)
picture of a gold chain containing four atoms (four yellow dots) [28]. (b) Plateau
length histogram for gold obtained from a few thousands of contact breakages. The
inset shows a chain configuration calculated by molecular dynamical simulation.
After Ref. [29, 30, 31]

chain, and their separation agreed with the typical gold interatomic distance.
The chain formation of gold was also confirmed by directly observing it with
High Resolution Transmission Electron Microscope (HR-TEM) at room tem-
perature in ultra-high vacuum [28], as shown in Fig. 2.9.

Later experiments have shown chain formation of platinum and iridium,
and this ability was explained as a result of a relativistic effect [32]. Csonka
et al. have shown that in hydrogen environment gold can form hydrogen
decorated chains [33], and a similar result was obtained by Kiguchi et al.
for the platinum-hydrogen system [34]. The Leiden group have even demon-
strated that non-chain forming metals, like silver and copper can form chains
in oxygen environment [35].

Another promising statistical analysis was developed by Martin et al. in
Ref. [17], called two dimensional trace histogram (2DTH). A similar 2DTH,
measured on platinum junctions by our group is shown in Figure 2.10. The
construction of such a 2DTH goes as follows.

Each measured conductance trace is a function of the electrode distance:
Gr(x), where r marks the trace number. However, this distance scale is ab-
solute, only the relative electrode separation has physical meaning. There-
fore, to be able to compare the different traces, each curve is shifted along
the electrode separation axis (with different xr values) to a common origin
such that each curve has the same conductance at the new distance origin:
Gr(x−xr) = Gselected. This is demonstrated on Fig. 2.10(a), where the thick
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vertical line shows the new common origin. Here Gselected = 2.5G0 has been
defined as the minimum between the first and second peak in the conductance
histogram of platinum, which implies that with this choice the length of the
lowest plateaus can be compared. Then a two-dimensional histogram is con-
structed: the conductance and the electrode separation axis is divided into
discrete two dimensional bins, where the number of data points is summed
for all the traces crossing a certain bin. The color scale of Figure 2.10(b)
corresponds the counts of the 2d histogram.
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Figure 2.10: Two dimensional trace histogram for platinum junctions. a: Individ-
ual breaking traces shifted together along the horizontal axis at 2.5G0 conductance.
b: A two dimensional histogram is constructed by counting the points in every bin.
The spots appearing in the tunneling regime are the indicators of atomic chain
formation.

This plot has several interesting properties. Bright spots mainly show
the frequently occurring configurations, and their position with respect to
each other or their orientation provide further information beyond the bare
histogram.

Chain formation, which is well-known for platinum junctions is clearly
resolved in Figure 2.10. The plot clearly shows the decrease of conductance
for the atomic chains reaching the length of 5− 6 Å , and by merely looking
at the counts in the tunneling region, it can be also seen that the chains tend
to break at ∼ 2.2 Å and ∼ 4.4 Å, when the plateau’s length has reached the
atomic, or two atomic distance.
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2.8 Excitation spectroscopy

As mentioned already, atomic and molecular junctions usually cannot be
observed directly and all the information has to be gathered from indirect
measurements. For molecular junctions it is even challenging to tell whether
the molecule has been contacted or not. Measurement of the vibrational
signal of the molecule can provide the missing evidence, and can even give
hint about the molecular conformation, mainly through comparison with
theoretical calculations. The methods described below rely on the signatures
observed in the dI/dV curves.

Figure 2.11: Cartoon showing the basics of Point Contact Spectroscopy and In-
elastic Tunneling Spectroscopy. In the upper part the representation of a meso-
scopic sample, a scattering center coupled to the electron reservoirs by ideal leads
is shown. In the middle part the electron state occupations are shown, for the PCS
(highly transmitting) and for the IETS (tunneling regime) case in the left and right
side respectively. The lower panels of the figure show the corresponding dI/dV (V )
signal.

The point contact spectroscopy (PCS) method can be applied for highly
transmitting junctions and at this point we will only consider the case of one
open conductance channel. At low temperatures electron states below the
Fermi sea are occupied. By applying bias voltage, the chemical potentials of
the electrodes are shifted, and the electrons gain eV energy. If the applied
bias exceeds some excitation energy, for example the excitation energy of a
molecule, ~ω, the electrons can scatter inelastically and excite the vibration
mode. However, at energies E = Ef + eV − ~ω electrons can only scatter
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backwards, because forward going states are occupied. Thus, as demon-
strated on Figure 2.11, for voltages higher than the excitation energy part
of the electrons are scattered back, and this gives a decrease in the conduc-
tance and a sharp peak in the d2I/dV 2. This signal is symmetric in the bias
voltage and separated energetically from the phonon energies of the leads.
The size of the PCS signal is usually small (1-2 % of the conductance), and
hardly observable due to the presence of conductance fluctuations.

Smit et al. in [11] have identified clear vibrational signs for the hydrogen
molecule contacted between platinum electrodes giving a direct proof for
the interpretation. In their case, the fully open conductance channel of the
hydrogen molecule caused the disappearance of the conductance fluctuations,
and the authors were able to observe the vibration modes. By repeating the
measurements with HD and D2 molecules a clear isotope-shift of the vibration
energies was observed, in accordance with the expected ω ∼ 1/

√
m scaling

of the vibration energies. Later studies by Djukic et al. have investigated
the strain dependence of the modes [36], which enabled the identification of
longitudinal or transverse modes with the help of theoretical calculations.

Figure 2.12: Vibration signals measured on H2O molecules between platinum elec-
trodes. Both PCS (a) and IETS (b) signals were observed depending on the junc-
tion conductance. c: Histogram of the PCS and IETS signals as a function of the
conductance. A clear transition is observed at G ∼ 0.6G0. After Ref. [37]

The basics of Inelastic Electron Tunneling Spectroscopy (IETS) is very
similar to point contact spectroscopy, but investigates contacts with small
transparency, which are usually in the tunneling regime. In this case, if the
applied bias exceeds the excitation energy of a molecule, ~ω and the electrons
excite the vibration mode, they can only scatter forward, as backsctattered
states are occupied in tunneling regime. This increases the conductance and
a sharp peak appears in the d2I/dV 2. IETS is frequently used for larger
molecules, and a nice example can be seen in the work of Arroyo et al.
[38], where the vibration modes of a single pentanedithiol molecule anchored
between gold electrodes were characterized.
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The similar origin of PCS and IETS suggests that there should be a tran-
sition between them, and theoretical calculations have suggested that this
crossover should occur at T = 0.5 [39, 40]. An alternative, simple calcula-
tion was given by us in Ref. [41]. The direct experimental verification was
carried out by Tal et al. [37], who have shown this crossover behavior on the
Pt−H2O system. They measured dI/dV curves with different conductance,
and observed step-like signals, both up and down as shown in Figure 2.12.
A histogram showing the number of PCS and IETS like signals as a function
of the conductance clearly shows a crossover at G ∼ 0.6G0. The supplemen-
tary shot-noise measurements have shown that contacts with conductance of
0.6G0 have indeed two channels, with transmissions 0.1 and 0.5. This means
that the crossover in the single channel case really happens at T = 0.5.

2.9 Theoretical investigations

The experimental methods described so far can supply a huge amount of
information, exclusively from current and voltage measurements. However
for a more complete understanding these results have to be supplemented
with theoretical calculations. These calculations can give details about the
contact geometry, the nature of transport channels or about the energies of
vibration modes.

Figure 2.13: Left: The idealized geometry of the single-atom contact is used for
tight-binding calculations. Middle: The transmission probabilities for the different
channels as a function of energy for a single atom Pt contact calculated by the
simple tight-binding model. Right: Transmission eigenvalues carried out by DFT
calculation. After Ref. [42]

In the pioneering works of Cuevas et al. [27, 42, 43] the microscopic origin
of the conductance channels of a single atom contact was investigated in the
framework of a simple tight-binding calculation. In their simulation Cuevas
et al. modeled the single atom contact with a close-packed fcc structure
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grown along the (111) direction starting from a central atom. The model was
restricted to nearest neighbor hoppings, where the hopping parameters were
given from bulk parametrization, while the on-site energies are calculated self-
consistently ensuring charge neutrality at each atom. For the simulation only
the valence orbitals were taken into account, only s orbitals for monovalent
metals, s and p orbitals for metals of the p-block of the periodic table, and
s and d orbitals for transition metals. For conductance calculations Non-
Equilibrium Green Function formalism was used.

By these assumptions, a clear correspondence could be found between the
valence orbitals of the center atom (or the linear combination of them) and
the number of open conductance channels of the junction. This model pre-
dicts a single conductance channel for s-metals, four channels for sp-metals,
and six for sd-metals. In case of ideal configurations with high enough sym-
metry, the number of channels could be reduced.

These predictions are in complete agreement with the experimental results
already discussed in sections 2.6, which are mainly based on the detailed
analysis of Scheer et al. carried out using superconduction sub-gap analysis
[25]. Later this simple picture was also confirmed with more elaborated DFT
calculations, which have given the same number of conductance channels
although working with a much broader basis set.

Several ab initio calculations have been conducted recently, usually for
some selected, ideal geometries [44, 45, 46]. Also several molecule dynamics
calculations have focused on the dynamics of the junction formation allowing
the construction of minimal cross section histograms, however, usually they
were not supported with conductance calculations [47, 48].

Figure 2.14: Theoretical calculation for oligoyne molecular wires between gold elec-
trodes. Left: Selected geometries with different adsorption position for the calcu-
lation. Right: Transmission curves for the shown geometries. Reproduced after
Ref. [49]

Theoretical conductance histograms were first calculated in the studies of
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Pauly et al. [50, 51, 52], and so far no similar calculations have appeared in
the literature. These calculations have shown the importance of statistical
analysis, however, several problems still remained. The method used simple
tight binding parameters fitted to bulk properties, and the too small contact
size, as noted by the authors, has introduced some spurious effects. Multiple
works have been published on full-DFT dynamics and conductance calcula-
tions [53, 45, 44], but this method could not produce statistically relevant
amount of data due to the inherently high computational costs. In Section
4.2 good compromise between the preciseness of DFT calculations and the
speed of classical molecular dynamics will be presented. This method is fast
and accurate enough to produce realistic conductance histograms.

Several DFT studies focus on molecular junctions calculating the con-
ductance for some selected geometries of the molecule anchored to different
positions of the electrodes [54, 55, 56, 16, 57]. Although these studies can
nicely reproduce tendencies seen in the experiments, the absolute value of
conductance can be an order of magnitude off. No statistical analysis of
molecular junctions have been presented so far to my knowledge.

2.10 Further methods in molecular electronics

A major difficulty in the construction of molecular junctions is to pro-
duce a gap between the electrodes having the precise size of the molecule of
interest. This thesis focuses on experiments with Mechanically Controllable
Break Junction technique, where a mechanical control is used over the gap
size, but of course other techniques exist as well.

Electromigration junctions are frequently used for creating nanogaps for
larger molecules, where by precisely controlling the bias voltage used to mi-
grate the atoms away from the junction, a proper gap can be produced
[59, 60, 61, 62]. Electromigration junctions have extreme stability, and can
also be gated, but they lack the mechanical control over the gap size. The
third gate electrode, however, offers a possibility for adjusting the molecu-
lar levels with respect to the Fermi energy. These setups allow entering the
Coulomb blockade or Kondo regime known from quantum dot physics, but
due to the small molecule sizes characteristic energy scales, like charging en-
ergy are larger than the ones in the semiconductor or metallic dots [58, 63].
Single molecule-based devices often show Kondo temperatures from tens to
hundreds of Kelvin, making single molecules perfect candidates for Kondo
studies [63]. The third electrode can bring molecular levels into and out of
resonance with the Fermi energy of the electrodes and different charge and
excited states, from vibrational to spin transitions can be accessed. The bar-
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Figure 2.15: a: Stability diagrams showing three charge states of a three-terminal
junction with OPV-5, in the weak coupling limit, measured at T = 1.6K. b: Blow-
up of the stability diagram shown in (a) near the degeneracy point separating the
N-1 from the N state. After Ref. [58]

rier between the molecules and the leads can be tuned by chemical control
of the anchoring group thus bringing the system from the closed dot to the
Kondo regime [4]. Molecules even allow the study of interesting spin physics
in the molecules called single molecule magnets [64]. Further information
about these devices can be found in Refs. [65, 58, 63]. As an example, a
Coulomb blockade measurement on OPV-5 molecule [58, 66] showing a dia-
mond pattern with several vibration states is shown in Figure 2.15.

Nanoparticle networks are promising candidates for sensing applications.
Nanoparticles are organized into highly ordered array by self assembly and
the molecules under investigation form conducting bridges between them.
The average properties of molecules, like their switching ability (from conju-
gated to cross-conjugated structure) to optical excitation, can be studied by
measuring their conductance or their reflectivity by optical methods [2, 67].
Also, conductance switching has been observed by successive oxidation and
reduction cycles of the molecular network to proper agents demonstrating an
interesting platform for chemical sensing [3].

Here I have given a glimpse of other methods used to make molecular
junctions with no intention for a complete overview. From the next chapter
I will focus on molecular contacts made by low temperature break junction
method.
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Experimental techniques

This chapter summarizes the applied experimental techniques. First, the
Break Junction method will be described in detail, then the sample holder
and sample design will be overviewed. A separate section will describe the
dosing of molecules. At the end, the measurement setups and measurement
control system will be described.

3.1 Principles of the MCBJ technique

The Mechanically Controllable Break Junction (MCBJ) and the Scanning
Tunneling Microscope (STM) technique is widely used to make stable atomic
and molecular junctions. All the measurements discussed later were done by
the MCBJ method, so here a brief description of the technique is given.

The MCBJ technique was introduced by Muller and co-workers [68]. The
principle of the MCBJ technique is illustrated in Figure 3.1: a metallic wire,
notched in the middle is fixed on a bendable substrate (bending beam) by
two epoxy droplets. The beam can be bent by pushing it in the middle by a
two stage moving mechanism, an axle for the coarse movement, and a piezo
element for the fine tuning. As the beam is bent, the distance between the
fixing points increases and the wire elongates and finally breaks. Afterwards
the wires can be reconnected by decreasing the bending of the beam.

The measurements were carried out at low temperature in cryogenic vac-
uum. The method guarantees the fresh electrode surfaces, and as the cryo-
vacuum protects the electrodes from contaminating molecules, the electrode
surfaces remain clean during the subsequent reconnection and breaking of the
wire. This even allows the study of reactive materials for several days with-
out any contamination contrary to STM based measurements where highly
reactive tips or surfaces need special cleaning techniques.
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Figure 3.1: Demonstration of the MCBJ technique.

The break junction method also offers high stability which is even in-
creased at low temperatures. The vertical movement of the piezo is translated
into a much smaller displacement of the electrodes. The ratio between the
vertical (∆z) and the horizontal (∆x) movement, called displacement ratio
is ∆x/∆z ∼ 100 in our system [69]. At low temperatures mechanical fluctu-
ations from thermal expansions are minimized by the liquid helium bath. As
a result of the large displacement ratio the influence of mechanical vibrations
of the axle or electrical noise on the piezo element are also reduced.

This reduction ratio can be increased even by orders of magnitude by
preparing the sample with e-beam lithography. Nanolithographically pat-
terned samples can have displacement ratios 105 − 106, which could provide
the stability needed for room temperature measurements.

STM based setups also posses several advantages. The imaging capability
allows the detailed scanning of the surface, and thus the selection of the best
site for making contact, and with STM heterocontacts, e.g. superconductor-
normal metal contacts can also be established.
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3.2 Sample holders

Low-temperature sample holders have been used for the measurements,
which are metal tubes containing the break junction setup in the bottom,
and electrical feedthroughs and vacuum connections at the top. These sample
holders are placed into low-temperature cryostats, where the break junction
part is immersed into the liquid helium, while the electrical feedthroughs are
available at room temperature.

The experiments described in the next chapters were measured by two
sample holders.

The older one (Fig. 3.2), was designed, and developed by my supervisor,
András Halbritter. As mentioned earlier the bending mechanism consists
of a mechanical stage, an axle and a piezo element driven by the measure-
ment program. The turning axle is connected to a differential screw with
150µm/turn displacement. The axle is connected by a loose fork blade mech-
anism, thus the axle can be mechanically disconnected from the the sample
space. The piezo element, responsible for the fine positioning moves ∼ 10 nm
for 1V of applied voltage, which supposing a 1/100 reduction ratio gives
∼ 1 Å change of electrode distance for 1V of applied piezo voltage. The
further stabilization of the sample is achieved by a back spring pushing the
bending beam. The sample holder is described in detail in Ref. [69].

At the start of my PhD a new sample holder was constructed, also de-
signed by András Halbritter, which was assembled and tested by András and
myself. The mechanical setup is nearly the same for the new sample-holder,
but the differential screw ends in a conical shape and pushes a strong back
spring to the sample, as shown in Figure 3.3. This setup has a higher gear
ratio than the old sample holder, 25µm/turn, ensuring even higher stability.

Another innovation in this sample holder is that several smaller tubes
connect the upper part of the sample holder with the break junction setup
placed in the sample holder head. The four tubes have different function:
the first one is used for the axle, the second for a heated capillary, the third
for the wires of the piezo element and temperature sensors, whereas the last
one is used for the sample wires. The separation of measurement wires from
the high-voltage piezo wires allows a smaller electrical noise level for the
measurement, and the capillary temperature can be also better controlled in
a separate tube. The sample holder caps are indium-sealed for both sample
holders.

After inserting the sample holders into helium transport vessels the sta-
bility of the setup can be enhanced by hanging the whole transport dewar
on rubber ropes to isolate the system from the mechanical vibrations of the
building.
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Figure 3.2: The head of the old sample holder on photo(left) and on a computer
design (right).
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Figure 3.3: The head of the new sample holder shown on a computer design.

3.3 Sample design

For the experiments conventional, high purity metals were used, with
50-100 µm diameter produced by MaTecK GmbH and Advent Research
Materials. The schematics of the sample design is shown in Figure 3.4,
which is the same for all sample holders. For the bending beam, phosphore-
bronze plates were used, with different size for the different sample holders,
24,5× 10× 0,5mm, and 17,5× 3,5× 0,5mm for the older and newer sample
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Figure 3.4: Schematics of the samples used for the measurements.

holder, respectively. On top of the plate a small tin pad was soldered and
was cut in the middle, which later defines the breaking point. The rest of
the beam was covered by kapton foil, which electrically insulates the wire
from the phosphore bronze plate. The next steps were done under an optical
microscope. Stycast 2850 FT epoxy glue droplets were put to the tin pads,
in which the wire was placed and later completely covered. As the epoxy
started to dry the distance between the droplets were reduced to ∼ 100µm,
while the cutting in the tin layer prevented the droplets from confluence.
Later, the wires were contacted by soldering or by silver paint. The wires
were also fixed on the kapton layer to avoid sudden mechanical stress able
to break the wire out of the epoxy droplet. The last step before mounting
the sample to the sample holder was to decrease the initial diameter of the
wire by making a notch into it, which also defined the breaking point. For
this a special cutting tool was used, described in detail in Ref. [31], which
allowed the simultaneous optical observation of the wire and electrical mea-
surement of the wire’s resistance. This was a crucial part, too thin wires
tend to break before cooling, which contaminates them, however too thick
wires can not be broken. The proper diameter was around 5− 10µm. This
was even a bigger problem for the newer sample holder, as a result of the
higher displacement ratio. The design of the new sample holder allowed the
simultaneous measurement of two samples, of which one was usually in the
proper coarse positioning range at the time, while the other was either broken
or intact. Doubling the inserted samples was very useful for the molecular
measurements, where several days of preparation was needed for the mea-
surement, and the proper operation of the sample could only be tested after
cooling down the sample holder. For harder materials, like Nb the cutting
was very difficult, so in these cases pre-notched wires were glued.
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3.4 The vacuum setup

In this section the dosing of molecules is described in detail. The setup
introduced here was developed together with Zoltán Balogh. Most of the
molecules freeze above 4K at ambient pressure, therefore we have inserted a
heated capillary to the sample holder. This allows the study of very reactive
molecules at low temperature. However, special care must be taken since as
the capillary is heated the cryovacuum protection disappears.
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Figure 3.5: Schematics of the vacuum setup used for molecular measurements.
V1-V7 mark the valves, P1-P4 the vacuum gauges and the grey, blue and red lines
correspond to the chamber pumping, capillary pumping and dosing lines, respec-
tively.

The sketch of the vacuum setup is shown in Figure 3.5. During the
whole measurement the vacuum chamber of the sample holder is pumped
directly with a turbomolecular pump (grey lines). The capillary, which is only
connected to the vacuum chamber at the bottom of the sample holder, is also
pumped by a direct line (colored by blue), and in the middle, the separate
line shown in red is used for the gas dosing. The pressure is controlled in the
pumping line by pressure gauge P1, at the top of the capillary by gauge P3,
and additional gauges P2 and P4 are used for the dosing.

The molecule dosing goes as follows. A small amount of molecule is
admitted from high purity gas container to the central space separated by
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valves V 3, V 1, V 8, V 2 and an electromagnetic (EM) valve. The pressure in
this space can be decreased by using an additional rotary pump connected
to V 2. From this initial pressure a small amount can be dosed to the sample
holder by opening the EM valve for a short time with a voltage pulse. Here
the amount can be also decreased by just admitting the amount between
valves V 4, V 5 and V 6. There is also an auxiliary line for pumping the vacuum
space behind the electromagnetic valve and V 3. The typical pressure at P3,
which is a dual-gauge sensor is ∼ 2 − 3 · 10−5mbar in the pumping phase,
and ∼ 4 · 10−2mbar before the dosing. Then V 5 is opened for the dosing.
This whole procedure is tested without the admission of gas every time to
check the cleanness of the system.

capillary

shutter
 ltering circuit

sample
EM coil

heat trap

dosing hole

shutter

Figure 3.6: Photography of the new sample holder head. The blow up image shows
the capillary with dosing hole as the shutter is open at the moment.

The head of the sample holder is shown in Figure 3.6. The molecules
coming from the opening of the capillary can reach the sample through a
hole, which is marked as ’dosing hole’ on the figure. The hole is blocked
by a shutter, which can be opened by an electromagnet. The shutter is in
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good heat connection with the body of the sample holder, which guarantees
that molecules can only reach the sample when the shutter is open, and
unwanted molecules condensate on the shutter. The capillary is heated with
a termocoax cable running inside the capillary tube, and the wire is brought
back as a teflon insulated wire rolled precisely around the tube. This wire is
also used to keep the capillary away from the sample holder tube therefore
acting as a heat insulator. The temperature of the capillary is controlled by
temperature sensors.

The sample holder is pumped for 1-2 days before cooldown, and the cap-
illary is baked out at T ∼ 150◦C. Also, to avoid hydrogen contamination
zeolite traps are placed in the sample place, and in the cap of the sample
holder. This is also heated up to high temperatures to get rid of any resid-
ual hydrogen contamination at room temperature. To avoid electronic noise
originating from the pumping station the pumping lines are attached to the
sample holder with teflon o-rings, and plastic clamps. The mechanical noise
can be reduced by moving the rotary pump farther away from the measure-
ment setup.

3.5 Improvements for subgap measurements

In order to see several sub-gap features low noise-level and low enough
electron temperature were required. For the reduction of the noise level the
input voltage signal was attenuated by a 1:100 divider, and conventional
RC low-pass filters with cut-off frequency of 100kHz were placed close to
the junction to reduce high frequency pick-ups which would smear out the
nonlinear features. The sample holder was wired with twisted pair cables
also to reduce noise pickups. Figure 3.7(a) shows an I-V curve measured on
niobium tunneling contact, and its numerical derivative dI/dV (V ) on panel
(b). The noise level was deduced from the width of the peak in the dI/dV (V )
at the gap edge, which according to our measurements was ∼ 100µV.

Although the sample holder is immersed into the liquid helium bath,
as the sample is electrically isolated from the sample holder, the sample’s
temperature could be somewhat higher than its environment. Already to
go below the superconducting phase transition of niobium (Tc = 9.25K) or
lead (Tc = 7.2K) special care had to be taken: heat traps were put to the
sample holder to which the sample wire was attached, and the axle had to
be decoupled. The temperature was also determined from measurements on
superconducting tunneling contacts, using the known BCS temperature de-
pendence of the superconducting gap. In the example shown in Figure 3.7
the temperature of the sample was found to be smaller than 6K. For super-
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conductors with phase-transition temperature lower than ∼ 6K a variable
temperature inset (VTI) cryostat was used, where, by decreasing the helium
gas pressure the sample holder was able to cool down to the base temperature
of ∼ 1.5K. In such measurements the sample holder was filled with helium
exchange gas for better thermalization.
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Figure 3.7: Tunneling measurement on Nb junction. a: I-V curve, b: numerical
derivative showing the dI/dV (V ) curve. The measurement was used to determine
the noise level, and measurement temperature (values shown on the Fig.). The
electron temperature in the measurement was lower than 6K.

3.6 Measurement electronics

The measurement system used to measure conductance histograms is
shown in Figure 3.8. The basic idea of the measurement is simple: a fixed
bias voltage is applied to the sample and current is measured as the sample is
broken and reconnected periodically. To pull and push the contact a triangle
waveform modulating the piezo element was applied by a Delta Elektronika
ES0300-0.45 300 V power supply, which was controlled by an analog output
of the National Instruments PCI-MIO-16XE-10 data acquisition card. The
bias voltage is supplied by Delta Elektronika power supply. The current was
converted to voltage signal by a Femto DLPCA-200 current amplifier, and
the voltage signal was measured by one of the inputs of the data acquisition
card. The gain of the current amplifier could be controlled by a digital output
of the DAQ card, but usually histogram measurements can be carried out
in a selected gain. The card allows fast data acquisition of 100 ksample/sec
with 16 bit resolution, thus supposing a typical 10 Hz frequency of the piezo
modulation in the interesting 0−20G0 range ∼ 1000 points in a trace can be
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recorded with good precision if the gain is selected carefully. The grounding
box in the middle acts as a 1/50 voltage divider in the bias line used to de-
crease the noise level and also gives a common ground to avoid ground loops
through the current amplifier. Also this box is used to add voltage signals.
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Figure 3.8: Measurement setup for conductance histograms.

The measurement control programs were written in Visual Basic 6.0 sup-
plemented with National Instruments Measurement Studio. The measure-
ment program reads and processes the data measured by the data acquisition
card. The program calculates the conductance histogram separately for the
pulling and pushing curves both on logarithmic and linear scale, and also cal-
culates plateaus’ length histogram. The measured trace, the histogram and
the plateaus’ length histogram are shown on separate plots. The calculated
histograms together with the raw data are saved in separate files, thus fur-
ther data processing is possible. An older version of the program was already
available at the laboratory, however several extensions were required, like the
inclusion of further selection methods, logarithmic histogram measurement,
current amplifier control.

Separate programs are used to monitor the temperature sensors and pres-
sure gauges during the dosing. The temperatures, measured by a Lakeshore
temperature controller, and the pressures measured by a Keithley 2000 mul-
timeter equipped with a scanner card are acquired on the GPIB port. The
pressure gauges have to be supplied with 15V DC voltage.
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The setup used for dI/dV (V ) curve measurements is shown on Figure 3.9.
The piezo element here was also controlled by the DAQ card’s signal amplified
by a 300V Delta power supply, and after the proper contact was searched,
the dI/dV (V ) curves could be recorded.

The dI/dV (V ) curves were recorded with Lock-in technique: a small AC
modulation was added to the DC voltage component and the response (at
the same frequency) was measured. The voltage applied to the contact can
be written as: V = V0 + VM cos(ωt). If the AC modulation is small, the
current can be expressed in the following way:

I(V ) = I(V0) +
dI

dV

∣∣∣∣
V0

VM cos(ωt) +
1

2

d2I

dV 2

∣∣∣∣
V0

V 2
M cos2(ωt) (3.1)

By using the trigonometric identity

cos2(ωt) =
1 + cos(2ωt)

2
(3.2)

we get that the ω frequency component of the current is proportional to
dI/dV , whereas the 2ω component is proportional to d2I/dV 2.

The measurement was done as follows: the DC component was supplied
by an Agilent wave-function generator and was mixed with a small AC modu-
lation from a Standford Research Systems 830 Lock-in amplifier. The current
was converted to a voltage signal by the Femto current amplifier, and the
ω component was measured by the lock-in amplifier after a high-pass filter,
whereas the DC component was measured directly with the DAQ card. The
AC signal was fed back to the DAQ card from the lock-in output, and the
sensitivity parameters were acquired on GPIB port. The DC voltage was
slowly swept with a special triangle signal, which started and ended at posi-
tive voltages (see Figure 3.9), and was triggered by the measurement program
through an output of the DAQ card. As the AC modulation has a character-
istic frequency in the kHz range, the frequency of the triangle signal, which
was below the Hz range could be regarded as a DC signal. The special 90
degree phase of the triangle signal allowed the measurement of conductance
during contact search: the function generator supplied the fixed, positive DC
voltage until a trigger signal was received. During the measurements only
curves were regarded as good dI/dV (V ) curves, for which the voltage sweep
in positive and negative direction was the same. To know the precise bias
voltage signal supplied by the wavefunction generator, the output signal of
the generator was also measured.

For the subgap measurements discussed in Chapter 4, the I-V curve was
measured directly, so a simpler setup was used: in this case slowly changing
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bias was supplied by the wavefunction generator (no AC component was
added), and the DC current was measured by the DAQ card.

Function

generator
IV converter

Sample

holder
Grounding

box

High-pass !lter

Lock-in ampli!er

Power supply

300V

Computer

ACH1

ACH0

ACH2

DAC0 out

DAC1 OUT

DAQ

card

IV converter control 

Piezo

control

Figure 3.9: Measurement setup used to measure I-V curves with Lock-in technique.

The measurement control programs, from which an example is shown in
Figure 3.10, were also written in Visual Basic. The plot on the left side
shows the conductance as a function of piezo voltage, this can be used for
contact search. The right two plots showed the acquired I-V or dI/dV (V )
curves, and also their average, if averaging was necessary. A basic version
of the program was already available in the laboratory, but several modifica-
tions were written for the measurements: the program saves the piezo trace
highlighting the position, where the I-V curves were measured, and various
averaging, data processing algorithms were implemented. An automated ver-
sion of the program was also developed, which can measure several curves
for a selected conductance region finding the contact automatically with a
feedback routine.

For conductance fluctuation measurements the 2ω component had to be
measured, so a double lock-in setup was used. Details about the setup can
be found in [31].

In order to be able to convert the piezo voltage into electrode separation,
the samples had to be calibrated, with tunnel current measurements. It is
known that for a tunnel contact:

I ∼ exp(−
√
8mΦ

~
d), (3.3)
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Figure 3.10: Snapshot of the measurement control program used for automated
dI/dV curve measurements. The left plot shows the conductance vs. the electrode
distance, while the right plots show the acquired dI/dV curves and their averages.

where d is the distance between the electrodes, Φ is the workfunction of the
metal and m is the free electron mass. By measuring the tunnel current as a
function of the piezo voltage, the conversion factor between the piezo voltage
and electrode separation can be obtained. It must be also mentioned here,
that presence of molecules can change the work-function of the metal, which
also can change the calibration [70]. The workfunction can be directly mea-
sured with Gundlach oscillations. In the field emission regime the tunneling
current shows resonances as the bias voltage is increased. By measuring these
oscillations as the voltage is increased and the tunneling current held fix with
a feedback control, the work function can be deduced. More details about
the Gundlach oscillations can be found in Refs. [71, 72].



Chapter 4

Characterization by
current-voltage characteristics

Conduction properties of nanoscale devices can be characterized by the
so-called mesoscopic PIN-code, as seen in Section 2.2. From conductance
measurements only the sum of the transmission probabilities can be deter-
mined and further investigations are needed to obtain the full mesoscopic
PIN-code. For a junction with arbitrary conductance and a larger number of
conductance channels the conductance fluctuation and shot noise measure-
ments are not efficient. However by using superconducting electrodes and
measuring the nonlinear subgap features in the current voltage characteristic
(see Sec. 2.6) principally all the transmission eigenvalues can be determined.

Beside the determination of the elastic transmission coefficients, current-
voltage characteristic measurements can also be used to study the finger-
prints of inelastic excitations of atomic or molecular junctions. Small steps
in the dI/dV (V ) curves observed by point contact spectroscopy or inelastic
electron tunneling spectroscopy may reflect the excitation of vibration modes
(see Section 2.8). The 30 − 100mV range typical for these excitations is
clearly separated from the subgap features observed at the millivolt range.
Therefore by a single I-V curve measurement, both the elastic and inelastic
properties of the junction can be studied. However, in several cases, not
a simple step, instead peak-like structures are observed in the differential
conductance curve, which is also related to the inelastic excitation of the
molecular junction.

This chapter will address these phenomena by detailed investigations of
current-voltage characteristics. The chapter is organized as follows. In the
first section measurements on superconducting metallic junctions are shown:
it is demonstrated that the evolution of the conductance channels can be
precisely followed by the subgap analysis. In Section 4.2 detailed exper-
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imental and theoretical analysis of indium junctions will be given, where
the subgap analysis is used as a tool to test novel simulation techniques of
conductance histograms. With the combined efforts of experiments and sim-
ulations the configurations formed during the breaking of indium nanowires
could be revealed. In Section 4.3 the interaction of hydrogen molecules with
superconducting electrodes is addressed. The measurements reported here
were the first subgap-measurements used to analyze molecular junctions. In
the last section of this chapter, the inelastic excitations of molecular systems
are investigated. It is shown, that for some systems a huge negative differ-
ential conductance phenomenon can be observed, which can be understood
in terms of an asymmetrically coupled two levels system model.

4.1 Subgap measurement on pure single atom

junctions

For subgap structure measurements superconducting electrodes are re-
quired. Fortunately, at low temperatures several superconducting electrodes
are available, at 4.2K Nb and Pb are already superconducting, and by fur-
ther cooling other superconductors like V, Ta, In, Sn can be driven well
below their critical temperature. For measurements on Al one has to cool
the measurement setup below 1K, which is not available in our system. As
mentioned in Chapter 3 the cooling of the sample may require special heat
trapping, and to keep the noise level low special care must be taken.

The following part will describe measurements carried out on these su-
perconductors, and it will be demonstrated that, by sub-gap analysis the
PIN-code of the contacts can be obtained.

Figure 4.1 shows examples of I−V curves measured on indium junctions
with different conductances, together with the theoretical fits to the subgap
features. The lower two curves clearly show subgap features at eV = 2∆ and
eV = 2∆/2. The top curve, however shows a sharp increase at zero bias and
afterwards an almost linear behavior. This type of behavior corresponds to
a contact with an almost completely open conductance channel, for which
the higher-order processes with n ≫ 1 give a non-negligible current contri-
bution adding up to a supercurrent around zero bias [73]. This behavior is
frequently observed in indium junctions with G ≈ 1G0, whereas in other
superconductors (Pb, Sn, Ta, Nb, V), contacts with unit conductance much
less frequently show such I-V curves.

The measured I-V curves were fitted with a Multiple Andreev Reflection
fitting code, developed by M. Rubio Bollinger [74]. With fixed number of
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Figure 4.1: Demonstrative I-V curves of atomic scale In junctions in the super-
conducting state (color lines) together with theoretical fits (black lines). The three
curves respectively correspond to total conductances of G = 1.14, 0.77 and 0.384G0

and to channel decompositions of τi = {0.98, 0.06, 0.05, 0.05}, {0.44, 0.17, 0.16} and
{0.348}.

channels the fitting program determined the transmission coefficients and the
χ2 parameter characterizing the quality of the fit, furthermore, the number of
channels could also be determined by minimizing the fitting error. Channels
with transmissions smaller than 0.01 have been neglected. The program also
fitted the superconducting gap value, which could also be directly determined
from tunneling measurements. The results of the fits are demonstrated by
the black lines in Fig. 4.1.

Figure 4.2(c) shows an other example for a subgap curve, which is now
measured on a single atom Pb junction. The quality of the fits is analyzed by
fitting the experimental curve with different number of conductance channels.
The best fit, shown in red corresponds to a fit with three channels, with
τi = {0.76, 0.3, 0.22}. The blue curve shows a fit with two conductance
channels, with τi = {0.68, 0.56}, while the last curve in green corresponds
to the monochannel fit, which naturally can not even give a proper total
conductance. Fits with more than three channels give the same result as
the three channel fit giving zero transmission for the additional channels.
The poor accuracy of the one and two-channel fits, and the observation,
that fits with more channels give the same result demonstrates that single
atom Pb contacts (with s-p valance orbitals) have three open conductance
channels, which is in agreement with previous expectations and experiments
[27, 25]. Generally, we have found that contacts up to 5-6 channels can be
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Figure 4.2: (c): I-V curves measured on a single atom Pb contact (circles), and
the corresponding fit with one (green), two (blue) and three (red) channels. (d):
Numerical derivate of the I-V curve (black) showing four subgap features. (a) Fit-
ted transmission probabilities as a function of the width of the smoothing window.
(b) Fitting error as a function of the width of the smoothing window.

accurately fitted by this method. The numerical derivative of the I-V curve,
the dI/dV (V ) curve showing clear peaks at the fractional values of ∆ is
demonstrated on Fig. 4.2(d).

To test the noise-level needed for our measurements, the effect of voltage
noise was modeled by artificial smoothing of the measured I-V characteris-
tics. A predefined number of adjacent points were averaged, which broadened
the width of a tunnel-peaks by the smoothing window. In Figure 4.2(a-b) we
show the fitted transmission probabilities, and the χ2 fitting error as a func-
tion of the width of the smoothing window, which is scaled in gap units. It
can be clearly seen, that only for larger smoothing windows do the transmis-
sion probabilities start to deviate from their unsmoothed value. For strong
smoothing, the fitted transmission of the second and the third channel coin-
cide, but the first channel is still fitted correctly. High transmission channels
can be accurately reproduced due to their high contribution to excess cur-
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rent. From this analysis it follows, that the 100µV noise-level available in our
setup (see Fig. 3.7) is sufficient even for superconductors with lower critical
temperature, like indium (Tc = 3.41K).
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Figure 4.3: Evolution of the transmission probabilities obtained from hundreds of
independent measurements on In (green) and Sn (blue) junctions. Panels (a)-(f)
shows average value and standard deviation for the first six conduction channel as
a function of the total conductance (τ1 > τ2 > τ3 > . . . ). For each measurement
point approximately 10 curves have been averaged.

As subgap method is applicable for the determination of the complete
mesoscopic PIN-code of the junction at an arbitrary point of the conduc-
tance trace, we can map the evolution of the transmission probabilities as
the junction is opened and closed. Using a large number of subgap measure-
ments in a wide conductance interval the typical evolution of transmission
channels can be determined. Earlier investigations mainly concentrated on
the measurement of individual subgap curves on fixed junctions, but reliable
conclusions can only be drawn from the measurements of statistical averages.
Therefore, the goal was to map the evolution of channel transmissions near
the conductance of single-atom junctions, and to compare the PIN-codes of
various materials.

The conductance histogram of Sn shows a broad peak at G ∼ 2G0 cor-
responding to the conductance of the monoatomic tin contacts, whereas for
In a narrow peak at 1.1G0 can be observed in the histogram (see Fig. 4.8).
After cooling the junctions below the critical temperature, extensive sub-gap
analysis was performed. Figure 4.3 shows the evolution of the transmission
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probabilities as a function of conductance for indium and tin junctions near
the conductance of the monoatomic contact. The six panels show the trans-
mission coefficients for the first six channels measured on a large number
of independent configurations and averaged at different conductance values.
The figure shows that despite the similar general trends for the two metals,
a clear difference can be made between indium and tin junctions by statis-
tical analysis. In indium the first channel dominates the conductance, and
for the monoatomic contact with a conductance 1.1G0 the first channel is
almost fully open, leaving only 0.1 − 0.2G0 conductance to be carried by
the other channels. For Sn junctions, higher transmission of the second and
third channels decrease the dominance of the first channel.

Based on detailed measurements on various superconductors, we have
found 3− 4 conductance channels for the monoatomic contact of sp-metals,
In, Pb, and Sn, and at 5−6 for the monoatomic contact of the sd-metals Ta,
Nb, and V, which agrees with previous expectations [27]. Of these metals In,
Sn, Ta and V were not yet studied in the literature. The transmission of 4th
channel for the sp-metals, and of the 6th channel for the sd-metals have not
always disappeared showing that the symmetry conditions assumed in Ref.
[25, 27] are not always being realized.

4.2 Testbed for theoretical simulations

Although several experimental methods have been developed to obtain
information about atomic sized and molecular junctions, as already reviewed
in Chapter 2, for more complete microscopic picture, all these experimental
inputs should be compared with the results of theoretical calculations.

Atomic-sized or molecular nanojunctions are commonly described by ab
initio simulations based on density functional theory (DFT) [65]. The com-
putational resources of fully DFT-based simulations of rupture dynamics [75]
are highly demanding, therefore, DFT calculations are most commonly re-
stricted to studying of a small number of selected ideal geometries, which
are chosen to match the presumably most probable experimental contact
configurations [54, 76]. However, as will be demonstrated in this section,
simulations on selected ideal geometries may show strong deviations from
the experimental observations. Therefore, for better agreement with experi-
ments, simulations of conductance histograms is desirable.

In cooperation with Oroszlány et al., we have decided to develop a method-
ology for simulating conductance histograms of superconducting materials,
where the experimental insight to the statistical distribution of the individual
channel transmissions by the subgap method provides possibility for a strict
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confrontation of theoretical simulations with reality [77].
For this a proper combination of fast classical molecular dynamics (MD)

simulations [78, 79, 48] with precise quantum mechanical calculations of the
conductance may provide a reasonable compromise. Recently, a detailed
analysis of theoretical conductance histograms was performed by Pauly and
coworkers, where they have utilized a simpler tight-binding parameteriza-
tions of the underlying mean-field Hamiltonian [50, 52] and the tight-binding
parameters were obtained by fitting to the band structures of bulk materials.
The transfer of bulk parameters to nanojunctions may not be reasonable, as
many properties of nanojunctions are determined by atoms on surfaces or in
other low-symmetry positions.

Since this pioneering work five years have passed and no further theo-
retical conductance histograms were calculated. During these five years, the
computational resources have also improved and the application of a more
precise DFT method became possible.

In the methodology introduced here and developed by Oroszlány and
coworkers a statistical ensemble of contact ruptures is simulated by classical
MD calculations, the underlying mean field Hamiltonian is evaluated for all
the contact configurations by DFT using the SIESTA code [80] and finally,
the conductance of all the configurations is calculated by the Green’s function
based Landauer formula [81, 82]. To provide a self-contained method, the
force field parameters of the MD simulations are obtained by fitting to the
results of the DFT calculations for some model geometries.

The methodology is verified by detailed comparison with experimental
measurements of transport through atomic-sized indium nanojunctions. The
remarkable agreement in the evolution of the channel transmissions demon-
strates that the novel simulation technique is able to reproduce a realistic
statistical ensemble of contact configurations, whereas reference simulations
on selected ideal geometries show strong deviations from the experimental
observations. It is shown here that with the help of detailed, statistical sim-
ulations the experimental results can be understood to a great extent.

4.2.1 Comparison of novel theoretical simulations with
experimental data

Conductance histograms

Figure 4.4 demonstrates both experimentally-measured and theoretically-
simulated conductance traces and histograms of indium nanojunctions. Fig-
ure 4.4(a) and (b) respectively show examples of experimental conductance
traces and the conductance histogram constructed from 5000 individual traces.
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Figure 4.4: The top panels show demonstrative experimental conductance traces
(a) and the conductance histogram (b) for indium junctions. The counts are nor-
malized to the number of traces included. The bottom panels show examples of
simulated conductance traces (c) and a theoretical conductance histogram (d). Be-
low the panels some atomic configurations are demonstrated (e1-e4) respectively
corresponding to the positions on the simulated traces signed by stars.

The experimental histogram shows a sharp peak at G ≈ 1.1G0, a smaller
peak at G ≈ 1.7G0, and two broader peaks at G ≈ 2.5G0 and 4G0,
respectively. These peak positions are reproducible for different samples
with some variation of the relative peak weights. The theoretical histogram
in Fig. 4.4(d) is constructed from 100 independent simulated conductance
traces, from which examples are presented in Fig. 4.4(c). The simulated his-
togram nicely reproduces the first peak of the experimental histogram, and
it also shows recognizable peaks at higher conductances around 2.5 and 4G0,
close to the third and fourth experimental peak. The second experimental
peak may be reflected by a shoulder around G ≈ 1.5 in the simulated his-
togram. The simulated traces show clear conductance plateaus, however, in
contrast to the sharp experimental conductance jumps the calculated traces
exhibit smoother transition between the plateaus. The conductance steps
are mainly governed by the delicate balance between elastic deformation and
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the change of surface energy. It is expected that realistic elastic forces are
accurately simulated, whereas a proper simulation of surface energy is highly
demanding with classical MD simulations. Therefore, the simulations are
expected to be precise once a stable configuration is established, but the
simulation of the jumps between metastable configurations is less accurate.
The agreement with the measured conductance histogram indicates that the
simulations are able to provide a realistic ensemble of junction configura-
tions, however, for a stricter justification of this statement a more detailed
confrontation of the experimental and theoretical data is necessary.

Statistical analysis of transmission eigenvalues
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Figure 4.5: The transmission eigenvalues, τi for the first four conductance channels
are plotted as the function of the total conductance, G = 2e2/h

∑
τi for a large

ensemble of junctions with different conductances (τ1 > τ2 > τ3 > . . . ). The
experimental data (orange squares) are obtained by fitting the subgap features in
the I − V curves. The theoretical channel transmissions are calculated along all
the 100000 points of 100 simulated traces. For better visibility only 500 random
points are plotted from this ensemble of data (blue circles).

For a deeper comparison of the simulated data with experimental junc-
tion configurations a detailed statistical analysis of the conductance channels’
transmission eigenvalues was performed. Experimentally, the current-voltage
characteristics of more than 500 independent junctions have been measured
in the superconducting state, and by fitting the subgap structures the trans-
mission probabilities for the open conductance channels of all these junctions
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have been determined. The channel transmissions are also determined at
each points of the simulated 100 traces by diagonalizing t†t, where t is the
transmission part of the scattering matrix.

In Figure 4.5 the statistical distribution of the transmission probabilities
for the first four channels as a function of the total conductance is shown. The
experimental data (orange squares) show that the scattering of the channel
transmissions is almost an order of magnitude smaller than the mean trans-
mission of the most transparent channel. The experimentally-measured and
the theoretically-simulated channel transmissions show remarkable agree-
ment. This agreement is even better demonstrated in Fig. 4.6, where both the
experimental and theoretical channel transmissions are averaged at different
conductance values. The precise coincidence of the measured and calculated
evolution of the transmission eigenvalues gives a strong justification that the
simulations provide a realistic ensemble of junction configurations.

Identification of characteristic contact geometries

As both the histograms and the transmission coefficients show a very
good agreement with the experiments, it is reasonable to suppose that the
the experimental configurations are well represented by the typical geome-
tries formed in the simulations with the same conductance. By using the
theoretical simulations – where the contact geometry can also be analyzed –
the typical geometries corresponding to different peaks in the experimental
conductance histogram could be determined.

After the detailed analysis of the atomic arrangements along the theoret-
ical conductance traces, a clear matching have been found between the four
distinct conductance regions around the peak positions (four color areas in
Fig. 4.4(b) and (d)) with some typical contact configurations demonstrated in
Fig. 4.4(e1-e4). The region of the fourth peak (green area) is typically related
to configurations with 3 or 4 atoms in the smallest cross section (Fig. 4.4(e1)),
which is denoted by N-3-N’ or N-4-N’ configuration (the middle number is
the number of atoms in the smallest cross section, whereas N and N’ are
the number of neighbor atoms on both sides which can have different values
being larger than the middle number). The third peak (orange area) basi-
cally corresponds to arrangements with 2 atoms in the smallest cross section
(N-2-N’ configuration, Fig. 4.4(e3)). The small peak at G ≈ 1.7G0 (blue
area) is mainly related to a monomer configuration with a single atom in the
smallest cross section (N-1-N’, Fig. 4.4(e2)). The position of the first peak
(red area) is clearly related to a dimer configuration, where a chain of two
atoms connects the two electrodes (N-1-1-N’, Fig. 4.4(e4)).
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Figure 4.6: (a-d) The orange squares and blue circles respectively show the mean
value of the experimental and theoretical channel transmissions. The red/green
lines respectively show the channel transmissions during the stretching of an ideal
dimer/monomer configurations. The geometries of these ideal configurations are
demonstrated in the insets. Panels (e) and (f) demonstrate the scattering wave-
function of the first two eigenchannels in a junction with an ideal dimer config-
uration (G = 1.18G0, τ1 = 0.985, τ2 = 0.102). The first channel (e) shows a
σ-type, whereas the second channel (f) shows a π-type wavefunction at the central
two atoms.

Comparison with simulations on ideal geometries

Most of the calculations in the literature have been performed on some
ideal geometries constructed artificially from a crystalline structure using
some simplified, regular contact geometries. To test the accuracy of our
method, simulations have been performed on two ideal structures, on a
monomer and dimer configuration, and the results have been compared with
the experimental transmission coefficients.

The red lines in Fig. 4.6 demonstrate the opening of the conductance chan-
nels as the distance between the apex atoms of an ideal {001}-oriented dimer
configuration is varied (the ideal geometry is demonstrated in the inset of
Fig. 4.6(a)). At the optimized separation, the conductance of the ideal dimer
configuration is G ≈ 1G0 (red circle), in agreement with the simulated traces
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(e.g. Fig. 4.4(e4)). The transmission probabilities of the first two channels for
this geometry show reasonable agreement with the experiment, whereas the
almost zero transmission of the third channel is far below the experimental
data. As a second example, the green curve shows the opening of the conduc-
tance channels for an ideal {001}-oriented monomer configuration (see inset
of Fig. 4.6(b)). For this arrangement the conductance at the optimal separa-
tion is G ≈ 2.5G0 (green circle), which significantly exceeds the conductance
of monomer configurations obtained by MD simulations, and furthermore,
the evolution of the channel transmissions strongly deviate from the experi-
mental mean values. These discrepancies are attributed to the sensitivity to
the number of neighboring atoms, which is defined to be 2× 4 for the ideal
monomer, whereas in the MD-based traces the middle atom usually has only
2 or 3 neighbors on each contact. The above comparisons demonstrate, that
at G < 1.1G0 the junctions are reasonably described by an ideal dimer con-
figuration, although the transmission probabilities show deviations from the
experiment, presumably due to the unrealistic symmetry of the ideal struc-
ture. However, at higher conductances, where the precise geometry of the
junction strongly influences the conductance, ideal configurations are giving
false results, furthermore the simulations of ideal geometries are not able to
describe transitions between different configurations. In contrast, MD simu-
lations can sort out the statistically relevant ensemble of configurations, and
provide excellent agreement with the experimental data even at the level of
individual channel transmissions.

Theoretical simulations can also aid the understanding of the experimen-
tal results by visualizing the scattering wavefunctions, corresponding to the
different measured conductance channels. Fig. 4.4(e) and (f) show the ab-
solute value of the wavefunctions of the first two eigenchannels of an ideal
dimer configuration, associated with an incoming wave from the left elec-
trode. It is clear that the first, highly transmitting channel is related to a
σ-type, whereas the second channel having significantly smaller transmission
is related to a π-type wavefunction on the central two atoms. This picture
agrees with previous tight-binding calculations, which have shown that in
p-metals, the first channel comes from the hybridization of s and pz orbitals,
whereas the second and third channels are related to px and py orbitals [27].

Evolution of conductance channels during stretching of the contact

It is also interesting to follow the evolution of the conductance chan-
nels along individual conductance plateaus. Fig. 4.7(b) shows a rather flat
conductance plateau in the region of the first histogram peak. The chan-
nel transmissions were measured at three points on the conductance plateau
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Figure 4.7: An experimentally measured conductance plateau (b) and the I − V
curves recorded at three different points of the plateau (a1-a3). The fitted channel
transmissions are given in the insets of panels (a1-a3), and demonstrated by red
circles and blue/orange stars in panel (b). Panel (c) demonstrates a theoretical
conductance trace (black curve) together with the evolution of the channels trans-
missions (red, orange and blue curves). Panels (d1-d3) demonstrate the junction
geometries at the three points of the theoretical trace marked by stars.

(black circles). The total conductance of these points is constant with an
accuracy of 1.5%. In contrast, during stretching, the transmission of the first
channel increases with more than 5% towards unity (as demonstrated by the
enhancement of the zero bias supercurrent in the I-V curves, Fig. 4.7(a1-
a3)) and the transmissions of the further channels decrease. This type of
behavior (i.e. the opening of the first channel as the junction is stretched
along a straight plateau) is rather typical in indium junctions, and was fre-
quently observed in theoretical simulations as well (Fig. 4.7(c)). According
to the simulations, this behavior has a geometrical origin: the final stage
of the rupture is frequently associated with a dimer contact tilting towards
the contact axis (Fig. 4.7(d1-d3)). During this process the σ-type channel is
found to have the largest transmission at the final, most symmetric configu-
ration (dimer parallel with the axis), whereas the transmission through the
π-type channels is gradually suppressed. A video demonstrating this process
can be found in the supplementary material of Ref. [77] at the website of the
journal.

4.2.2 Discussion of the results

The results presented here demonstrated that our novel simulation method
of conductance histograms allows the identification of typical junction ar-
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rangements giving major contribution to the peaks of conductance histograms.
The remarkable agreement between the calculated and measured evolution
of the channel transmissions have proven that the ensemble of configurations
produced by the simulations are realistic. According to our analysis, the
first peak in the histogram at G ∼ 1.1G0 is highly dominated by a single
transport channel, which is reflected by special I-V curves in which even high
order multiple Andreev reflections are giving significant contribution. This
peak in the histogram is clearly related to dimer configurations, whereas the
monomer configuration has significantly larger conductance.

These results clearly show that simulations on ideal contact configura-
tions should be handled with caution. These configurations may contain
special symmetries, which are not present in realistic experimental situa-
tions. Furthermore, these simplified simulations cannot describe the transi-
tion between different junction configurations. In contrast, if the stochastic
nature of contact rupture is reproduced by molecular dynamics simulations,
a perfect agreement with experiment can be obtained.

The proposed statistical approach could also be used for the simulation
of single-molecule junctions and other molecular electronics devices, where
stochasticity is a major experimental difficulty. The forcefield parametriza-
tion of multi component systems is not uncommon in molecular dynamics
calculations [83, 84, 85, 86, 87], and DFT level conductance calculations are
also routinely performed on molecular junctions. The proposed scheme could
help describing single-molecule junctions, where the sliding of a molecule
along the sides of atomic tips, or the sliding of one molecule in contact with
another via π − π interactions are crucial features [88, 57].

4.3 Interaction with hydrogen molecules

The superconducting subgap method was successfully used in the study
of single-atom junctions of Nb, Pb and Al, demonstrating a clear corre-
spondence between the nature of valence orbitals and the number of open
conductance channels on the single-atom scale as shown in Ref.[25] and also
in Section 4.1.

However, according to my knowledge, studies on molecular nanojunctions
applying the superconducting subgap method were not yet reported. It will
be shown in this section that by placing the molecule between superconduct-
ing electrodes the PIN-code of the molecule bridging the electrodes can be
measured.

In this section the behavior of superconducting atomic-sized nanojunc-
tions is studied in interaction with the simplest molecule, the hydrogen. As
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superconducting electrodes Nb, Ta, Al, Pb, Sn, and In samples were used.
For all these materials the interaction is investigated by the conductance his-
togram technique, and for Nb, Ta and Pb the subgap curves of the molecular
nanojunctions are also studied. The I-V characteristics of the molecular
junctions show clear-cut subgap features, from which the transmission eigen-
values can be extracted with high precision.

4.3.1 Conductance histograms
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Figure 4.8: Conductance histograms of Nb, Ta, Al, Pb, Sn and In junctions in high
vacuum (line graphs) and in hydrogen environment (area graphs). The histograms
were recorded at T = 4.2K and V = 10mV. All the histograms are normalized to
the number of the included traces (4000-8000).

Figure 4.8 shows the conductance histograms of Nb, Ta, Al, Pb, Sn and In
junctions both in high vacuum and in hydrogen environment. The histograms
are constructed from a large number of conductance vs. electrode separation
traces recorded during the opening of the junctions. In pure environment the
d-metals Nb and Ta and the p-metals Pb and Sn exhibit a single broad peak
corresponding to single atom junctions, whereas the p-metal Al shows more
well-defined peaks. Indium shows a rather unique histogram: a sharp peak
is observed near the conductance quantum unit and further features are seen
at higher conductance values, as already discussed in the section before.

In hydrogen environment the histograms of Pb, Sn and In show similar
shape as in high vacuum. For lead the peak becomes broader, and shows a
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significant shift towards higher values; tin does not show any change; whereas
for indium the 1G0 peak is reproduced, and the change at higher conductance
values is within the scattering of the pure histograms from sample to sample.
In contrast, for Nb, Ta and Al the addition of hydrogen has a very strong
influence on the histograms: in every case a rather featureless distribution
is observed only showing a huge weight at low conductance (tail region) and
demonstrating the appearance of a large number of different hydrogen-related
configurations. In Nb a small shoulder near the quantum conductance unit
is frequently superimposed on the featureless histogram. In Ta even a small
peak at 1G0 can be seen after the admission of hydrogen which disappears
over time, as already reported in Ref. [89]. It is noted that all the hydrogen-
related features disappear if the histograms are recorded at large bias voltage
(V ≈ 300− 400mV), as the hydrogen is desorbed due to the local heating of
the junction.

As the histograms are normalized to the number of traces included, the
weights in pure and hydrogen environment can be directly compared. Accord-
ingly, at higher conductance values where the effect of hydrogen is negligible,
the two histograms fall onto each other. For aluminum the overall weight
of the two histograms is similar, just the characteristic peaks of aluminum
are smoothed out in the hydrogen affected histogram. In Nb and Ta a re-
markable feature is observed: above the conductance of the pure single atom
contacts (G ≈ 2.3G0) the two histograms are almost the same, but below
that value the pure histogram shows a minimum, whereas in the hydrogen
affected case a huge weight is observed.

4.3.2 Influence of interaction on individual traces

The strong interaction of Nb, Ta, and Al with hydrogen is not only statis-
tically detectable by conductance histograms, but it is also clearly visible on
individual conductance traces. The red curves in Fig. 4.9 show typical con-
ductance traces of pure Nb, Ta and Al. After forming a single-atom junction
a sudden jump to the tunneling region is observed during the opening of the
junction. In contrast, the conductance traces in hydrogen environment show
various different conductance values with a lot of jumps. The difference is
remarkable, merely by looking at a single conductance trace the presence of
hydrogen can be detected. In the case of Nb and Ta it is clearly visible that
the hydrogen affected traces are significantly longer than the pure traces.
Surprisingly, these kind of traces are not only observed during the rupture of
the junction, but the same behavior is seen when the electrodes are pushed
together. In the case of aluminum the characteristic positive slope of the
plateaus is preserved in hydrogen environment, just more smaller jumps are
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Figure 4.9: Typical conductance traces of Nb, Ta, and Al junctions in high vac-
uum (red) and in hydrogen environment (blue) recorded during the opening of the
junctions. The gray region in the top panel demonstrates the length required for
the disconnection of the junction (see text).

observed instead of the few larger jumps in high vacuum. For Pb, Sn and In
the characteristic shape of the individual conductance traces did not change
by the addition of hydrogen, as expected.

The effect of hydrogen can be further studied by investigating the length
of the conductance traces. As the plateaus length histograms did not show
any distinct feature (e.g. chain formation [33, 29]), the length of the traces
were characterized with a single number, the average distance between the
position of the single atom peak in the pure histogram (2.3G0 for Nb and
Ta and 0.85G0 for Al), and 0.1G0 during the opening of the junction (the
definition of this length is illustrated in the upper panel of Fig. 4.9). Accord-
ing to calibration measurements based on the exponential variation of the
tunnel current (see Section 3.6.), in pure environment this average length is
approximately 1 Å for all the three metals. In hydrogen environment the
traces of aluminum junctions are slightly longer: the above defined average
length is 1.4 times larger than that of pure junctions. In niobium and tanta-
lum a huge increase is observed: the hydrogen affected traces are 6− 9 times
longer than the pure ones. A similar increase is also observed if the length is
measured during the closing of the junctions.
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4.3.3 Subgap measurements
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Figure 4.10: I − V curve measurement on a hydrogen affected Nb junction with
G ≈ 1G0. (a) The differential conductance in a wide voltage window, showing neg-
ative differential conductance phenomenon and a large conductance noise at higher
voltages. (b) Differential conductance in the superconducting gap region. (c) I−V
curve in the superconducting gap region and the best theoretical fit corresponding
to the set of channel transmissions {0.70,0.14,0.08,0.05,0.04}.

Fig. 4.10 shows the results of an I−V curve measurement on a G = 1G0

Nb junction in hydrogen environment. Panel (a) shows the the differential
conductance, dI/dV in a wide voltage window. The curve shows a neg-
ative differential conductance peak at V = 40mV and enhanced noise at
higher voltages. Both features are characteristic of molecular nanojunctions,
and cannot be seen in pure environment. The negative differential conduc-
tance peak is related to the scattering on a two-level system formed by the
molecular junction, and will be discussed in detail in the next section. The
observation of a shoulder at the quantum conductance unit in the histogram
of niobium-hydrogen, together with the appearance of a peak-like structure
close to the previously observed vibrational energy in Pt-H2 single channel
molecular bridges could imply the formation of a hydrogen molecular bridge
between the niobium electrodes, similarly to the Pt-H2 system [11, 36]. This
hypothesis can be tested by zooming on the superconducting features in the
middle of the I − V curve. Fig. 4.10(b) shows the differential conductance
within the gap region exhibiting distinct peaks at the fractional values of the
gap due to multiple Andreev reflections [25, 90]. Fig. 4.10(c) shows the I-V
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curve itself, which is fitted by the theory of multiple Andreev reflections [74].
The fitting shows that the junction has 5 open channels, and the correspond-
ing transmission probabilities are: {0.70, 0.14, 0.08, 0.05, 0.04}. This result
clearly shows that no single channel hydrogen molecular bridge is formed.
Figure 4.11 shows further examples of subgap curves in niobium-hydrogen
junctions with G ≈ 1G0. It is seen, that occasionally subgap curves with
a single, perfectly transmitting conductance channel are indeed observed.
However, these curves were rare, and occasionally similar curves were also
observed in pure Nb junctions, whereas in indium junctions these curves are
typical (see Sec. 4.2.1. In the majority of the cases, the second conductance
channel also gives a significant contribution. No clear vibrational spectra like
in case of Smith et al. for the Pt-H2 system have been observed [11, 36]. In
hydrogen environment rather huge peak-like structures and/or large noise of
the conductance at higher bias voltage were seen, both of which are demon-
strated in Fig. 4.10. The origin of these peak-like structures is discussed in
Section 4.4.

0.0 0.5 1.0 1.5 2.0
0

1

2

3

{0.99, 0.03, 0.02, 0.02, 0.01}

{0.89, 0.03, 0.02, 0.02, 0.01}

{0.73, 0.19, 0.04, 0, 0}

{0.61, 0.29, 0.05, 0.02, 0.02}

 

 

e
I/

2
∆ 

[2
e

2
/h

]

eV/2∆

Figure 4.11: Subgap structure measurements on 4 different niobium junctions in
hydrogen environment with G ≈ 1G0. The set of transmission eigenvalues corre-
sponding to the best fits (thin black lines) are also indicated on the figure.

4.3.4 Statistical analysis of transmission probabilities

As the the transmission coefficient may vary from contact to contact with
the same conductance, to study the interaction with hydrogen statistical av-
erages have to be measured. A large number of subgap measurements were
performed in a wide conductance interval of 0.1G0 - 3G0, both for pure and
hydrogen affected Nb, Ta and Pb junctions. The measurements show the
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Figure 4.12: Transmission probabilities of a large amount of independent Ta con-
tacts in high vacuum (orange squares) and in hydrogen environment (black circles)
as a function of conductance.

surprising result that in the whole conductance interval no statistical differ-
ence can be pointed out between the channel distribution of the pure and
hydrogen affected junctions. This result is demonstrated for Ta junctions
in Fig. 4.12, where the five panels show the distribution of the transmission
probabilities for a large number of independent configurations both in pure
and hydrogen environment. It is clear that the opening of the conductance
channels follow the same tendency for pure and hydrogen affected junctions,
the measured points fall onto each other within the scattering of the data.
The same behavior was observed for Nb and Pb junctions as well, for which
the results are demonstrated in Table 4.1 showing the mean value and the
standard deviation of the channel transmissions at some characteristic con-
ductance values. For Nb these values were chosen as 0.3G0 corresponding to a
point from a tail of the hydrogen affected histogram with a large weight; 1G0

corresponding to the shoulder in the hydrogen affected histogram; and 2.3G0

corresponding to the peak due to single-atom contacts in the pure histogram.
For Pb the results for 1.5G0 and 2.2G0 are presented corresponding to the
peak positions in the pure and hydrogen affected histograms, respectively.
For comparison the results for Ta junctions with G = 1G0 corresponding to
the peak in the hydrogen affected histogram are also shown. It is seen that
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G=0.3G0 G=1G0 G=2.3G0

 Nb Nb+H2  Nb Nb+H2  Nb Nb+H2

1

2

3

4

5

G=1.5G0 G=2.2G0 G=1G0

 Pb Pb+H2  Pb Pb+H2  Ta Ta+H2

1

2

3

4

5

Table 4.1: The mean value and the standard deviation of the transmission eigen-
values at some characteristic conductance values of Nb, Ta and Pb junctions both
in high vacuum and in hydrogen environment. The indicated conductance values
were adjusted with an accuracy of a 0.03G0, and at each conductance value the
subgap curves were recorded on 30 independent junctions.

the mean values of transmission coefficients agree well within the standard
deviation for the pure and hydrogen affected junctions at each conductance
value. As a contrast it is worth noting, that Nb and Ta have very similar
electronic structure, and still the distribution of the channel transmissions
of pure Nb and Ta junctions are well distinguishable from each other (see
Table 4.1), which again demonstrates the strength of the subgap method.

4.3.5 Discussion of the results

The measurements have shown that in Nb, Ta and Al junctions the con-
ductance histograms are strongly reshaped due to the interaction with hy-
drogen; in Pb some effect of hydrogen is observed, whereas in Sn and In no
significant change is observed.

In Al junctions the results imply that hydrogen stabilizes various ar-
rangements with slightly different conductance values, and so the histogram
is smoothed and the individual traces show several smaller steps. The overall
weight of the histogram and length of the traces does not change consider-
ably, and the characteristic shape of the plateaus with positive slope is also
preserved. For the subgap analysis of aluminum-hydrogen junctions sub-
kelvin temperatures would be required, which is not available in our setup.
In Pb junctions the subgap analysis shows that the transmission probabilities
in hydrogen environment are indistinguishable from those of pure junctions.
This together with the slight changes in the histogram imply that the inter-
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action of lead with hydrogen is weak. Niobium and tantalum junctions show
a very similar behavior, which is not surprising, as Nb is placed above Ta in
the periodic table. Both metals show strong interaction with hydrogen, in
H2 environment a rather featureless histogram is observed, in which at low
conductance values a huge weight grows compared to the pure histograms.
For both metals some features can be seen close to the quantum conduc-
tance unit, in Nb occasionally a shoulder is seen in the hydrogen affected
histogram, whereas in Ta even a peak can grow at 1G0, which disappears
over time. The strong interaction with hydrogen is evident from individual
conductance traces: instead of the sudden jump to tunneling extremely long
traces with a lot of jumps are observed. The length analysis shows that in
hydrogen the average length to break a single atom contact is 6 − 9 times
larger than in high vacuum. This feature indicates a completely different
mechanical behavior of hydrogen affected Nb and Ta junctions. As no pe-
riodic peaks are observed in the plateaus’ length histogram, and the same
extremely long traces are also observed during the closing of the junctions,
the formation of atomic chains is not a plausible explanation for this strange
phenomenon. Instead, a very ductile behavior of the junction’s neighborhood
and the pulling of a long neck is expected. The subgap analysis of the hy-
drogen affected junctions has shown that in spite of the growth of a shoulder
or even a peak near the conductance quantum unit in the histograms of Nb
and Ta and the frequent occurrence of peak-like structures in the differen-
tial conductance curves, the formation of a molecular hydrogen bridge with
a single conductance channel is not observed in the large majority of the
cases. Furthermore, the results show that the mesoscopic PIN-code of the
hydrogen affected junctions are the same as those of pure junctions in a wide
conductance interval. This indicates that the transport properties are still
dominated by Nb and Ta, though the mechanical behavior of the junctions is
completely changed in hydrogen environment. All these results imply, that
a larger number of molecules interacting with the metallic junction - and
probably also being dissolved in the electrodes - cause a softening of the
Nb-Nb bonds resulting in a plastic, ductile behavior of the neighborhood of
the junction and the pulling of a long, nano-scale neck, but no well-defined
single-molecule contacts are formed. The microscopic picture described here
may be confirmed by detailed theoretical calculations, however no calculation
for these systems exist yet.
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4.4 Negative differential conductance in Au-H2

nanojunctions

In Section 4.3.3 it was shown, that by a single dI/dV (V ) curve mea-
surement both the elastic and the inelastic properties of the junction can
be studied (see Fig. 4.10): in the meV range subgap features appear, while
in the 10meV range inelastic excitations can be observed. Inelastic excita-
tions, studied with point-contact spectroscopy can give important piece of
information, e.g. how a molecule is attached to the contacting electrodes
(see Section 2.4). The detection of the small step-like vibrational signals
is difficult for junctions with partially transmitting conductance channels,
where quantum interference (QI) fluctuations may give an order of a magni-
tude larger signal [19, 20]. An example, measured by Djukic et al. on a H2

molecule contacted between platinum electrodes [36] is shown in Fig 4.13(a),
to which similar examples have been obtained by our group on the same
system. However, mostly instead of observing small step-like vibrational sig-
nals in the differential conductance, molecular nanojunctions frequently show
peak-like structures with amplitudes comparable to or even much larger than
the QI fluctuations. An example measured on Pt-H2 system is shown in
Fig. 4.13(b). The peaks can be either positive or negative, their amplitude
can be as small as a few percents, but the peak-height can be several orders
of magnitude larger showing huge negative differential conductance (NDC)
phenomenon (Fig. 4.14).

a

-60 -40 -20 0 20 40 60
0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

dI
/d

V 
[2

e2 /h
]

V [mV]

b

Figure 4.13: a: Vibration-like signal observed on Pt-H2 junctions. Reproduced
after Ref. [36]. b: Peak-like signal observed on Pt-H2 junctions

The above phenomenon is frequently observed in a wide conductance
range and for different molecular systems. The frequent observation of these
curves implies the presence of a general physical phenomenon of molecular
nanojunctions resulting in a similar feature under a wide range of experi-
mental conditions. In the following a detailed analysis of the observations is
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Figure 4.14: Huge negative differential conductance (a) and the corresponding I−V
curve (b) in gold-hydrogen nanojunctions. The solid black lines show the theoretical
fits with the asymmetrically coupled TLS model. The parameters are: E = 54meV,
T = 5.1K, σ0 = 0.45G0, σ∞ = 0.12G0, N = 60 and W = 0.

presented in terms of two-level system models with the necessary ingredients
for producing peak-like structures instead of simple conductance steps. A
model is put forward based on an asymmetrically coupled two-level system,
which can describe all the above observations. The comparison of the model
with experimental data implies a huge asymmetry in the coupling strength,
which can be explained by exciting a strongly bound molecule to a large
number of energetically similar loosely bound states. At the end of this
section related experimental results of other groups are discussed, and the
proposed asymmetrically coupled two level system model is compared with
an alternative model.

4.4.1 Discussion of the model

As a general feature of the phenomenon, demonstrated in Fig. 4.14 it can
be stated that at low bias the conductance starts from a constant value, at
a certain threshold voltage the peak-like structure is observed, and at higher
bias the conductance saturates at a constant value again. The high-bias
conductance plateau can be either higher or lower than the low-bias plateau.
In other words, the junction shows linear I-V characteristics both at low
and high bias but with a different slope, and at the threshold energy a sharp
transition occurs between the two slopes (see demonstration in Figure 4.15).
The switching of the conductance between two discrete levels implies the
description of the phenomenon with a two-level system (TLS) model.

In the following, based on the results for a general point-contact geometry
[91], the scattering process on a two-level system located near the center of
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Figure 4.15: Demonstration of the switching between two conductance values. The
system makes a transition from a linear I − V curve with σ0 slope to another
with σ∞ slope. At energies higher than the E excitation energy, the conductivity
fluctuates between σ0 and σ1. In the measurements only the average conductance
is measured, the fluctuation is not resolved.

an atomic-sized nanojunction is overviewed. The TLS is considered as a
double well potential, where the two states in the two potential wells have
an energy difference ∆. The two states are coupled by tunneling across the
barrier with a coupling energy Γ. The coupling between the wells causes
a hybridization of the two states, resulting in two energy eigenvalues with
a splitting of E =

√
∆2 + Γ2. It is considered that in the lower state of

the TLS the contact has a conductance σ0, whereas in the upper state the
conductance is σ1. The occupation number of the two states are denoted by
n0 and n1 = 1−n0. These are time-averaged occupation numbers, the system
is jumping between the two states showing a telegraph fluctuation. On a
time-scale much longer than that of the TLS, the fluctuation is averaged out,
and the I-V characteristic is determined by the voltage dependent occupation
numbers:

I(V ) = (σ0n0 + σ1n1)V, (4.1)

dI

dV
= σ0 + (σ1 − σ0)

[
n1 + V

dn1

dV

]
. (4.2)
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The occupation of the upper state can be calculated from the rate equation:

dn1

dt
= P0→1 − P1→0, (4.3)

where the transition probabilities are determined by Fermi’s golden rule:

P0→1 = ρ2Fn0γ

∫
dϵf(ϵ, eV )(1− f(ϵ− E, eV )), (4.4)

P1→0 = ρ2Fn1γ

∫
dϵf(ϵ, eV )(1− f(ϵ+ E, eV )). (4.5)

Here an electron from an occupied state with energy ϵ scatters on the TLS
to an unoccupied state with energy ϵ± E. The nonequilibrium distribution
function of the electrons is denoted by f(ϵ, eV ), whereas ρF stands for the
density of states at the Fermi energy. The transition matrix element from
an initial electron state and the ground state of the TLS to a final electron
state and the excited state of the TLS is considered as a constant coupling
strength: γ = 2π/~ · |⟨i, 0|He−TLS|f, 1⟩|2. Assuming that the TLS is situated
at the middle of the contact, where the half of the electrons is coming from
the left and the half from the right electrode, the nonequilibrium distribution
function can be approximated as:

f(ϵ, eV ) =
fL
0 (ϵ) + fR

0 (ϵ)

2
, (4.6)

where fL
0 (ϵ) and f

R
0 (ϵ) = fL

0 (ϵ− eV ) are the equilibrium Fermi functions of
the left and right electrodes, for which the chemical potential is shifted by
the applied voltage. By inserting the distribution functions to Eq. 4.4-4.5,
the rate equation can be rewritten as:

dn1

dt
= n0ν0 − n1ν1, (4.7)

where ν0 and ν1 are the inverse relaxation times of the lower and upper state
of the TLS,

ν0 =
ρ2Fγ

4

[
eV + E

2
(coth

eV + E

2kT
− 1)+ (4.8)

+
−eV + E

2
(coth

−eV + E

2kT
− 1) + E(coth

E

2kT
− 1)

]
ν1 =

ρ2Fγ

4

[
eV − E

2
(coth

eV − E

2kT
− 1)+ (4.9)

+
−eV − E

2
(coth

−eV − E

2kT
− 1)− E(coth

E

2kT
− 1)

]
.
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The steady state solution for the occupation number of the upper state is:

n1 = 1− n0 =
ν0

ν0 + ν1
. (4.10)

In the zero temperature limit the inverse relaxation times and the occu-
pation number take the following simple forms:

ν0 =
ρ2Fγ

4
·
{

0 for e|V | < E
e|V | − E for e|V | ≥ E

(4.11)

ν1 =
ρ2Fγ

4
·
{

4E for e|V | < E
e|V |+ 3E for e|V | ≥ E

(4.12)

n1 =

{
0 for e|V | < E
1
2
− E

e|V |+E
for e|V | ≥ E

(4.13)

Fig. 4.16(a1-a3) shows the evolution of the occupation numbers, the I-V
curve and the differential conductance curve in the zero temperature limit.
At eV ≫ E both states are equally occupied with n = 1/2, but the transition
towards this is very slow. A characteristic energy scale, δE for the variation
of the occupation numbers can be defined by extrapolating the linear growth
of n1 at eV = E+ to the saturation value (see the upper panel in the figure).
Due to the small slope of n1(V ) this characteristic energy scale is larger than
the excitation energy, namely: δE = 2E. This slow change is reflected by a
smooth variation of the I-V curve. The differential conductance curve shows
a step-like change at eV = E, and then saturates to σ∞ = (σ0 + σ1)/2.
The size of the step is smaller than the overall change of the conductance
(∆σE = ∆σ∞/2), thus only a step and no peak is observed in the dI/dV
curve.

Both a population inversion and a sharp transition of the occupation
numbers can be introduced by inserting an asymmetric coupling constant in
the model, that is the coupling of the lower state of the TLS to the electrons
in Eq. 4.4 is γ0 (instead of γ), whereas the coupling to the upper state in
Eq. 4.5 is γ1 ≪ γ0. The asymmetry parameter is defined as N = γ0/γ1.
With this modification, once the TLS is be excited, it cannot relax. This has
the important consequence that a sharp transition occurs at the excitation
energy, as it is discussed in the following.

The original definition of the coupling constant does not allow any asym-
metry, as γ0 = 2π/~ · |⟨f, 1|He−TLS|i, 0⟩|2 = 2π/~ · |⟨i, 0|He−TLS|f, 1⟩|2 = γ1
due to the hermicity of the Hamilton operator. An asymmetry arises, how-
ever, if the phase spaces of the two levels are different. For instance, if
the ground state is well-defined, but the upper state is not a single level,
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Figure 4.16: (a1-a3): Results in the zero temperature limit of a symmetrically
coupled TLS model. The upper panel (a1) shows the voltage dependence of the
occupation numbers. The characteristic energy describing the growth of n1 above
the excitation energy is denoted by δE. The middle panel (a2) shows the I − V
curve, the low and high bias slopes (σ0 · V , σ∞ · V ) are illustrated by dotted lines.
The lower panel (a3) shows the differential conductance exhibiting a jump of ∆σE
at the excitation energy and an overall change of ∆σ∞ between the zero and high
bias limits. (b1-b3): Results in the zero temperature limit of an asymmetrically
coupled TLS model. The upper panel (b1) shows the voltage dependence of the
occupation numbers, the middle panel (b2) the I − V curve, and the lower panel
(b3) shows the differential conductance. c: Two-level system with a degenerated
upper level is demonstrated.

but comprises N energetically equivalent states (Fig. 4.16(c)), then the effec-
tive coupling constant contains a summation for the final states resulting in
γ0 = Nγ1.

With this modification the occupation numbers in the T = 0 limit are
defined by:

n1 =

{
0 for eV < E

γ0(e|V |−E)
γ0(e|V |−E)+γ1(e|V |+3E)

for eV ≥ E
. (4.14)

The corresponding occupation numbers, I−V and dI/dV curves are plotted
in Fig. 4.16(b1-b3). The population inversion is obvious with n1(∞)/n0(∞) =
N . The characteristic energy of the variation of the occupation numbers is
δE = 4E/(N + 1). The I − V curve already shows a sharp transition from
the initial to the final slope, and the differential conductance shows a sharp
peak for high enough asymmetry parameters. The appearance of the dI/dV
peak is determined more precisely by calculating the ratio of ∆σE and ∆σ∞
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(see Fig. 4.16):

∆σE =
N

4
(σ1 − σ0); ∆σ∞ =

N

N + 1
(σ1 − σ0) (4.15)

∆σE
∆σ∞

=
N + 1

4
. (4.16)

With an asymmetry parameter N > 3 a peak is observed in the differential
conductance, whereas for smaller asymmetry only a step-like change arises.
For a given difference in the conductances, (σ1−σ0), both the width and the
height of the conductance peak are determined by the asymmetry parameter,
i.e. the peak width and the peak height are not independent parameters.
Depending on the sign of (σ1−σ0), the peak can be either positive or negative.
The conductance at large bias is σ∞ = (Nσ1 + σ0)/(N + 1), thus it can be
arbitrarily small compared to the zero-bias conductance.

The finite temperature causes a smearing of the curves, but the transition
from step-like to peak-like structure is similarly observed at N = 3.

A more realistic generalization of the model can be given by assuming a
distribution of the energy levels at the excited state with a density of states
ρ1(E), for which the standard deviation (W ) is kept much smaller than the
mean value (E0). The asymmetry parameter is defined by the normalization:
N =

∫
ρ1(E)dE. With this modification the occupation of the excited states

is energy dependent: n1(E), but the probability that any of the excited states
is occupied is given by a single occupation number, n1 =

∫
n1(E)dE. The

calculation of the transition probability P0→1 includes the integration of the
excitation rate in Eq. 4.8 with the energy distribution:

ν0(eV,E0,W ) =

∫
ρ1(E)ν0(eV,E)dE. (4.17)

The precise calculation of the relaxation probability (P1→0) would require the
knowledge of the energy dependent occupation number, n1(E). However, in
the close proximity of the excitation energy where the peak is observed the
voltage dependence of the relaxation rate can be neglected beside the con-
stant value of ≈ 4E (see Eq. 4.12), thus the original formula for ν1 (Eq. 4.9)
is a good approximation for the finite distribution of the levels as well. My
analysis has shown, that the relaxation rate can even be replaced by a voltage
independent spontaneous relaxation rate without causing significant changes
in the results.

4.4.2 Discussion of the results

The appearance of the NDC phenomenon cannot be generally attributed
to definite parts of the conductance traces, but in Au-H2 junctions the NDC
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Figure 4.17: Panel (a) shows a conductance trace on which NDC curves were
observed when the electrodes were approaching each other after rupture. In this
region the differential conductance measured at low DC bias (σ0, VDC = 20mV)
and high bias (σ∞, VDC = 120mV) exhibit a large splitting. The differential
conductance was measured with an AC modulation of 500µV. Panel (b) shows
conductance histograms of Au-H2 junctions measured at a DC bias of 20mV and
120mV, respectively.

curves were quite frequently observed when the junction was closed after
complete disconnection, as demonstrated by the trace in Fig. 4.17(a). The
conductance curve was measured by recording a large number of dI/dV (V )
curves during a single opening – closing cycle, and extracting the differential
conductance values both at zero bias and at VDC = 120mV. During the
opening of the junctions no difference is observed, but during the closing
of the junction the two curves show large deviation. The high bias trace
resembles the traditional traces of pure gold junctions: during the approach
of the electrodes an exponential-like growth is observed, but already at a
small conductance value (< 0.1G0) the junction jumps to a direct contact
with G = 1G0. At low bias voltage the conductance grows to a much higher
value (≈ 0.5G0) before the jump to direct contact. The behavior of the
conductance trace in Fig. 4.17(a) agrees with the general trend shown by
the conductance histograms (Fig. 4.17(b)): at low bias a large variety of
configurations is observed at any conductance value, whereas at high bias
the weight in the region G = 0.1 − 0.8G0 is very small. Note that only a
part of the configurations (a few percent of all traces) show NDC features,
for other configurations irreversible jumps are observed in the I-V curve
at a certain threshold voltage. No evidence has been found that the gold-
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hydrogen chains reported earlier [33] would show NDC phenomenon or any
peak-like structures in the differential conductance curve.

The experimental data in Fig. 4.14 have been fitted using the finite tem-
perature results of the asymmetrically coupled TLS model with a Dirac-delta
distribution of the levels (W = 0). The fitting parameters are the energy, the
temperature and the asymmetry parameter, whereas σ0 and σ∞ are directly
read from the experimental curve. As shown by the black solid lines in the
figure, the model provides perfect fit to the data. The striking result of the
fitting is the extremely large asymmetry parameter, N = 60.
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Figure 4.18: Panel (a) shows an experimental NDC curve (thick orange curve
in the background) and the fit with a Dirac-delta distribution (open circles) and
a finite width uniform distribution (thin black line). The fitting parameters are:
E = 66.1meV, N = 42, σ0 = 0.15G0, σ∞ = 0.0022G0; and T = 25/4.2K,
W = 0/4.5meV for the Dirac-delta and the uniform distribution, respectively.
(b)-(c) Histograms of the observed peak-positions for the Au-H2 and Pt-H2 system,
respectively.

The measurements have been repeated for a large number of curves show-
ing NDC feature. The observed excitation energies have shown a broad dis-
tribution in the range 30 − 100meV, as demonstrated in Figure 4.18(b).
Below 30meV no peaks were observed, whereas above 100meV the junctions
frequently become unstable, and the recording of reproducible I − V curves
is not possible. In every case when the electrode separation dependence was
studied E was decreasing with increasing zero-bias conductance showing a
shift of the excitation energy by even a few tens of millivolts. The standard
deviation of the excited levels was typically in the range 0.5 − 10meV, also
showing a decreasing tendency with increasing conductance. The asymmetry
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parameter was in the range N ≈ 40− 200. Note that with these parameters
the average spacing of the excitation energies is smaller than the temperature
smearing, thus the assumption for the continuous distribution of the levels
is correct.

Figure 4.19: An illustration for the proposed model: a molecule strongly bound
between the electrodes is excited to a loosely bound configuration, where different
configurations have have similar binding energy.

This result implies, that the molecular contact has a ground state with a
well-defined molecular configuration, from which it can be excited to a large
number of energetically similar excited states. A trivial explanation would
be the desorption of a bound molecule to the vacuum, however it is hard to
imagine, that after complete desorption a molecule always returns to exactly
the same bound-state. As a more realistic explanation, a strongly bound
molecule is excited into a large number of energetically similar loosely bound
states, from which it can relax to the original bound state.

A possible illustration is presented in Fig. 4.19. In the ground state
the molecule is strongly bound between the electrodes, whereas the excited
states are loosely bound configurations where e.g. different angles of the
molecule with respect to the contact axis have similar binding energy, and
also the molecule can diffuse to different sites at the side of the junction. This
picture is consistent with the conductance trace in Fig. 4.17: at low bias the
molecular contact is dominating the conductance, whereas at high bias the
molecule is kicked out to the side of the contact, and the conductance trace
resembles the behavior of pure gold junctions. It is noted though, that the
peak-like structures are observed with a large diversity of conditions, so in
general Fig. 4.19 is regarded only as an illustrative picture.

4.4.3 Comparison with related experiments

The results presented on Au-H2 junctions seem to be typical trademarks of
molecular junctions. Besides gold, I have observed similar features on Nb-H2

and Pt-H2 junctions and several groups have measured peak-like features in
the differential conductance of molecular junctions both with break junction
and STM method.
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Figure 4.20: I(V) curves measured with varying sweep rates. The lower curve,
measured in 10 s, does not show hysteresis. However, for faster voltage sweeps, a
hysteresis shows up around the transition voltage. Sweeping times are 10, 1, 0.5,
0.33, and 0.1 s. For clarity, the traces are shifted vertically. Reproduced after
Ref. [92]

A few years after our studies Trouwborst et al. [92] have also studied the
gold-hydrogen systems with break junction method and have observed sim-
ilar positive and negative peaks in the differential conductance. They have
also observed hysteresis in their measurement, for measurement speeds higher
than 0.1 Hz, for which an example is shown in Figure 4.20. They studied this
relaxation process with pulse technique measurements and found, that this
timescale typical for the hysteresis is much longer, than the timescale of the
very fast telegraph fluctuation (which they also could not resolve). They at-
tributed this slow relaxation to the heating and cooling of molecular clusters
surrounding the contact. I have also seen similar hysteresis effect, however,

Figure 4.21: Two-level fluctuation measured at T=5 K for H2/Cu(111). (a): Ex-
cerpts of switching with V = 95mV, 109 mV, 125 mV taken at constant tip-
surface separation set by V = 150mV, I = 1.5nA. At V > Vgap population in-
version is found (Vgap is the excitations energy). (b): Left axis: dI/dV showing
Vgap = 108mV. Right axis: occupation number in the excited state. The solid lines
are fits using the model described in Ref. [93] Reproduced after Ref. [93].
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the contact was not stable enough for pulse-technique measurements.
Similar peak-like curves were measured on tunnel junctions with higher

resistance in Ref. [93], where a hydrogen-covered Cu surface is studied with
an STM tip. The authors present a phenomenological two-state model, which
gives perfect fit to the data, but the microscopic parameters are hidden in the
model, and for a more detailed understanding of the results further analysis
is required. The fitting with our asymmetrically coupled TLS model shows
that the experimental curves in Ref. [93] correspond to similarly large asym-
metry parameters. In the case of an STM geometry, a direct picture can be
associated with the asymmetry: a molecule bound between the surface and
the tip can be excited to several equivalent states on other sites of the surface,
away from the tip. The observation of the voltage dependent telegraph noise,
shown in Figure 4.21 provides a direct measure of the occupation numbers.
Their measurement shows, that below the transition voltage mostly the lower
state is occupied, whereas for higher voltages almost perfect population in-
version is found. However, in most cases, the fluctuation was also so fast,
that they also could not resolve it.

In parallel, the group of Jan van Ruitenbeek has demonstrated the oc-
currence of smaller peak-like structures using H2, D2, O2, C2H2, CO, H2O
and benzene as molecules, and Pt, Au, Ag and Ni as contact electrodes on
contacts close to the conductance unit [94]. The overall shape of the curves
is similar, however in their case, the relative amplitudes of the peaks are
much smaller than NDC curves shown in this section. In some cases a direct
transition from a step-like vibrational signal to a peak-like structure was ob-
served as the junctions was stretched (see Figure 4.22), which could suggest
the coupling of the phenomenon to molecular vibrations. The coupling to vi-
brational modes was also indicated by the isotope shift of the peak positions.
Later Kiguchi et al. measured similar peaks, on the Au-H2 system [95].

In the TLS model introduced by the Leiden group (see Figure 4.22(f))
the two base levels of the double well potential (with a splitting of ∆0)
are separated by a wide potential wall, which cannot be crossed. In both
wells, however, a vibrational mode of the molecule can be excited (with
E = ~ω), and at the vibrational level the potential barrier can already be
crossed, causing a hybridization of the excited levels between the two wells.
In this model the upper base level is unoccupied for eV < ~ω, but above the
excitation energy the transition between the two wells is possible, and for
~ω ≫ ∆0 the upper base level suddenly becomes almost half occupied above
the excitation energy. Similarly to the asymmetrically coupled TLS model,
this vibrationally mediated TLS model produces sharp peak-like structures
in the dI/dV due to the sudden change of the occupation numbers. The
authors claim that the coupling of a vibrational mode to a TLS magnifies
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(f)

Figure 4.22: Panels (a)(c) display the gradual change of dI/dV spectra of a Pt-D-
D-Pt contact; panels (b) and (c) show spectra taken for the same junction as (a)
after stretching by 0.1 and 0.2 Å, respectively. Panels (d) and (e) show histograms
of peak positions in spectra of junctions for Pt-H2 (d), Au-H2 (e) (solid bars)
and Pt-D2 (d), Au-D2 (e) (hatched bars). All data were obtained at T = 4.2K.
(f): Energy landscape of a molecule in an atomic contact. The molecule can
be vibrationally excited and relax into the other energy minimum. The figure is
reproduced after Ref. [94]

the otherwise tiny vibrational signal, and thus the sharp peaks directly show
the vibrational modes of the junction. According to their model:

I(V ) = (σ0n0 + σ1n1 +
(σ1 + σ0)

2
ne)V, (4.18)

where they have supposed that the conductance of the excited state is the
average of σ0 and σ1, and ne denotes the occupation number of the excited
state. The transitions between the states can be calculated as done for the
TLS model introduced in Section 4.4.1.

Within this model two serious limitations can be seen here: At voltages
near the transition energy the occupation of the higher state n1 ≈ 1/2, and
for high voltages n1 becomes 1/3, as the third level also becomes populated.
This means that the population inversion is not realized, therefore, it clearly
cannot describe the observations of the STM measurements, where the inver-
sion was demonstrated by the telegraph noise measurement. This also gives
a limitation for σ0/σ∞, and it can be shown that σ0/σ∞ < 2 for moderate
voltages (eV & ~ω), and σ0/σ∞ < 3 for high bias (eV ≫ ~ω). As a result,
most of our negative differential curves (e.g. curves shown on Figs. 4.14,
4.18(a)) cannot be fitted with the vibrationally mediated TLS model due to
the large ratio of σ0/σ∞ of the NDC curves (≈ 5 − 50). The vibrationally
mediated TLS model could be generalized by inserting asymmetric coupling,
however in this case the inclusion of the vibrational level is not necessary any
more for fitting the curves.
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In contrast, the analysis shows that the asymmetrically coupled TLS
model proposed in Section 4.4.1 gives almost identical fits to the experimen-
tal curves in Ref. [94] as the vibrationally mediated TLS model. A mea-
surement curve with the corresponding fit from Ref. [94] is demonstrated in
Figure 4.23(a), and on panel (b) the comparison of this fit, with a fit of the
asymmetrically coupled TLS model is shown.
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Figure 4.23: (a): dI/dV(V) curve with the corresponding fit on O2 in a Ni contact,
reproduced from Ref. [94]. (b): The thick orange curve is the fit from panel (a)
using the vibrationally mediated TLS model (the parameters are: σ0 = 0.63G0,
σ1 = 1.25G0, ~ω = 40meV, ∆0 = 3meV, T = 7K). The thin black line shows a
fit with asymmetrically coupled TLS model with E = 41meV, T = 4.2K, N = 120
and W = 2.6meV.

The vibrationally mediated TLS model requires unique circumstances:
the molecule needs to be really incorporated in the junction with well-defined
vibrational energies. Furthermore, two similar configurations are required,
which have the same vibrational energy, and for which the transition is only
possible in the excited state. This is the case for the Pt-H2 system, where it
is known, that the hydrogen forms molecular bridge between the electrodes.
However, for the niobium-hydrogen system, for example, this is clearly not
the case: as it was shown by the subgap measurements in Sec. 4.3.3, no
well-defined configurations form.

The above discussions imply that both the vibrationally mediated TLS
and the asymmetrically coupled TLS models may find experimental rele-
vance. The former requires some unique circumstances, and therefore it
is only expected for well-defined molecular configurations. This may agree
with the discrete distribution of the excitation energies in the Pt-H2 sys-
tem (Fig.4.22) for which our measurements have also shown similar results
(Fig.4.18). In contrast, the asymmetrically coupled TLS model can be imag-
ined under a broader range of experimental conditions, and less well-defined
molecular configurations may also account for this phenomenon. This is in
agreement with the broad distribution of excitation energies for the Au-H2
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system (Fig.4.18)
As a consequence, it can be stated that the peak-like structures in the

differential conductance curves may reflect two (or even more) physically
different phenomena. Furthermore, even step-like signals can be explained
by our model assuming symmetric coupling. This means that the direct
identification of a differential conductance peaks or steps with a vibrational
energy/desorption energy is not possible without further careful analysis of
the data. For this the careful comparison of the experimental curve with the
two models, the study of stretching dependence, the distribution of excitation
energies, the isotope shift, and if available, the study of telegraph noise signal
provides useful information.

4.5 Summary

Atomic and molecular junctions are mostly characterized by conductance
histogram measurement, which, however, only provides the conductance of
the configurations formed. I have performed extensive studies on supercon-
ducting metallic junctions, and have shown that by measuring the dI/dV (V )
characteristics of the junctions, the corresponding channel transmissions can
be obtained. These studies also helped the development of a novel method for
the simulation of conductance histograms and enabled the strict confronta-
tion of theoretical and experimental results. The results also highlighted the
need for statistical approach in theoretical simulations as well, which is es-
pecially true for calculations on molecular contacts. Therefore, we plan to
adopt the method for simulations of simple molecular contacts.

The subgap method can also be used for the characterization of molecular
junctions. In Section 4.3 I have shown that although Nb and Ta strongly
reacts with hydrogen and changes the mechanical behavior of the electrodes,
but the electronical properties are still governed by the metallic electrodes.
This method can be also used to study the interaction of superconductors
with other molecules forming a highly transparent bridge between the elec-
trodes.

Conductance measurements can also be applied for the analysis of vi-
bration modes of contacted molecules. However, usually instead of simple
vibration modes, more complex peak-like signals were obtained, which can
be the sign of an excitation from a bound state to a large number of loosely
bound states. It was also shown that this phenomenon produces structures
very similar to vibrational signals, therefore, the separation of these two
features requires special care.



Chapter 5

A statistical approach beyond
conductance histograms

Conductance histogram technique is widely used to determine the conduc-
tance of atomic and molecular configurations, as demonstrated in Section 2.3.
Despite its success, histogram technique can only supply limited informa-
tion of the configuration formed, and to obtain the transmission coefficients
further measurements like shot-noise or sub-gap measurements are needed.
Chapter 4 has demonstrated that the superconducting supgap method can
provide important details about the contact under investigation, however,
this requires extreme experimental circumstances, like low temperature and
a superconducting electrode, and a very low noise level. Although the energy
of vibration modes are much higher, their measurement still requires cryo-
genic circumstances to avoid temperature smearing. Furthermore, all the
techniques considering I-V curve or noise measurements require excellent
stability, for which low temperature measurements are also advantageous.
Today, more and more studies focus on room temperature measurements
necessary for future applications. Although the dosing of molecules is much
easier, the previous methods can not be used, and only conductance his-
togram measurements are possible.

However, as will be shown here, solely from the detailed analysis of the
measured conductance traces additional information can be extracted, which
is not resolved by the conductance histogram. As an example, in Section 2.7
the chain formation of Au, Pt and Ir junctions was revealed using the applica-
tion of plateau’s length histograms [29, 32]. Recent break junction measure-
ments on single atom and single molecule nanojunctions have introduced
several methods of data processing to extract more and more information
from the raw data [96, 17, 97, 98, 14], like the two dimensional trace his-
togram, introduced in Section 2.7.
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In the next sections a novel statistical method is introduced based on
the cross-correlation analysis of conductance traces. Whereas peaks in the
conductance histogram indicate the presence of distinct junction configura-
tions, the correlation analysis supplies information about the relation of these
configurations. For instance, it can tell whether these configurations appear
together, exclude each other, or the appearance of one configuration is in-
dependent from the other. Furthermore, in conductance histograms several
features can be blurred due to the variation of the conductance of similar
structures with slightly different contact neighborhood. In many cases, how-
ever, these variations occur in a correlated way, and therefore, the correlation
analysis can help in identifying contact configurations, which are not resolved
by the conductance histogram.

We hope that the analysis introduced below will find its way towards the
molecular electronics community, where every piece of information could aid
the understanding of measurement results. We have started collaboration
with several groups, and have tested the method on their measurements, and
the group of Thomas Wandlowski have already used this method [18].

In this chapter we aim to give an insight into the possible applications of
correlation analysis of conductance traces. First, a detailed introduction to
the principles of correlation analysis is given and several examples are shown
in the frame of simple simulations. In Section 5.3, the practical operation
of correlation analysis is demonstrated with several experimental examples,
whereas Section 5.4 focuses on the atom-by-atom narrowing of transition
metals detected by the correlation method. Finally, in Section 5.5 a detailed
statistical analysis of Pt-CO molecular junctions is presented.

5.1 Principles of correlation analysis

In this section the fundamental definitions for the correlation analysis of
the conductance traces are laid down. For this aim, conductance histograms
are redefined first with a notation that will be generalized in the correla-
tion analysis. Next, the construction of temporal conductance histograms
is demonstrated, which can be used for checking the statistical homogeneity
of the dataset under study, or which can point out intentional or unwanted
temporal changes during the measurement. Finally, different quantities are
defined for the correlation analysis, including the two dimensional correlation
histograms (2DCH).
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5.1.1 Conductance traces and conductance histograms

As we have already seen in Section 2.3 conductance traces exhibit plateaus
alternated with sudden jumps corresponding to rearrangement between sta-
ble atomic configurations. As the traces from different ruptures look similar
in nature, but also show some stochasticity in detail (Fig. 5.1), the mea-
surement of a large number of traces opens a possibility for the statistical
analysis of data, which is inevitable for reliable experimental statements.

The simplest way of statistical analysis is the construction of conductance
histograms, which show the relative occurrence of different conductance val-
ues for a large number of conductance traces. To construct a conductance
histogram, the conductance axis is divided into discrete bins, which is la-
beled by i. For each trace one can count the number of data points in each
conductance bin, which is denoted by Ni(r), where index r labels the differ-
ent traces. Ni(r) represents conductance histograms for individual traces, as
demonstrated in Fig. 5.1(b). With this notation, the conductance histogram
for the whole dataset is obtained by averaging for the different traces:

Hi = ⟨Ni(r)⟩r =
1

R

R∑
r=1

Ni(r), (5.1)

where R is the total number of traces included in the analysis (Fig. 5.1(c)).
As demonstrated by Eq. 5.1, conductance histograms represent the av-

erage value of a stochastic quantity, Ni(r). It has been proved in various
fields of physics that going beyond the mean values may supply new types
of information about the system under study. In the following part of the
section, statistical quantities will be introduced which can give additional
information to the mean value.

5.1.2 Temporal Conductance Histograms

First of all the usefulness of visualizing Ni(r) as a two dimensional func-
tion, without averaging for the different traces is demonstrated. This is sim-
ply done by a two dimensional color plot, where the vertical axis represents
the conductance bins (i), the horizontal axis is the trace index (r) and Ni(r)
is shown by the colorscale (Fig. 5.1(d,e,f,g)). Such color plots, the temporal
conductance histograms are capable of demonstrating the temporal evolution
of the histograms for individual conductance traces.

For a reliable data set it is desirable that the total conductance histogram,
Hi does not depend on the time of measurement, or in other words, any
segment of the data set would show similar histogram as the whole data set.
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Figure 5.1: Construction of conductance histogram and temporal conductance his-
togram. a: Representative conductance traces for Al nanojunction showing plateaus
alternated with jumps. b: Ni(r), conductance histogram for a selected trace. c:
Conductance histogram for the whole dataset containing thousands of conductance
traces. d: Temporal conductance histogram for the whole dataset. The rows cor-
respond to conductance histograms for individual traces with the color showing the
counts. In other words, each vertical cut of the TCH is a conductance histogram
for a single trace, e.g. the cut at the orange line is the histogram for the orange
trace in panel (e,f,g) Representative temporal conductance histograms slices. e:
Sharp features in the diagram are coming from repeating curves from the improper
pushing Al nanojunction. f: Slow shifting of conductance plateaus in Fe junction.
g: Temporal conductance histogram for platinum - carbon monoxide nanojunc-
tions. The initial segment corresponds to pure Pt junctions. After the dosing of
CO molecules a sharp change is observed in the structures
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This criterium is reflected by a temporally homogeneous distribution of the
structures in the temporal conductance histogram. Such a homogeneous data
set is demonstrated in Fig. 5.1(d), whereas Figs. 5.1(e,f,g) show examples,
where homogeneity is not satisfied.

In a segment of Fig. 5.1(e) horizontal lines are observed instead of the
random scattering of the data, which is attributed to a common artifact of
repeating traces. It is found, that if the contact is not pushed together well
enough before the next rupture, the junction may find a stable sequence of
atomic configurations, and therefore several consecutive traces are precisely
reproducing each other. This artifact gives rise to the appearance of false
peaks in the histogram, which are not related to a statistical average, rather
to the repetition of particular configurations. According to my experience,
for the majority of the metals this artifact can be eliminated if the junction
is pushed to have a conductance larger than 40G0 before each rupture. For
some metals (e.g. gold), already a smaller starting conductance (≈ 10G0) is
enough to avoid repeating traces.

Fig. 5.1(f) shows another example, where the temporal histogram exhibits
a slow shifting of the structures, which results in the smearing of the total
histogram. Such variation may occur in many metals, which is already in-
dicated by the observation, that in some metals the conductance histogram
shows significant variation from measurement to measurement. This feature
may be related to a temporal change of the general contact geometry. Al-
though this type of temporal variation of the conductance histogram cannot
be avoided in some metals, still for a reliable statistical analysis it is reason-
able to study temporally homogeneous segments of the dataset, for which
the view of the temporal conductance histogram provides a simple criterion.

Temporal histograms are also useful in following the response of conduc-
tance traces to some external action, like the dosing of molecules to the junc-
tion. Fig. 5.1(g) shows an example in which the conductance traces of pure
Pt junctions are significantly changed due to the dosing of CO molecules.

5.1.3 Correlation Diagrams

Beside the study of the relative occurrence of configurations with one
certain conductance value, it is also interesting to study the statistical rela-
tion of configurations using two different conductance values. One can for
instance ask, whether the appearance of the two configurations are indepen-
dent from each other, or these configurations tend to appear together, or on
the contrary, the appearance of one configuration excludes the appearance
of the other. Formally, the most basic way of studying the statistical rela-
tion of two configurations with conductances i and j is the calculation of the
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crossproduct Ni(r) · Nj(r) and averaging it for the different traces, i.e. the
2D crossproduct histogram can be defined as:

Hcross
i,j = ⟨Ni(r) ·Nj(r)⟩r. (5.2)

If the number of data points in bin i is statistically independent from the
number of data points in bin j(̸= i) on the same trace, then ⟨Ni(r) ·Nj(r)⟩r
factorizes to ⟨Ni(r)⟩r · ⟨Nj(r)⟩r, i.e. Hcross

i,j = Hi · Hj. In Fig. 5.2(a) a
2D crossproduct histogram is demonstrated for Al junctions, where the two
axis stand for the conductance indices i and j, and the colorscale stands for
Hcross

i,j . In comparison, the simple product of the normal histograms Hi ·Hj is
plotted in Fig. 5.2(b). Any deviation of the two figures (except for the trivial
difference at the diagonal, Hcross

i,i ) shows that the number of data points in
the corresponding pair of bins are not statistically independent from each
other.
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Figure 5.2: (a): 2D crossproduct histogram, Hcross
i,j for Al junctions. (b): Product

of the conductance histograms, Hi ·Hj for the same dataset. (c): 2D covariance
histogram, Hcov

i,j for the same dataset. (d): 2D correlation histogram, Hcorr
i,j for the

same dataset. See text for definitions.
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In some cases the crossproduct histogram itself shows clear signs of cor-
relations (note for instance that Hi ·Hj only produces horizontal or vertical
structures, thus any slant structure in Hcross

i,j reflects correlations), however,
for the detection of minor correlations it is better to study the difference of
the crossproduct histogram and the product of the normal histograms, which
will be called 2D covariance histogram (Fig. 5.2(c)):

Hcov
i,j = ⟨Ni(r) ·Nj(r)⟩r − ⟨Ni(r)⟩r · ⟨Nj(r)⟩r

= ⟨δNi(r) · δNj(r)⟩r . (5.3)

The second line of the equation gives an equivalent definition, where δNi/j(r) =
Ni/j(r) − ⟨Ni/j(r)⟩ denote the deviation from the mean values. The latter
form of the definition allows a demonstrative interpretation of the covariance
histogram. This function gives zero if Ni(r) and Nj(r) are independent from
each other. If the occurrence of two plateaus near bins i and j is correlated
in the sense that either both of them or none of them appear – then either
both Ni(r) and Nj(r) will be larger or both of them will be smaller than
its average value and so the covariance will be positive. Contrarily, for an
anticorrelated occurrence of the plateaus – i.e. the presence of a plateau near
bin i excludes the occurrence of another one at bin j or vice versa – the signs
of δNi(r) and δNj(r) will be opposite resulting in negative covariance. An
example for a 2D covariance histogram is presented in Fig. 5.2(c) for alu-
minum junctions. To highlight the sign of the correlation a special colorscale
is used: the positively correlated regions correspond to red and yellow colors,
the negatively correlated regions correspond to blue colors whereas the areas
where the correlation is zero within the accuracy of the method is marked
by green.

It should be noted that the numerical value of the covariance histogram
is not well defined, if the normal histogram, Hi is uniformly rescaled (i.e. the
sampling rate is changed in the measurement) the covariance histogram will
be also rescaled. Furthermore, the covariance histogram evidently highlights
the correlation effects in those regions of i and j where either Hi or Hj (or
both) are peaked, i.e. the covariance histogram reflects a mixed informa-
tion about the structure of the normal histogram and the correlation effects.
These features can be eliminated by a proper normalization, for which the
standard definition of the correlation function is used:

Hcorr
i,j =

⟨δNi(r) · δNj(r)⟩r√
⟨[δNi(r)]2⟩r ⟨[δNj(r)]2⟩r

. (5.4)

The 2D correlation histogram created in such a way (Fig. 5.2(d)) has well
defined limits: −1 ≤ Ccorr

i,j ≤ 1, the diagonal is always unity, and the corre-
lation function is symmetric, Hcorr

i,j = Hcorr
j,i . Furthermore, the scale of the
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correlation is not suppressed due to the low counts in the normal histogram.
These maps will be called two dimensional correlation histograms (2DCH)
throughout the thesis.

At this point it is useful to describe a further method, that was introduced
by Szabolcs Csonka and András Halbritter prior to 2D correlation analysis,
the so-called conditional histograms. The general idea is to select those
traces which give major contribution to a certain histogram peak, and to
study how another peak of the histogram changes for these selected traces
compared to the histogram of the whole data set. If the two peaks correspond
to statistically independent atomic configurations the selection of the traces
for one peak does not change the other peak, whereas any change in the
other peak reflects the presence of correlations. The selection is performed
by a simple algorithm: those traces are selected for which the total number
of data points in the conductance interval of the reference histogram peak is
larger than a threshold value. (This threshold value can be set so that the
selected data set contains a certain, predefined percentage of all the traces.)
This conditional histogram technique can be straightforwardly generalized to
a 2D correlation method. The 2D conditional histogram is defined as:

Hcond
i,j = ⟨Ni(r

′)|δNj(r
′) > 0⟩r′ , (5.5)

where the averaging of Ni(r) is performed only for those selected traces (r′),
for which the number of data points in another bin (j) is larger than its
average value. The deviation of the 2D conditional histogram from the total
histogram, Hcond

i,j −Hi shows very similar structures to the 2D correlation his-
togram, and so it provides an alternative interpretation of correlation effects
on the language of conductance histograms. Conditional histograms are most
useful for those experimental situations, where 2D correlation plots are noisy,
and therefore, correlation effects are studied between broader conductance
intervals of different peaks rather than a full two dimensional map.

Throughout this Chapter mostly the 2D correlation histograms will be
used for data analysis, however, the choice of the function best describing
the correlations may depend on the experimental situation.

5.2 Simulation of correlation diagrams

Although correlation diagrams are able to show several features which
are hidden in conductance histograms, their interpretation is not evident.
Therefore, the following section is aimed at illustrating the nature of correla-
tion diagrams by simplified examples, which are based on the simulation of
different types of conductance traces. The traces are modeled by a random
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generation of the number of data points in the different bins, Ni(r) using
simple rules which are able to mimic basic types of conductance curves.

5.2.1 One conductance plateau
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Figure 5.3: Correlation effects for simulated traces with a single conductance
plateau. Panels (a) and (b) respectively show the 2D correlation histogram and
the conductance histogram for traces with a single flat plateau. The position of
the plateaus varies around a mean value of Ḡ with a Gaussian distribution (the
standard deviation of the Gaussian is σ = 0.1 Ḡ). Panel (c) shows demonstrative
traces with flat plateaus. In panels (d-f) the corresponding figures are shown for
traces with slanted plateaus. (For the slant plateaus the center of the plateau was
simulated with a Gaussian, with σ = 0.1 Ḡ, and the extension of one plateau in
the conductance direction was ∆Gplateau = 0.05 Ḡ. The background was the same
for all cases, Bmax = 0.02.) Note, that the conductance histogram is similar for
the two cases, whereas the correlation plot highlights a clear difference.

First, a model is considered in which each trace has a single conductance
plateau close to a certain average conductance value. These traces give rise to
a single peak in the conductance histogram. However, a single (for instance



Simulation of correlation diagrams 87

gaussian shaped) peak in the histogram may come from fundamentally dif-
ferent types of plateaus.

In the simplest model flat conductance plateaus are considered with a
random variation of the conductance of the plateau (see Fig. 5.3(c)). Experi-
mentally nearly flat conductance plateaus are frequently seen on the conduc-
tance traces of noble metals [5], with minor corrections due to conductance
fluctuations [21]. The conductance of a plateau naturally has random varia-
tion due to the stochasticity of the contact rupture, for instance the precise
conductance of a single-atom contact may depend on the number of neigh-
boring atoms on both sides, the presence of defects close to the contact, or
some other details determined by the precise geometry of the entire junc-
tion. To mimic such conductance plateaus the data points on the trace are
generated as follows:

Ni(r) = B(i, r) + δi,G(r), (5.6)

where B(i, r) is a random variable of both the trace index and the bin index
defining a random, uncorrelated background signal, whereas G(r) in the index
of the Kronecker delta is an integer random number defining the conductance
bin, in which the plateau is situated on trace r. With this notation the length
of the plateau at i = G is unity. The background signal is taken as a uniformly
distributed random variable in the interval [0,Bmax], where the value of Bmax

defines the relative amplitude of the random, uncorrelated background signal
with respect to the length of the plateaus. (Note, that in the simulation Ni(r)
can be a non-integer number.) To obtain a gaussian shaped histogram peak
G is generated by a Gaussian distribution, centered around the mean value
Ḡ. The conductance histogram and the 2D correlation histogram based on
such created traces are shown in Fig. 5.3(b,a), respectively. The first feature
observed on the 2DCH is the perfectly correlated region at the diagonal,
which is a natural property of the correlation function by definition (Hcorr

i,i =
1). In the region where the plateaus are situated a wider negatively correlated
region is observed near the diagonal. This feature has a simple reason as
described in the following. If on a certain trace r a plateau is observed in
bin i the number of data points in this bin, Ni(r) will be larger than the
average for all the traces, ⟨Ni(r)⟩. In the neighboring bins, however, there is
no plateau on this trace, i.e. Nj( ̸=i)(r) < ⟨Nj(r)⟩ as long as ⟨Ni(r)⟩ exceeds
the random background signal. The opposite sign of δNi(r) and δNj(̸=i)(r)
introduces negative correlations at the offdiagonal.

For most metals, however, the conductance plateaus are not flat, rather
the conductance is decreasing along the plateau due to the decreasing over-
lap between the neighboring atoms. In some special cases (e.g. in aluminum
junctions) even slanted plateaus with opposite slope can be observed as a re-
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sult of the spin-orbit interaction [43]. The above simulation can be straight-
forwardly generalized for slanted plateaus (Fig. 5.3(f)) by considering G as
the random conductance of the center of the plateau, and by putting points
to neighbor bins as well:

Ni(r) = B(i, r) + 1

2N + 1

∑
k=−N..N

δi,G(r)+k. (5.7)

With this notation the length of the plateaus is still unity, but the points
on the slanted plateau are distributed among 2N + 1 bins around the center
of the plateau, G(r). (The width of this conductance region is denoted by
∆Gplateau.) The histogram peak for such plateaus still looks like a Gaus-
sian (Fig. 5.3(e)) similarly to the case of flat plateaus (Fig. 5.3(b)). The
correlation diagram, however, shows a finite width positively correlated re-
gion near the diagonal, which means that if we have a plateau near bin i
than there is a good chance that a neighboring bin j is still belongs to this
plateau, thus for both bins the number of data points is above average. If
the difference of i and j is larger than the average width of the plateaus’ con-
ductance region, first we see negative correlations similarly to the previous
model (Fig. 5.3(d)), and for an even larger conductance difference just the
uncorrelated background is observed.

This simple example demonstrates that the 2D correlation analysis is able
to make difference between fundamentally different situations, for which the
histograms are almost identical. In more complicated experimental situa-
tions the correlation analysis may even resolve the internal structure of a
single histogram peak, i.e. the presence of structurally different contact con-
figurations which are washed together to a single histogram peak due their
close conductance values and the slight random variation of conductance
from trace to trace.

5.2.2 Two conductance plateaus

Next, the case of two atomic/molecular configurations is discussed, which
is reflected by two distinct peaks in the conductance histogram. It is shown
how the relation of these configurations can be studied by correlation analy-
sis. To simulate two plateaus two random conductances are generated: G1(r)
and G2(r) with well separated distributions. (In this case uniformly dis-
tributed random variables are used for the sake of simplicity.) Experimen-
tally it is quite general that a plateau in the region of a certain histogram
peak does not appear in all of the traces, just in a part of them. Therefore,
we also consider the existence of both plateaus by boolean random numbers
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Figure 5.4: Correlation effects for simulated traces with two plateaus positioned
around the mean conductance values Ḡ1 and Ḡ2. The precise position of these
plateaus (G1 and G2) is uniformly distributed around the mean values. The
left panels show traces demonstrating a certain type of correlation, whereas the
right panels show the corresponding simulated 2D correlation histogram. Panel
(a) demonstrates traces on which both plateaus appear with a mean probability of
Θ̄1 = Θ̄2 = 0.5, however, the appearance of the two plateaus are independent from
each other. With this criterium four different type of traces can be observed: (1)
two plateaus, (2) single plateau near Ḡ1, (3) single plateau near Ḡ2, (4) no plateau
at all. The probability for the occurrence of each plateau type is 25%. Panel (c)
demonstrates traces on which the plateaus appear in a correlated way: in 50% of
the traces both plateaus appear, otherwise none of them appear. Panel (e) demon-
strates traces with anticorrelated occurrence of the plateaus: in 50% of the traces
a plateau near Ḡ1 is observed, in other 50% a plateau near Ḡ2 is observed, but the
two plateaus never come together. Panel (g) demonstrates anticorrelation in the
length of the plateaus. Both plateaus are observed on each trace, but the length of
the plateau near Ḡ1 and near Ḡ2 are not independent: the summed length in the
two regions is unity. Panel (i) demonstrates correlation in the conductance of the
plateaus. Both plateaus are observed on each trace with constant length, but the
conductance difference between the two plateaus is fixed, i.e. the two plateaus are
rigidly shifting to lower or higher conductances. The simulation parameters were:
Bmax = 0.02, Ḡ2 = 2 Ḡ1, and the width of the uniform distribution was 0.4 Ḡ1
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Θ1(r) and Θ2(r). The traces are generated as:

Ni(r) = B(i, r) + Θ1(r)δi,G1(r) +Θ2(r)δi,G2(r). (5.8)

First, the situation is considered in which the plateaus appear indepen-
dently from each other (i.e. Θ1(r) and Θ2(r) are independent random vari-
ables) and the plateau conductances (G2(r) and G1(r)) are also independent
from each other. Such plateaus are demonstrated in Fig. 5.4(a). For this
situation the correlation plot (Fig. 5.4(b)) looks like the one for a single flat
plateaus (Fig. 5.3(a)) in the regions (i, j) ≈ (Ḡ1, Ḡ1) or (Ḡ2, Ḡ2), however, no
crosscorrelations are observed at (i, j) ≈ (Ḡ1, Ḡ2).

If the plateaus appear in a correlated way, i.e. either both of them or
none of them appear (Fig. 5.4(c)) then Θ1(r) = Θ2(r) can be taken. In
this case the 2DCH shows clear positive crosscorrelations between the two
configurations (Fig. 5.4(d)).

It should be noted, however, that for the positive crosscorrelations it is
necessary to have cases when none of the plateaus appear. If both plateaus
always appear (Θ1 = Θ2 = 1) than the appearance of the two plateaus is
formally independent from each other, or in other words it is not known what
would happen with the second plateau if the first was missing. In this case
the crosscorrelation between the two configurations is zero.

These results can be easily understood by a simple toy-model, where the
distribution of G1 and G2 only consists of two values, G1

1 , G2
1 and G1

2 , G2
2 .

Table 5.1 shows the possible outcomes for correlated plateaus for the four
interesting bins (as seen on the traces of Fig. 5.4(c)). It is supposed that
each of these events have the same probability. The upper part of the table
shows the Θ1(r) = Θ2(r) = 1 case and the lower part of the table models
missing plateaus (Θ1(r) = Θ2(r) = 0). If only the upper part is considered,
for which every outcome has the probability 1/4, zero correlation is found
for the (Ḡ1, Ḡ2) region: ⟨NGj

i
⟩ = 1/2, ⟨NGi

1
NGj

2
⟩ = 1/4 and Hcorr

Gi
1G

j
2

= 0, where

i, j ∈ {1, 2}. By including the missing plateaus, and taking into account
that now every event has the probability 1/8, it follows that: ⟨NGj

i
⟩ = 1/4,

⟨NGi
1
NGj

2
⟩ = 1/8 and Hcorr

Gi
1G

j
2

= 1/3 showing the expected positive correlation.

A rather technical, but important issue is the proper number of bins to
use. Applying too many bins will lead to the decrease of the correlation signal
and for high number of bins the accuracy of the method will be reached.
In the above case it can be shown, that by using N bins ⟨NGj

i
⟩ = 1/2N ,

⟨NGi
1
NGj

2
⟩ = 1/(2N2) and Hcorr

Gi
1G

j
2

= 1/(2N − 1), where i, j ∈ {1, . . . , N}.
Traces showing only one of the two configurations (Figure 5.4(e)) can

be described by Θ2(r) = 1 − Θ2(r). For such excluding configurations the
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NG1
1

NG2
1

NG1
2

NG2
2

1 0 1 0
1 0 0 1
0 1 1 0
0 1 0 1

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

Table 5.1: Possible outcomes for correlating plateaus. The lower part of the table
mimic the missing plateaus. All outcomes have equal probability. Example traces
are shown in Fig. 5.4(c). (The first and third trance corresponds to the upper part
of the Table, the second and fourth mark the missing traces).

2DCH shows clear negative crosscorrelations (Fig. 5.4(f)). In this case, the
plateau only appears in one of the bins of G1 or G2. Disregarding the random
background, the possible outcomes for Ni(r) for the four interesting bins are
shown in Table 5.2. Again, each of the events have the same 1/4 probability,
and the important quantities can be trivially calculated: ⟨NGi

1
NGj

2
⟩ = 0 and

Hcov
Gi
1G

j
2

= −1/16 and Hcorr
Gi
1G

j
2

= −1/3, with i, j ∈ {1, 2}.

NG1
1

NG2
1

NG1
2

NG2
2

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

Table 5.2: Possible outcomes for the anticorrelating plateaus. All outcomes have
equal probability, 1/4. Example traces are shown in Fig. 5.4(e).

The above cases revealed correlations in the existance of the plateaus.
We can also consider cases, where both plateaus exist, however their length
is anticorrelated. As the simplest example, the summed length of both
plateaus can be a fixed value, randomly distributed between the two plateaus
(Fig. 5.4(g)). This type of anticorrelation in the length of the plateaus re-
sults in a correlation plot (Fig. 5.4(h)) which is similar to the anticorrelation
obtained in the existence of the plateaus (Fig. 5.4(f)).
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As a further possibility, correlations may also show up in the position of
the plateaus, i.e. the random variables G1(r) and G2(r) may be correlated
with each other. As the simplest example we can consider G2(r) − G2(r) =
∆G which means that the conductance of the first plateau is random, but
the conductance of the second plateau shifts rigidly with the first plateau
(Fig. 5.4(i)). In this case positive crosscorrelations are seen if i − j = ∆G,
however beside this offdiagonal line negative correlations are seen, similarly to
the neighborhood of the diagonal region, i = j (Fig. 5.4(j)). The correlation
in the toy-model can be straightforwardly calculated (see Table 5.3): e.g.
Hcorr

G1
1G1

2
= 1 and Hcorr

G1
1G2

2
= −1.

NG1
1

NG2
1

NG1
2

NG2
2

1 0 1 0
0 1 0 1

Table 5.3: Possible outcomes for the case of correlation in position. Example traces
are shown in Fig. 5.4(i): the position of the two plateaus are shifted with the same
conductance.

The above examples demonstrate that the correlation analysis is able to
point out correlations or anticorrelations either in the existence, the length,
or the conductance of the plateaus.

5.2.3 Multiple conductance plateaus

Finally some simple models for multiple conductance plateaus are con-
sidered. In the first model five plateaus are considered, described by the
conductances Gi which are five independent uniformly distributed random
variables. To mimic a finite jump between neighboring plateaus only those
sets of random numbers are used, for which |Gi − Gj| > ∆Gjump for any i, j
pair, where ∆Gjump defines the minimal amplitude of the conductance jumps.
Furthermore, plateaus with finite slope are considered similarly to Eq. 5.7.
This model produces a correlation plot (Fig. 5.5(a)) which shows features be-
ing quite general in experimental data: (i) a finite width positively correlated
region is observed around the diagonal. The width of this region along the
horizontal (or vertical) direction describes the average width of the plateaus
along the conductance axis, ∆Gplateau. (ii) Further away from the diagonal
a negatively correlated stripe is observed, which has a width describing the
minimal jumps beside the plateaus. However, as the actual amplitude of
the jump beside the plateaus is a random variable, further away from the
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Figure 5.5: 2D correlation histograms of simulated traces with multiple plateaus are
demonstrated. On both panels plateaus with a uniform length and a uniform finite
slope are considered. Panel (a) demonstrates the 2D correlation histogram for
simulated traces with 5 plateaus. The conductance of the plateaus varies randomly
with the constraint that the amplitude of the conductance jump between the center of
neighbor plateaus is always ∆Gjump ≥ 0.5G0. (Slant plateaus were simulated with
∆Gplateau = 0.25G0.) Panel (b) demonstrates the 2D correlation histogram for
traces with multiple plateaus and a well defined conductance difference of ∆Gjump =
1G0 between the center of neighbor plateaus. The conductance of the middle of the
first plateau, G1 varies randomly simulated with a Gaussian distribution (σ = 0.1
and the width of the slant plateaus were δG2N+1 = 0.4).

diagonal no correlations are detected. In the following section experimental
examples will be shown for the structures demonstrated in Fig. 5.5(a).

If we consider traces, on which the jumps between neighbor plateaus
always have a well defined value (being independent from the trace index) the
correlation plot reveals additional structures further away from the diagonal.
For this situation only the conductance of the last plateau (G1) is considered
a random number, and the rest of the plateau conductances are obtained as
Gi = (i − 1) · ∆Gjump + G1. For such traces the histogram is smeared due
to the random variation of G1, however, the correlation plot shows stripes
due to the rigid, parallel shifting of the plateaus ((Fig. 5.5(b)). This will be
discussed in detail in Section 5.4.
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5.3 Selected examples for the correlation analysis

To demonstrate the application of correlation analysis in practice, 2DCHs
of different metallic junctions are analyzed. The presented conductance his-
tograms and correlation plots are all based on more than 2000 independent
conductance traces, for which the temporal homogeneity was checked by
temporal conductance histograms. Later, in Section 5.4 the behavior of Ni
nanojunctions - where the correlation analysis points to a very special na-
ture of junction formation dynamics - is discussed separately in more detail.
Finally, in Section 5.5 an example is demonstrated for molecular nanojunc-
tions by the detailed statistical analysis of the conductance traces in Pt-CO
molecular contacts.

5.3.1 Au junctions – the benchmark system

The discussion is started with correlation analysis of gold nanojunctions,
as Au is a benchmark material in the study of atomic and molecular contacts
[5, 6]. As mentioned earlier in Section 2.3, due to the inertness of Au sur-
faces the conductance histogram is not very sensitive to the environmental
circumstances, and even measurements under ambient conditions are possi-
ble [5], which makes gold a preferable choice for contacting single molecules
at room temperature [14, 16, 15, 38]. The histogram shows a very sharp
peak at the conductance quantum unit (Fig. 5.6(a)) which is attributed both
to single atom contacts [5] and to the formation of monoatomic chains [29].
These structures have a single, perfectly transmitting conductance channel
[26, 23, 20], which is related to the transport through s-orbitals in a tight
binding picture [27]. At higher conductances several further peaks can be
observed.

The correlation plot for Au junctions is demonstrated in Fig. 5.6(b). At
higher conductances the correlation plot is very similar to the simulated
traces in Fig. 5.5(a). Around the diagonal a finite width positively corre-
lated region is seen, which reflects the presence of plateaus with finite slope.
On both sides of this diagonal region a negatively correlated stripe is ob-
served being related to the jumps beside the plateaus. Further away from
the diagonal no correlations are detected. A unique structure is observed
around the conductance quantum unit. In the interval of the first peak
(G ≈ 0.8− 1G0) the positively correlated region around the diagonal is very
narrow in accordance with the flatness of the plateaus for single-atom con-
tacts or atomic chains [5, 43]. The configurations with unit conductance are
negatively correlated with both smaller conductances (G ≈ 0.1−0.7G0) and
larger conductances (G = 1.1 − 1.5G0), as demonstrated by the 2DCH. On
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Figure 5.6: Conductance histogram (a), 2D correlation histogram (b) and demon-
strative conductance traces (c) for Au nanojunctions. The orange and blue regions
in panel (a) indicate the “peak region” and the “tail region” of the conductance his-
togram, respectively. In panel (c) the orange traces were chosen as typical examples
from the selected traces giving major contribution to the peak region, whereas the
blue traces represent the selected traces giving major contribution to the tail region.

the other hand, the tail region of the histogram (G ≈ 0.1 − 0.7G0) is posi-
tively correlated with itself, and after the negative correlation with the peak
region, it is also positively correlated with somewhat larger conductances
(G ≈ 1.1− 1.3G0).

To get a better insight into the nature of these correlations, selectively
those traces have only been studied that give major contribution to the peak
region (G ≈ 0.8 − 1G0 with orange background in the figure) or to the tail
region (G ≈ 0.1− 0.8G0, blue background), respectively. The first group of
traces is naturally dominated by long flat plateaus close to the conductance
quantum unit (see the orange traces in Fig. 5.6(c)), which is characteristic
to the formation of monoatomic Au chains [29]. These plateaus are both



96 A statistical approach beyond conductance histograms

preceded and followed by a sharp jump, i.e. there are no data points in the
neighbor regions. The traces giving major contribution to the tail region
are demonstrated by the blue curves in Fig. 5.6(c). Usually, these traces
also exhibit a plateau close to the conductance quantum unit, but after this
plateau another plateau is observed at a reduced conductance in the tail
region. The summed length of these two plateaus can be as long as the
unsplit plateaus in the peak region (orange curves in Fig. 5.6(c)), however if
longer plateaus are observed in the tail region only shorter plateaus appear
in the peak region. All these indicate that the anticorrelation between the
peak and tail region is not an anticorrelation in the existence of the plateaus:
both plateaus exist and only the length of the plateaus is anticorrelated. The
positive correlation between the tail region and the region above the first
peak is also seen on the individual traces: long plateaus in the tail region are
often accompanied by a considerable weight in the G ≈ 1.1− 1.3G0 region.
Note, however, that plateaus in the tail region give a very tiny weight to the
conductance histogram relative to the plateaus in the peak region.

The above demonstrated features clearly resemble the behavior of hydro-
gen contaminated Au junctions reported in Ref. [33, 99]. In the presence
of hydrogen contamination a considerable weight grows in the tail region of
the histogram, but the traces giving major contribution to this tail region
have very similar character to the blue traces in Fig. 5.6(c). This kind of
similarity between pure junctions and Au-H2 junctions indicates that even if
molecules are not intentionally dosed to the junction there is a small portion
of contaminated traces, and the dosing of hydrogen molecules only increases
the relative portion of these traces. It warns that a small amount of back-
ground hydrogen contaminations may appear even in cryogenic vacuum, as
hydrogen has a finite vapor pressure at 4.2K.

The above correlation analysis of Au nanojunctions gives an example for
the negative correlation in the length of the plateaus. Furthermore, it demon-
strates that the 2D correlation histograms are able to resolve correlation ef-
fects accompanied by a very small weight in the histogram. This sensitivity
has enabled the detection of a small portion of contaminated traces even
without dosing molecules to the junction. The above example also demon-
strates the usual way of data processing: the correlation plot is able to point
out interesting correlations in the dataset, and afterwards the nature of these
correlations can be understood in more detail by a focused analysis of the
conductance traces.
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5.3.2 Al junctions - the internal structure of a histogram peak

Similarly to gold, the conductance histogram of aluminum shows several
peaks. The first peak is centered below the conductance quantum unit, at
G ≈ 0.7G0. However, unlike for gold junctions this peak is not related to a
single conductance channel, but three partially open conductance channels
give contribution to the conductance of a single atom contact [25]. These
channels are related to the transport through s and p orbitals [27]. The con-
ductance plateaus exhibit positive slope – i.e. the conductance is increasing
as the contact is elongated – which is a rather special feature of Al junctions
[43].
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Figure 5.7: Panel (a) demonstrate the conductance histogram with a small splitting
of the first peak (gray area graph) and conditional histograms (color line graphs)
for the splitted subpeaks. The yellow conditional histogram includes traces giving
major contribution to the blue conductance region, whereas the green conditional
histograms correspond to the selected traces giving major contribution to the orange
conductance region. Panels (b) shows the corresponding 2D correlation histogram.
Panel (c) shows typical traces from the two conditional histograms, and the orange
and blue color of the curves correspond to the background color of panel (a).
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The first peak of the conductance histogram is occasionally splitted, as
demonstrated in Figure 5.7(a), where two subpeaks can be observed at 0.45
and 0.85G0. Moreover, the 2D correlation histogram of Al junctions show
a special structure at the region of the first histogram peak. The bottom
part of the peak (G ≈ 0.2 − 0.6G0 with blue background in the figure) is
negatively correlated with the top part of the peak (G ≈ 0.6− 1G0, orange
background) but further away it is positively correlated with the conductance
interval of G ≈ 1.2− 1.5G0. The top part of the peak (orange background)
is negatively correlated with the latter region, and it does not show positive
correlation with any higher conductances. This correlation structure indi-
cates two alternative ways of the contact rupture. In one part of the cases
the last configuration is positioned in the region G ≈ 0.2− 0.6G0. This con-
figuration is usually preceded by another configuration which is positioned at
G ≈ 1.2− 1.5G0. In another part of the traces the last configuration is posi-
tioned at G ≈ 0.6− 1G0. Before this configuration a jump can be observed
in the G ≈ 1 − 1.8G0 region, but the previous configuration is not well de-
fined according to the correlation plot. The above arguments are consistent
with the splitting of the peak in the conductance histogram. For these kind
of traces the presence of two distinct configurations is already evident from
the histogram itself. To obtain further information about the nature of an-
ticorrelation we have performed a conditional histogram analysis of the two
subpeaks. We have divided the first histogram peak to two regions according
to the two subpeaks, indicated by blue and orange background in Fig. 5.7(a).
The yellow and green linegraphs respectively show the conditional histogram
for the blue bottom and the orange top region. These conditional histograms
clearly show that for the traces giving major contribution to one subpeak the
other subpeak is almost completely suppressed. This indicates that the neg-
ative correlation corresponds to the anticorrelation in the existence of the
plateaus, i.e. the observation of a plateau in one region usually excludes the
observation of a plateau in the other region. (Note, that an anticorrelation
in the plateau length would merely decrease the amplitude of the other peak
for the traces giving major contribution to one peak.) Typical traces for
the two selected regions are presented in Fig. 5.7(c). The two distinct final
configurations may be related to two structurally different single atom con-
tacts, for instance a monomer and a dimer configuration or two single atom
configurations embedded in structurally different neighborhood.

Usually, these two configurations are washed together in the conductance
histogram and only a single peak appears near 0.7− 0.8 G0 due to the small
conductance difference between the two configurations and the considerable
slope of the plateaus. However, for these datasets the 2DCH also shows the
same features (not shown here) as seen Figure 5.7(b), so the structures in the



Selected examples for the correlation analysis 99

2DCH are able to indicate that the first histogram peak is actually related
to two distinct configurations with close conductance value. All these shows
that correlation analysis can be applied for resolving the internal structure
of a histogram peak, i.e. to recognize if a single broad histogram peak is
constructed from the contributions of different distinct atomic or molecular
configurations.

5.3.3 Ta junctions – presence and absence of adhesive
instabilities

As a next example, the behavior of tantalum nanojunctions is described.
Ta is a d-metal with 4-5 open conductance channels for a single atom con-
tact (as resolved by subgap measurements of Chapter 4). In d-metals the
transport through highly oriented d orbitals is expected to be extremely sen-
sitive to the precise atomic geometry of the junction. As a consequence of
this sensitivity contacts with the same number of atoms in the smallest cross
section may have a broad variation of conductances due to the variation of
the precise atomic geometry of the contact neighborhood. This leads to the
smearing of the histogram peaks. Indeed, in Ta the first histogram peak –
attributed to single atom contacts – is rather broad, and no further peaks
related to larger configurations are resolved (Fig. 5.8(a)). In the histogram
of tantalum a considerable “tail” is observed in the region G < 1G0 below
the interval of the first peak (G = 1− 3G0).

The 2D correlation histogram shows strong anticorrelation between the
peak region (marked by orange in Fig. 5.8(a)) and the tail region (marked by
blue in Fig. 5.8(b)). This is also demonstrated by the conditional histograms
in Fig. 5.8(a): for the traces giving major contribution to the peak region
the weight in the tail region is suppressed and vice versa. This feature is
attributed to the fact, that in these metals the adhesive instability of the
single-atom contact is much less pronounced, and in a part of the traces it
is even possible to observe a completely continuous crossover between the
direct contact regime and the tunneling regime [100]. For such a continuous
crossover only a short plateau is observed for the single-atom configuration,
and then a continuous decay of the conductance is observed towards the
tunneling regime. For this type of traces the whole tail region contains data
points, which is reflected by the marked positive correlation of the tail region
with itself. In other cases the adhesive instability is still observed, resulting
in a longer plateau around the single-atom conductance and in the absence
of data points in the tail region (note, that after the overstretching of the
contact to a metastable configuration, the jump to the broken state already
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Figure 5.8: Conductance histogram (a), 2D correlation histogram (b) and demon-
strative conductance traces (c) for Ta nanojunctions. The blue and orange regions
in panel (a) indicate the “peak region” and the “tail region” of the conductance his-
togram. The red line shows the conditional histogram for the selected traces giving
major contribution to the peak region, whereas the green line shows the conditional
histogram for the selected traces giving major contribution to the tail region. The
orange and blue traces in panel (c) accordingly show typical examples from these
two selected subsets of the data.

corresponds to a rather low tunnel conductance). These two different ways
of contact rupture lead to the anticorrelation between the peak region and
the tail region. The typical conductance traces corresponding to the absence
or presence of adhesive instabilities are demonstrated in Fig. 5.8(c).

Similar results for Nb are demonstrated in Fig 5.10, in Sec. 5.3.4. In
tungsten junctions the smooth transition from direct contact to the tunneling
regime is almost exclusive, which is also reflected by the suppression of the
first peak in the histogram [100].
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5.3.4 Correlation gallery of further metals

This Section shows the correlation diagrams of Sn, Pb and Nb without a
detailed analysis and discussions.

The conductance histograms of Sn, Pb and Nb show a broad peak around
2G0, which is attributed to the conductance of a single-atom contact. In p
and d-metals, due to the highly oriented orbitals junctions with similar small-
est cross section may show a broad variety of conductances, which explains
the broadening of the first peak and the absence of further sharp structures
in the histogram.

The correlation plot of Sn and Pb, shown in Fig. 5.9 do not show any
special features, a positively correlated region at the diagonal and negatively
correlated regions at both sides of the diagonal are observed in the entire
conductance region, similarly to the simulations in Fig.5.5(a).
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Figure 5.9: Panels (a) and (b) show the conductance histogram of Sn and Pb
respectively. Panels (c) and (d) show the corresponding 2DCH of Sn and Pb.

The 2DCH of Nb junctions is shown on Figure 5.10. The correlation
diagram shows the same features as for Ta junctions described in detail in
Section 5.3.3, and the selected traces on panel (c) demonstrate the presence
and lack of adhesive instability.
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Figure 5.10: Conductance histogram (a), 2D correlation histogram (b) and demon-
strative conductance traces (c) for Nb nanojunctions. The blue and orange regions
in panel (a) indicate the “peak region” and the “tail region” of the conductance his-
togram. The orange and blue traces in panel (c) accordingly show typical examples
from conditional histograms selected for the orange and blue regions.

5.4 Atom-by-atom narrowing of transition metal

nanowires

In Section 5.3 we have already seen some examples how the correlation
analysis can be used to detect features hidden in the original conductance
histogram. Here some striking results for some transition metal junctions
will be shown.

In transition metal junctions histograms can rarely show much more than
the conductance of a single or a few configurations as a result of the extreme
sensitivity of conductance through low symmetric d orbitals to the contact
geometry [52, 101, 102]. This introduces a broad variation of conductances
for nanocontacts with similar arrangements in the narrowest cross section.

In this Section, it will be demonstrated how several, yet undetected stable
atomic configurations can be resolved by the correlation method. It is shown
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here that for some transition metals (Ni, Fe, V) the typical evolutions of the
conductance staircase can be clearly followed up to tens of the conductance
quantum unit, which is completely hidden in traditional histograms due to
correlated shifting of conductance plateaus. Correlation analysis opens a new
window for resolving a very regular, atom by atom narrowing of the minimal
cross section (MCS) in Ni, Fe and V nanowires, in contrast to the rather
unordered rupture of Au junctions.

5.4.1 Correlation diagrams of nickel contacts

The typical histogram of Ni (Fig. 5.11(a)) exhibits two peaks at G =
1.7G0 and G = 3G0, but at higher conductances no clear features are re-
solved, in accordance with previous low-temperature studies [103, 104]. In
contrast, individual conductance traces (Fig. 5.12) can show clear plateaus up
to tens of the conductance quantum unit. The conductance of the plateaus
exhibit considerable variation from trace to trace which causes a complete
smearing of the histogram at higher conductance values, and only two low-
conductance peaks survive.

0 3 6 9 12 15 18
0

3

6

9

12

15

18

G
i [

2e
2 /h

]

 

Gj [2e2/h]

-1

-0.5

0

0.5

1 a

0 2 4 6 8 0

3

6

9

12

15

18

 

 Normalized counts

 

b

Figure 5.11: Correlation study of Ni nanojunctions. a: 2DCH for the whole data
set showing robust correlation structure. b: area graph shows the conductance
histogram for the whole data set. The line graphs show conditional histograms.
The right, middle and left conditional histograms correspond to j = 1.6; 1.7; 1.8G0,
respectively. Vertical dashed lines show the zero values of the histograms, horizontal
dashed lines indicate the peak positions in the middle conditional histogram.

The 2DCH for Ni contacts is presented in Fig. 5.11, where an anticorre-
lated region is seen beside the diagonal, however further away several strong
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positively correlated stripes are observed, which are almost parallel with the
diagonal (similar features were already demonstrated in Figure 5.5). The
regions positively correlated at the coordinate (i, j) correspond to the si-
multaneous appearance of plateaus both at bins i and j, thus the first stripe
close to diagonal defines the probable conductance pairs of neighbor plateaus.
Similar features in the 2DCH of Fe and V junctions is shown in Figure 5.13,
and although further results will be presented for Ni nanojunctions, similar
features are observed for Fe and V junctions.
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Figure 5.12: Left: Representative conductance traces, showing the well ordered
rupture of the contact. Right: Illustration for the correlated shifting of plateaus.

The presence of stripes indicates that the conductance of plateaus change
in a correlated way: if the conductance of a certain plateau shifts upwards
or downwards from trace to trace, the conductances of neighbor plateaus are
also shifted leaving the differences in conductance similar (see demonstrative
cartoon in Figure 5.12).

To better resolve the nature of the correlation, in Figure 5.11 conditional
histograms are plotted for selected traces that have a plateau at a certain
conductance - the top, middle and bottom curves correspond to conductance
traces which have the final plateau near G = 1.6, 1.7, 1.8G0, respectively.
These conditional histograms exhibit several peaks, most pronounced for the
middle graph, where the final plateau before complete rupture is fixed at the
position of the first peak in the total histogram. For traces with somewhat
smaller or larger conductance of the last plateau, all the peaks are respec-
tively shifted to lower or higher values. This demonstrates that the nearly
featureless total histogram builds up from partial histograms with several
well defined peaks. This is also demonstrated on Figure 5.14, where the
temporal conductance histogram for the whole dataset, and for the curves,
selected for the middle conditional diagram of Figure 5.11 are demonstrated.
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Figure 5.13: Panels (a,c) and (b,d) show conductance histograms (top panels) and
the 2DCHs (bottom panels) for Fe and V junctions, respectively

The randomness of the plot for the whole dataset compared to the sharper
features in the right panel shows that the traces building up these partial
conductance histograms are embedded in the original dataset randomly.

It is also inspiring to look at the some selected regions of the correlation
plot to help the interpretation of the correlations shown by the 2DCH. On
Figure 5.15(a) new type of 2D histogram showing correlation and anticor-
relation between two selected bin pairs (i, j) is plotted, and constructed as
follows: The two axes corresponds to Ni and Nj, the number of points in bin
i and j and the color marks their relative occurrence for a given Ni, Nj pair.

Figure 5.15(a) shows two anticorrelating configurations clearly demon-
strating that whenever Ni > ⟨Ni⟩ then Nj < ⟨Nj⟩ and vice versa. Fig-
ure 5.15(b) shows positive correlation, reflected by the yellow colours in the
diagonal. This plot can supplement the 2DCH to better resolve the nature of
the correlation, e.g. to distinguish correlation in existence from correlation
in length.
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Figure 5.14: Temporal conductance histograms. a: Temporal Conductance His-
togram for the first 1000 traces of the original histogram. b: TCH for selected
curves for which the final plateau is positioned near 1.7G0. c: Conductance his-
togram for the selected traces. We have selected curves which gave a plateau at the
middle of the first peak in the original histogram.
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Figure 5.15: 2D histogram for the number of points in a selected pair of bins
(i,j). a: Correlation between the first and the second peak at 1.8 G0 and 3.2 G0.
b: Anticorrelation between configurations (the valley between the first and second
peak, and the second peak) at 3.2 G0 and 2.4 G0

5.4.2 Origin of the correlated shifting of plateaus

Various physical mechanisms can influence the conductance along several
steps of the evolution of the junction, and thus lead to a correlated shifting
of plateaus, as demonstrated by the cartoon in Figure 5.16. These can be
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trace to trace variations in the crystallographic orientations in the vicinity of
the contact, changes in contact geometries, or scattering on extended defects
being pinned to the contact region.

Another possibility could be that the effect has magnetic origin. In this
case the relative orientation of the magnetic momentum of electrodes could
change the conductance due to spin-dependent transmission like in the case
of the GMR effect. To check this possibility, control measurements have
been performed on the magnetic samples, Ni and Fe in high magnetic field.
A magnetic origin of the reported features have been excluded by observing
similar conductance histograms and the 2DCHs in B = 12 T. The results also
did not show any obvious dependence on the microstructure of the sample as
probed by measurements on both annealed and work hardened sample wires.

Figure 5.16: Different physical processes causing stripes in the 2DCH: scattering
on defects (upper panel), change of crystallographic orientation or opening angle
of the contact (middle), and GMR effect (lower panel).

5.4.3 Modeling with serial resistance

Both the 2DCH and the conditional histograms for Ni nanojunctions
clearly show the correlated shifting of plateaus from trace to trace. For a
better understanding of this phenomenon simple simulations have been per-
formed for the observed stripes. The resistances of plateaus (R = G−1) can
be modeled as the resistance of some base configurations being modified due
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to the random variations in the contact neighborhood, Rtotal
n,r = Rbase

n +∆Rn,r,
where n and r label the different plateaus and traces, respectively. The re-
sistances of the base configurations were identified by the peak positions in
the middle conditional histogram in Fig. 5.11(a).

In a simple model Gi and Gj corresponds to neighbor plateaus on a stripe:
G−1

i = Rtotal
n,r and G−1

j = Rtotal
n+1,r. The possible positions of Gi and Gj defines

the coordinates of the stripes.
In the simplest model, the variation of the resistance is a random variable

for the different traces, but on a certain trace it is constant for all the plateaus,
∆Rn,r = ∆Rr = k ·Xr, where Xr is an uniformly distributed random variable
in the interval [−1, 1], and k = 0.1G−1

0 is a fitting constant. In this case:

Gi/j = 1/(∆Rr +Rbase
n/n+1), (5.9)

from which the equation of the stripe segment are easily obtained:

Gj =
Gi

1−Gi(Rbase
n −Rbase

n+1)
. (5.10)

This means that the conductance of one plateau (Gi) may vary randomly
as defined by the value of k, but on a certain trace the value of Gi precisely
determines the position of the neighboring plateau, Gj. This model – re-
sembling a constant serial resistance picture – produces stripes in the 2DCH
that do not fit to the experimental results since they strongly incline from
the diagonal direction [Fig. 5.17, curves above the diagonal].

In contrast, a fairly good correspondence is obtained if the resistance
variation is proportional to the base resistance, ∆Rn,r = αr ·Rbase

n , where
αr = k · Xr, with k = 0.2 [Fig. 5.17(a), curves below the diagonal]. In this
case:

Rtotal
n,r = (1 + αr)R

base
n . (5.11)

By a simple division we get:

Rtotal
n+1,r

Rtotal
n,r

=
Gi

Gj

=
Rbase

n+1

Rbase
n

. (5.12)

So the segments of the stripes are defined by the equation

Gj = Gi ·Rbase
n /Rbase

n+1, (5.13)

and the value of k only tunes the lengths of the segments, as demonstrated
by the lines below the diagonal. This model is close to the contact-dependent
serial resistance model discussed in Ref. [19].



Atom-by-atom narrowing of transition metal nanowires 109

0 3 6 9
0

3

6

9

   Gi [2e2/h]

 

 

   
G

j [2
e2 /h

]

-1

-0.5

0

0.5

1

Ci,j

Figure 5.17: Simulations for stripes. Experimental data on Ni with two simpli-
fied fits, resembling a constant serial resistance and a contact dependent serial
resistance model (curves above and below diagonal, respectively).

5.4.4 Atom-by-atom narrowing

The results show some analogy to previous studies on work hardened Au
and Al samples [105, 106], where numerous peaks were observed in the con-
ductance histogram reflecting the quantized number of atoms in the MCS of
the junction. In Au, where symmetric s orbitals contribute to the conduc-
tion, the conductance is mainly proportional to the MCS area, which explains
that due to the discreteness of the MCS the conductance of the junction also
prefers some discrete values. The observation of similar structures in Al is
already somewhat surprising due to the role of p orbitals in the conduction
[106]. In transition metals already up to six conductance channels can con-
tribute to the conductance through a single atom, from which the conduction
through low-symmetric d orbitals is extremely sensitive to the directions of
the bonds between the atoms [52, 101, 102]. Therefore, contacts with the
same MCS have a broad variance of conductances leading to a strong smear-
ing of the histogram [52]. Our measurements on Ni junctions show that –
in spite of the large number of plateaus in the conductance traces – the his-
togram is indeed smeared, and the peaks are absent at higher conductance
values. However, 2DCHs can resolve the correlated shifting of plateaus giv-
ing a unique opportunity to follow the statistically relevant evolutions of the
conductance staircase: once we fix the starting conductance of a high conduc-
tance plateau, it very well determines the subsequent plateau conductances
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during the rupture, as demonstrated by the arrows in Fig. 5.11(b). These
well defined sequences of plateau conductances, and the numerous peaks in
the conditional histograms clearly reflect the quantized number of atoms in
the MCS, as predicted by simulations [52, 107, 48].

In contrast to the equidistant peak positions in the histograms of work
hardened Au [105], the distances between the peaks in the conditional his-
tograms for Ni increase with increasing conductance. In the 2DCH the av-
erage difference in conductance between neighboring plateaus – defined by
the horizontal (or vertical) distance of the the first stripe from the diagonal
[Fig. 5.11(a)] – accordingly shows a smooth increase. The low G value of
the conductance jump, ∆G ≈ 1.6− 2G0 is fully consistent with the removal
of a single atom from the MCS in each step. At higher conductances ∆G
increases up to 3.5G0, which can still be consistent with removing a single
atom with several open conductance channels, assuming that the average
conductance per atom is increasing with increasing junction size. Indeed, for
d metals a simple proportionality between the conductance and the MCS is
not expected, and presumably low coordinated atoms on the circumference
of the junction give smaller contribution to the conductance than fully coor-
dinated atoms in the contact center due to the role of d orbitals oriented at
a large angle to the junction axis. These imply that the most probable event
in the whole measured conductance region is the one by one change of the
number of atoms in the MCS.

Stripes have been observed for Ni, V, Fe and rarely for Pt junctions, how-
ever in the majority of the metals no stripes were found. As an example, the
Au reference system is discussed here, which also did not show any stripes
in the 2DCH [Fig. 5.6(b)]. There is a significant difference in the mechanical
behavior of two metals, which is clearly demonstrated by the traces pre-
sented in Figs.5.12 and 5.6. In Ni junctions the conductance traces are very
well ordered with well defined conductance jumps [Fig.5.12], whereas in Au –
though several plateaus are observed – the conductance jumps shows a rather
broad variety of amplitudes [Fig. 5.6(c)]. This demonstrates that – although
the numerous peaks in the histogram of Au reflect the discrete character of
the minimal cross section – the conductance histogram cannot tell how the
MCS changes during a single conductance step. According to our measure-
ments, the changes in the MCS of Au are not regular, very frequently either
multiple atoms are removed from the MCS or just smaller rearrangements
appear with ∆G < 1G0, which smears the structures in the 2DCH. In Ni,
however, the amplitude of conductance jump is a very well defined function
of the junction size, as seen from the robust stripes in the 2DCH. This points
to a very well ordered mechanical evolution of the junction, and indicates a
regular atom by atom narrowing of the MCS.
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5.5 Correlation analysis of Pt-CO junctions

In the previous sections we have already seen several examples how the
correlation analysis can be used for the study of metallic junctions. In this
Section it is shown that the correlation analysis supplemented with other
statistical methods can also be used to get further insight into the forma-
tion of molecular junctions. Recently, Tal et al. have shown by conductance
histogram analysis [12, 108] that carbon monoxide interacts with platinum
electrodes and two molecular configurations are formed. It will be shown
here that by going beyond the conductance histogram technique, and com-
paring the results with the calculations of Ref. [54], the identification of these
configurations is possible. It will be demonstrated that the chain formation
of platinum junctions does not disappear, instead, chains in which the CO
molecules are incorporated can be pulled. The CO molecule is first bound to
the electrodes with the molecular axis perpendicular to the contact axis, and
later this molecule can be rotated into a bridge configuration (parallel con-
figuration). The statistical analysis will demonstrate that chain formation is
possible from both configurations. To resolve the details of chain formation,
the conditional histogram method (Sec. 5.1.3) will be generalized for 2D trace
histograms (Sec. 2.7).

5.5.1 Conductance histograms

Figure 5.18(a) and (b) shows the typical conductance histogram for the
pulling (black area curve) and the pushing (grey area curve) traces for pure
Pt and for Pt-CO junctions, respectively. The pulling histogram of pure
platinum junctions shows a single peak at 1.9 G0 with a small shoulder at
1.6 G0 typical for low temperature measurements [5, 12, 108, 109]. As CO
is dosed to the sample, two new peaks appear at 0.5 and 1 G0 and the
single-atom peak of pure Pt shifts to 2.1 G0 conductance, in accordance with
previous measurements [12, 108]. For pure platinum contacts the first peak
in the pushing histogram is much smaller and has higher conductance than
the one in the pulling histogram. For the CO affected junctions the peak
at 0.5 G0 completely disappears in the pushing histogram, and for the other
two peaks also a slight shift towards higher conductance and a decrease of
the peak size can be seen.

To identify these geometries the DFT calculations of Strange et al. will be
used [54]. Fig. 5.19(a) and (b) show the conductance of a dimer configuration
and a chain with three atoms as a function of the electrode separation.

Panel (c) shows the conductance of a CO-platinum junction, where a
carbon monoxide molecule has been inserted to the dimer junction, with
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Figure 5.18: a: Conductance histogram for Pt nanocontacts constructed from
pulling (black) and pushing traces (grey). b: Conductance histogram for the Pt-CO
system. The pushing histogram is shown by grey, while the pulling with black. The
cartoons show the configurations identified with peaks (The platinum, carbon and
oxygen atoms are shown by yellow, red and blue spheres, respectively.)

the carbon atom binding to the electrodes. After the incorporation, the
molecule is rotated into a bridge configuration as the electrodes were sepa-
rated. The calculations have given 0.5G0 conductance for the lower, bridge
configurations, and 1.5G0 for the upper, perpendicular configuration. This
suggests, that the lower peak in the conductance histogram of Fig. 5.18(b)
corresponds to a configuration, where the CO bridges the electrodes paral-
lel to the contact axis (as shown by the cartoon). However, the calculated
1.5G0 and the observed 1G0 conductance clearly differs. First, it should
be noted, that the ideal geometry of the platinum contact in the calcula-
tion is clearly hypothetic, and, as demonstrated already in Section 4.2.1, the
results on ideal geometries can clearly differ from the measured ones, as in
the experiment more complex geometries are realized. For platinum, due
to the highly anisotropic d-orbitals, the conductance is highly dependent on
the precise contact geometry. It should be also noted, that the conductance
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in Fig. 5.19(c) as a function of the angle of the molecular axis with respect
to the contact axis changes rapidly near the perpendicular configuration.
Therefore, the discrepancy in the conductance value may also originate from
the not perfectly perpendicular orientation of the molecule. As a result, the
1G0 configurations is identified as a configuration, where the carbon atom
is bound to the junction and the oxygen atom is orientated sideways in a
nearly perpendicular configuration. For this assumption the following statis-
tical analysis in the next sections will give further justification.

Figure 5.19: DFT calculations reproduced after Ref. [54]. Panels (a) and (b) show
the conductance of a Pt dimer and a three atom long platinum chain as a function
of the electrode separation, respectively. The black bars mark the breaking of the
contact. Panel (c) shows the conductance of a CO molecule inserted to the dimer
configuration. The distance needed to rotate the molecule from the perpendicular
to the bridge configuration is highlighted in the figure.

In Figure 5.18(a) a huge difference between the pushing and pulling his-
togram of pure platinum can be observed, which is the result of atomic chain
formation: atomic chains, which give a huge weight to the first peak of the
conductance histogram are not formed during the pushing of the contact,
since they relax back to the electrodes after the breaking. The difference be-
tween the pulling and pushing histogram for the CO affected junctions may
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also suggest chain formation for the molecular junctions. Next this possibility
is analyzed.

5.5.2 Plateaus’ length analysis

Pure Pt junctions

First, pure platinum junctions are investigated, and the measurement on
carbon monoxide affected junctions will be described in the next subsection.
Plateaus’ length histograms (PLH) were introduced in Section 2.7, following
the work of Ref. [29]. Figure 5.20(b) shows the PLH with multiple peaks
constructed for the 1 − 2.5G0 interval of pure platinum junctions, clearly
demonstrating the appearance of atomic chain formation.

The PLH also enables the calibration of the electrode distance of our
setup: the distance between the peaks in the PLH has been set to the in-
teratomic distance of 2.7 Å taken from calculations of Ref. [54]. This can
be seen in Fig. 5.19(a) and (b), which shows that the dimer and three atom
long chains break at dz ≈ 12.1 Å and dz ≈ 14.8 Å, respectively, from which
it follows that the interatomic distance in a platinum chain is 2.7 Å. This
choice for electrode calibration will enable a direct comparison between the
measurement and the DFT calculations of Ref. [54]. As the pure Pt and
Pt-CO histograms in Figure 5.18 were measured on the same sample, the
calibration of the electrode separation in the pure samples can also be used
for the Pt-CO contacts.

As two well-pronounced peaks appear in the PLH (see Fig. 5.20(b)), a
clear separation of the non chain-forming and chain forming-traces can be
made by selecting the ones belonging to the first (marked by blue) and sec-
ond peak (marked by red) of the PLH, respectively. The histograms for
the selected traces are demonstrated in panel (a) and are normalized to the
number of curves included.

A huge difference between the two histograms is observed: for the chain
forming traces (red) the lower part of the histogram increases, whereas for
the non-chain forming ones (blue) it decreases. This suggests, that the
1.5−1.8 G0 region should be identified with the chain forming curves, and the
upper part of the peak with the monoatomic contact. It is to be noted here,
that in some measurements even the splitting of the peak can be observed,
and generally, the slight changes in the shape of the peak are the result of sup-
pressed or enhanced atomic chain formation. This is also in agreement with
the shift of the peak towards higher conductance in the pulling histogram,
for which chain formation is missing.
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Figure 5.20: a: Conductance histogram for Pt junctions (black). b: plateau’s
length histogram for the same dataset. The blue and the red regions show the non-
chain forming and chain forming region respectively. The corresponding histograms
constructed from the selected traces are shown in panel (a).

Pt-Co contacts

The previous subsection has shown evidence of chain formation for pure
platinum contacts in agreement with previous studies [32]. In Figure 5.18(b)
– showing the conductance histogram of Pt-CO – the peak at 2 G0 is identified
as a single atom platinum junction, and the absence of peak at ∼ 1.5 G0

indicates that no pure platinum chains are formed. The two other peaks are
clearly related to the appearance of CO molecular junctions.

We have also constructed the PLH for the molecular measurements. For
the pure platinum junctions, the region for which the PLH is constructed
is trivially given by the position of the single peak in the conductance his-
togram, however, for the molecular case several choices are possible. Fig-
ure 5.21(b) shows three PLHs created for the molecular junctions. The blue
curve, constructed for the region of the 2 G0 configuration, shows a single
peak without any sign of chain formation. As the interval is broadened by
including the 1 G0 configuration a wider peak appears, and as all three con-
figurations are included robust chain formation is found.

By comparing the two histograms in Fig. 5.21 it can be seen that the
distance of the two PLH peaks is similar in both cases, but a constant shift
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Figure 5.21: a: Plateaus Length Histogram for Pt nanojunctions constructed for
the 0.1 − 2.5G0 region. The distance of the peaks has been set to 2.7Å. b: PLHs
for Pt-CO system: Black PLH constructed for the 0.1 − 2.5 G0, the blue for the
1.5− 2.5 G0, and the yellow for the 0.8− 2.5 G0 region. The distance of the peaks
in the black PLH (constructed for all three peaks) is the same as for panel (a), but
shifted with 0.55Å.

in the molecular case is seen: the peaks appear at 0.55 Å longer retraction as
in pure platinum. This can also be understood with the help of the theoretical
calculations.

Fig. 5.19(c) shows that the perpendicular configuration breaks (in this
case rotates to another configuration) at dz ≈ 12.8 Å. This can be compared
with the dz ≈ 12.1 Å value found for the breaking of the dimer, which im-
plies that for the inclusion of CO into the contact a stretching of ≈ 0.7 Å was
necessary. This value is in surprisingly good agreement with the observed
0.55 Å shift of the peak positions in the PLH (considering the rough estima-
tions used), demonstrating the incorporation of the molecule. If the molecule
is not always incorporated in the contact in the experiments, and a PLH is
constructed for these traces, the peaks would appear at the positions typical
for pure junctions. In the PLH of Fig. 5.21(b) such traces are also included,
which can cause a small back-shift of the peak position causing the slight
discrepancy between the estimation and the measured value.
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Figure 5.22: Two dimensional trace histogram for Pt nanojunctions (a) and the
corresponding PLH (b). The curves have been shifted to a common origin at
G = 2.5 G0. PLH (c) and 2DTH (d) for the Pt-CO system showing the two
new molecular configurations.

5.5.3 Trace histograms

To give a more complete view of the chain formation process, two dimen-
sional trace histograms (2DTH, introduced in Sec. 2.7) have been constructed
which are shown in Figure 5.22. Panel (a) shows the 2DTH for pure platinum
junctions, where the curves have been shifted to a common distance origin
at 2.5G0, just before the formation of the monoatomic configuration. The
traces have been divided into four regions in the corresponding PLH (panel
(b)) separated by purple lines in the Figure. One of the lines is fixed in
the minimum between the peaks of the PLH, which separates the regions of
monoatomic contacts (marked as I-II) from chain forming regions (marked
as III-IV). The two additional lines have been drawn such, that the width of
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regions II and III has been set to the platinum interatomic distance, 2.7 Å.
In region I, only a few, very short traces are included in the PLH, and region
IV consists of longer chains.

Here it should be noted, that while the PLHs are plotted as a function
of breaking length, the x-axis of 2D trace histograms is electrode separation.
This means that one has to be careful with the comparison of the PLH
and 2DTH, as for example for region I of the 2DTH, not only the traces
breaking in this region, but also the longer traces, broken in regions II-IV
give contribution.

The 2DTH in Fig. 5.22(a) shows only a single pronounced configuration
marked by the red region, which also extends to regions III-IV as a result
of chain formation. It can also be seen, that the conductance of this con-
figuration decreases as the junctions are stretched, as seen already from the
conditional histogram measurements in Sec. 5.5.2.

The 2DTH for the molecular measurements in Fig. 5.22(c) clearly shows
the two new configurations appearing at 1 and 0.5G0. Here, the traces have
also been separated into four regions, similarly to panels (a-b), but now the
PLH in panel (c) corresponding to the molecular measurements has defined
the regions. The width of region II and III has also been set to 2.7 Å, and
the PLH in panel (c) is the same as in Figure 5.21(b) calculated for the
0.1− 2.5G0 region.

The huge number of counts in the first region of the 2DTH (I) at ∼ 2.5−
2G0 shows that most of the contacts form a single atom configuration, from
which, as indicated by the small number of points in the PLH in the same
region, only a few breaks immediately without forming further configurations.
Region II, except for a small number of configurations with conductance of
2G0, is mostly composed of configurations with the conductance close to the
the conductance quantum. The 0.5G0 configuration does not yet appear in
this region, and a part of the traces, giving the first peak of the PLH, already
break from the 1G0 configuration. Regions III and IV, which are the chain
forming regions are mainly composed of configurations with conductance of
1 and 0.5G0.

5.5.4 Conditional trace histograms

Following the method used for the pure platinum junctions, the traces
of the molecular measurements have been separated to four groups corre-
sponding to the regions of the PLH marked in Fig. 5.22(d). The conditional
diagram method will be combined with the 2DTH, and separate trace his-
tograms constructed for the selected regions will be investigated.
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Traces without chain formation

I IVII III

a b

Figure 5.23: a: 2DTH for the selected traces of region II. b: Conductance histogram
for all traces (line graph), and conditional histogram for region II. The inset shows
the selection criteria on the PLH by red.

Figure 5.23(a) shows the selected traces of region II, and on panel (b)
the original histogram (line graph) together with the conditional diagram
(area graph) is displayed. By comparing with Fig. 5.22 it can be noticed
that the 0.5G0 configuration is completely missing, and the weight of the
1G0 configuration is also decreased. This means that the lower molecular
configuration where the molecule is in the bridge position only appears if
chains are pulled. This is in correspondence with conditional histogram,
where the lowest peak is completely missing, and the 1G0 peak has also
decreased.

Traces with one atom pulled to the chain

Fig. 5.24(a) demonstrates 2DTH for traces much longer than the typical
interatomic distance. Here, as shown in the inset, those curves have been
selected which belong to region III of the PLH. As highlighted also in the
Figure, only a few counts can be seen in the region III near at the conductance
range of G ∈ {2.5, 1.5}G0, which means that formation of pure platinum
chains is not common or completely missing.

By analyzing the positions of the two molecular configurations, it can
be shown that the lowest configuration (with G = 0.5G0) can be stretched
1Å longer than the 1G0 configurations, as also highlighted in the Figure. The
DFT calculation in Fig. 5.19(c) shows, after the incorporation, the molecule
is rotated into a bridge configuration for which further 1.05 Å stretching is
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Figure 5.24: a: 2DTH for the selected traces of region III. b: Conductance his-
togram for all traces (line graph), and conditional histogram for region III. The
inset shows the selection criteria on the PLH by red.

needed. The observed ∼ 1 Å shift of the lowest configuration with respect to
the 1 G0 configuration can be identified with the distance needed to rotate
the molecule to the bridge configuration. Another consequence is that the
second peak in the PLH cannot be related to the bridge configuration of the
molecule, as the distance between the peaks is much larger (2.7 Å), which
also confirms the pulling of platinum chains from a molecular configuration.

Traces with longer chains

The last conditional 2DTH in Fig. 5.25 includes traces from region IV,
where two or more platinum atoms have been pulled into the chain. The
huge contribution from the lower configurations demonstrates that platinum
atoms can be pulled from both configurations. The lower two peaks in the
conditional diagram also show a huge increase, also supporting the suggested
interpretation.

5.5.5 Correlation analysis

The correlation plot for the same dataset is shown in Figure 5.26(a).
At higher conductance, the only feature observed is the blue region near
the diagonal, which is related to the jumps beside the plateaus. At lower
conductance, however, a clear anticorrelation can be seen between the pure
and the molecular configurations (between regions 0.1−1.5 and 1.5−2.5G0).
According to the 2D trace analysis, this anticorrelation is in the length of
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Figure 5.25: a: 2DTH for the selected traces of region IV. b: Conductance his-
togram for all traces (line graph), and conditional histogram for region IV. The
inset shows the selection criteria on the PLH by red.
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Figure 5.26: a: 2 Dimensional Correlation Histogram for Pt-CO nanocontacts. b:
Conductance histogram (grey area curve), and conditional histograms for the 2, 1
and 0.5G0 peaks with green, blue and yellow, respectively.

the plateaus, not in the existence. Moreover, the plot also shows that the
two molecular configurations are independent from each other.
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5.5.6 Summary of results

The huge amount of information obtained from various statistical anal-
ysis combined with theoretical calculations allows us to draw a complete
microscopic picture of the Pt-CO system. In the majority of the cases the
CO is incorporated into the junction in a perpendicular configuration. This
configuration has a conductance of G ∼ 1G0. The PLH analysis has led to
the conclusion that considering all three configurations, a robust chain for-
mation occurs. The first peak of the PLH is shifted with 0.55 Å as a result of
the formation of the molecular contact, and this peak is composed of traces
being broken after the incorporation of the molecule.

Pure platinum chains are not created, as the molecular junction is usually
formed earlier. In contrast, platinum atoms can be pulled into the junction
after the formation of the molecular configuration and chains from the molec-
ular configuration can be pulled. The molecule can be rotated into a bridge
configuration, for which the DFT calculations have given the observed 0.5G0

conductance. This configuration can only appear during the chain forma-
tion process, and if the contact breaks without chain formation, the 0.5G0

configuration will not develop. As chains chain can be formed from both
configurations, the rotation of the molecule would also cause the appearance
of an additional sub-peak in the PLH shifted with altogether 3.7 Å from the
first peak, which is not resolved possibly because of the huge overlap of these
subpeaks in the PLH.

The correlation analysis has shown that these molecular configurations
are independent: the lower configuration does not necessarily realize after
the formation of the upper one. This means that platinum chains can be
broken from both orientations of the molecule, as the transition between the
two orientations is random. The experiments described here demonstrate
that the molecular configurations are very stable, and strong enough to pull
further platinum atoms into the contact.

5.6 Summary

In this Chapter it was shown that for systems, where subgap or other spe-
cial measurement techniques are not applicable, the analysis of conductance
traces can still supply significant information additionally to the traditional
histograms. The correlation method introduced here can reveal the relation
between the frequently occurring configurations or different configurations
smeared together in the conductance histogram. The basic features of cor-
relation technique could be understood by simple simulations, and several
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experimental examples were given to demonstrate the use of the method.
Applying this method a very regular contact rupture with an atom-by-

atom narrowing in Ni, Fe and V nanowires has been identified. Although
magnetic origin of the effect has been excluded, the 2D correlation analysis
could be capable of detecting atomic-scale GMR effect: the conductance
of a magnetic atomic-sized contact varies with the relative orientation of
the magnetic domains on the both sides of the contact, and changes in the
orientation can cause a correlated shifting of plateaus.

Correlation method may find its most important application in the study
of molecular nanojunctions, where the information available on the system
is very limited. As shown in Section 5.5, two dimensional trace histogram
method combined with correlation analysis can give an almost complete de-
scription of contact formation, as demonstrated by the detection of CO-Pt
chains.

The method could also be used to study the correlations between breaking
and pushing traces. For example, it could be studied, whether a molecule
forming a bridge between the electrodes during the rupture of a wire, will
diffuse away to the side of the contact after the rupture, or remains attached
to one of the electrodes and form a molecular contact as the electrodes are
reconnected.

I believe that the presented cross-correlation technique will find further
application especially in the field of molecular electronics. As demonstrated
in Section 5.5, the proper combination of several statistical methods may
provide a new type of insight into the details of nanocontact formation.
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Summary

The major achievements of my PhD work are summarized in the following
thesis points:

1. I have participated in the development of a measurement system ca-
pable of resolving the superconducting subgap features of atomic junctions.
I have shown that the opening of conductance channels can be statistically
traced as the conductance is changed, and that this evolution is different for
different materials. I managed to verify a new methodology for the simu-
lation of conductance histograms on indium nanojunctions by direct com-
parison of the experimentally measured and theoretically calculated channel
evolutions and conductance histograms. With the help of the calculations
I could identify the configurations formed during the rupture of an indium
wire, and resolve the orbitals important for the conduction. The analysis
has also pointed out that simulations on selected ideal geometries may show
strong deviations from the experimental observations, therefore, a statistical
analysis is desirable in theoretical simulations as well. [5]

2. I have investigated the interaction of hydrogen molecules with atomic-
sized superconducting nanojunctions. I have demonstrated by conductance
histogram measurements that the superconductors Nb, Ta, and Al show a
strong interaction with hydrogen, whereas for Pb , Sn, In no significant in-
teraction is detectable. I have applied the subgap method for Nb and Ta and
determined the transmission eigenvalues of the nanojunctions in hydrogen
environment. The analysis of data have shown that although the mechanical
behavior of Nb and Ta nanojunctions is strongly modified in the presence of
hydrogen molecules, as reflected by the pronounced changes in the histogram
and by the appearance of extremely long conductance traces, the measured
transmission eigenvalues are similar to those of pure junctions. The results
imply that the interaction in Nb and Ta with hydrogen causes a plastic,
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ductile behavior and the formation of long nanoscale necks without well-
defined single-molecule contacts being formed, and transport properties are
still dominated by Nb and Ta. [1,2]

3. I have studied the excitations of hydrogen molecules contacted between
platinum and gold electrodes. I found that differential conductance curves
frequently exhibit peak-like structures instead of step-like vibration signals
and even huge negative differential conductance phenomena can be observed.
I have analyzed the results in terms of a two-level system (TLS) model, and
showed that a simple TLS model cannot produce the peak-like structures,
whereas an asymmetrically coupled TLS model gives perfect fit to the data.
The model implies that the excitation of a bound molecule to a large number
of energetically similar loosely bound states is responsible for the peak-like
structures. I have shown how recent experimental results in the literature
can be explained with my model. [3]

4. I have participated in the development of a novel correlation analy-
sis method applicable for atomic and molecular junctions. The method can
detect correlating and anticorrelating configurations, and resolve features
hidden in conductance histograms. I have constructed simulations for model
traces demonstrating various features that can be resolved by the correlation
diagrams. I have provided several experimental examples: I have resolved the
presence and absence of adhesive instability for Ta junctions, and identified
two ways of typical rupture for Al contacts. I have demonstrated the ap-
plication of the correlation analysis supplemented with conditional 2D trace
histogram method on Pt-CO molecular nanojunctions. This analysis resolved
the incorporation of CO molecules in platinum atomic chains. [6]

5. I have studied the behavior of transition metal nanojunctions with the
help of correlation analysis. The typical evolutions of conductance staircase
could be resolved in Ni, Fe, V nanocontacts up to high conductance values.
In have demonstrated a very well ordered atomic narrowing of the nanowire,
indicating a very regular, stepwise decrease of the number of atoms in the
minimal cross section of the junction, in contrast to the behavior of the ma-
jority of the metals. All these features are hidden in traditional conductance
histograms. [4]
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[56] P. Jeĺınek, R. Pérez, J. Ortega, and F. Flores. Hydrogen Dissociation
over Au Nanowires and the Fractional Conductance Quantum. Phys.
Rev. Lett., 96, 046803 (2006).

[57] S. Martin, I. Grace, M. R. Bryce, C. Wang, R. Jitchati, A. S. Batsanov,
S. J. Higgins, C. J. Lambert, and R. J. Nichols. Identifying Diversity in
Nanoscale Electrical Break Junctions . Journal of the American Chem-
ical Society, 132, 9157 (2010).

[58] E. A. Osorio, T. Bjørnholm, J.-M. Lehn, M. Ruben, and H. S. J. van der
Zant. Single-molecule transport in three-terminal devices. Journal of
Physics: Condensed Matter, 20, 374121 (2008).

[59] T. Taychatanapat, K. I. Bolotin, F. Kuemmeth, and D. C. Ralph.
Imaging Electromigration during the Formation of Break Junctions .
Nano Letters, 7, 652 (2007).

[60] D. R. Strachan, D. E. Smith, M. D. Fischbein, D. E. Johnston, B. S.
Guiton, M. Drndi, D. A. Bonnell, and A. T. Johnson. Clean Electromi-
grated Nanogaps Imaged by Transmission Electron Microscopy . Nano
Letters, 6, 441 (2006).

[61] F. Prins, T. Hayashi, B. J. A. de Vos van Steenwijk, B. Gao, E. A. Os-
orio, K. Muraki, and H. S. J. van der Zant. Room-temperature stability
of Pt nanogaps formed by self-breaking . Applied Physics Letters, 94,
123108 (2009).



Bibliography 135

[62] Z. M. Wu, M. Steinacher, R. Huber, M. Calame, S. J. van der Molen,
and C. Schnenberger. Feedback controlled electromigration in four-
terminal nanojunctions . Applied Physics Letters, 91, 053118 (2007).

[63] G. D. Scott and D. Natelson. Kondo Resonances in Molecular Devices .
ACS Nano, 4, 3560 (2010).

[64] L. Bogani and W. Wernsdorfer. Molecular spintronics using single-
molecule magnets . Nature Materials, 7, 179 (2008).

[65] J. C. Cuevas and E. Scheer. Molecular Electronics: An Introduction to
Theory and Experiment . World Scientific Publishing Company (2010).

[66] E. Osorio, K. O’Neill, N. Stuhr-Hansen, N. O.F., T. Bjørnholm, and
H. van der Zant. Addition Energies and Vibrational Fine Struc-
ture Measured in Electromigrated Single-Molecule Junctions Based on
an Oligophenylenevinylene Derivative. Advanced Materials, 19, 281
(2007).

[67] S. J. van der Molen and P. Liljeroth. Charge transport through molecu-
lar switches . Journal of Physics: Condensed Matter, 22, 133001 (2010).

[68] C. J. Muller, J. M. van Ruitenbeek, and L. J. de Jongh. Experimental
observation of the transition from weak link to tunnel junction. Physica
C, 191, 485 (1992).

[69] A. Halbritter. Investigation of atomic-sized conductors with the me-
chanically controllable break junction technique. Ph.D. thesis, Budapest
University of Technology and Economics (2003).

[70] C. Untiedt, A. I. Yanson, R. Grande, G. Rubio-Bollinger, N. Agräıt,
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