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Chapter 1
Electronic transport in metallic
atomic-size systems

1.1 Nanoscience and nanotechnology

It is in this era where humans from the most technologically advanced countries grow
exponentially their capability of handling information. It is an era where Moore’s law
[1] predicts an overwhelming miniaturization of electronic components over the pass
of years. It is here where research on systems at the nanoscale becomes an important
task.

Nanotechnology can be implemented in the world not only for electronic media
but for many other purposes. From the medicine side, scientists try to tackle illnesses
like cancer taking control over single molecules or nanoparticles. It offers the possibil-
ity of targeting malicious agents without damaging the healthy surrounding cells. An
example of this is the so-called magnetic hyperthermia [2, 3], that takes advantage of
the nanoparticles magnetism to locally warm malicious cells until killing them. Some
others techniques under research provoke mechanical damage of cell membrane [4].

With some other (although not necessarily) different purposes, the scientific com-
munity is developing nanosensors [5] that respond to external stimulus like photons.
For instance, we can find nanomotors or artificial molecular machines [6, 7] that me-
chanically can walk a path at the molecule level. Besides, the offered chances of these
can be taken for developing more complex systems like nanorobots [8].

In the case of alternative energy resources nanoscience is getting progress as well.
Conventional solar cells have an efficiency limited to about 32% [9]. However, nano-
designed devices like dye-sensitized solar cells [10] are cheaper alternatives that can
use 1000 times less light-absorbing material than silicon solar cells.

One of the main advantages that nanoscience offers is that at such scales surface
non-trivially matters and therefore bulk properties normally play a secondary role.
Specifically, we study matter from the top-bottom approach. It goes from the macro-
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2 Electronic transport in metallic atomic-size systems

scopic to the nanoscopic point of view of the physics involved at the systems under
interest.

The growing appeal to experimentally study and access to systems at the nanoscale
has brought the development of new technology. We find electron microscopy tech-
niques like the scanning electron microscope (SEM) [11] and transmission electron mi-
croscopy (TEM) [12, 13]. SEM performs surface measurements down to the nanometer
range. Together with a system of lenses, it uses different kind of signals (secondary
electrons, backscattered electrons, X-rays. . . ) depending on the depth of the sample
to be explored, bearing the possibility of getting the chemical composition of this.
Moreover, this technique loses resolution with bad conducting samples. In order to
overcome this, some samples with biological origin are often covered with a thin layer
of gold. TEM (that made E. Ruska win the Nobel Prize in Physics in 1986), however, is
based on the quantum interference of electrons when they cross the sample. The last
one has to be thin enough in order to get crossed by an electron beam that is typically
powered with several kilovolts.

The techniques that we describe further on are used not only for imaging purposes
but for atomic-level control. Actually, people from IBM labs got the Guinness World
RecordsTM record for the World’s Smallest Stop-Motion Film [14]. They did it by using
two scanning tunneling microscope (STM) working at low-temperature. With these
they manipulated 5000 atoms and they could move them in such precise way because
the STM needle tip chemically reacted with the atoms.

The just mentioned technique is enclosed into a bigger group called scanning probe
microscopy (SPM) [15]. It reckons at least thirty different kind of techniques, being
atomic force microscopy (AFM) [16] and STM [17] the most known. One of the main
features of SPM is a feedback system that keeps the tip scanning the surface without
loosing track or unintentionally crushing it to the sample, i.e. keeping the tip-sample
gap constant. Moreover, it is possible to combine techniques like AFM and STM in
order to get simultaneous current-force measurements over the same sample [18]. An-
other example is the combination of STM with TEM so as to optically see real time
formation and destruction processes of a nanocontact (we recommend the reader to
check the video provided at supplementary information in Ref. [19]). Specially, a
custom-made tuning fork nanotribometer able to work at low-temperature was built
up at our lab [20]. It consists of a STM with a quartz tuning fork attached to its tip with
possibility of performing electric capacitance measurements out of dynamic detections
of the resonator.

As we will see in the following chapters/sections, electrical capacitance is one of
the main topics that this dissertation is orbiting around. It is worth to mention that
it exists the scanning capacitance microscopy (SCM) [21]. It works by applying an
alternating current (AC) bias between tip and sample in the gigahertz regime. The last
is something that we, at the technique we have developed and will be discussed in
chapter 3, have limited to the frequency range from few hertz to kilohertz.

The other big topic is magnetism. Different SPM’s are reported that let magnetic
properties at the nanoscale be measured. Examples of them are magnetic force mi-
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croscopy (MFM) [22] or spin polarized scanning tunneling microscopy (SP-STM) [23].
However, we study the influence of magnetism on electronic transport. The techniques
we use provide degenerated (i.e. no spin distinction) electrical current measurements
where external magnetic field is applied in some cases.

Concerning the techniques we have used for this work, one of them has been al-
ready mentioned (STM), and the other one is the so-called mechanically controllable
break junction (MCBJ) [24, 25, 26]. They will be described in detail in chapter 2. They
allow us to access atomic-size systems like the one that will be introduced as follows.

1.1.1 Nanocontacts

Atomic-size contacts are the narrowest experimentally accessible junctions between
bulk electrodes made of the same material [27] (see Fig. 1.1). In this work we inves-
tigate nanocontacts made of pure metals. The key point lies at the narrowest cross
section of these systems. It rules over the electrical properties of the whole circuit. As
will be shown in the next section, quantum transport is considered where only few
atoms form a bridge between bulky electron reservoirs. Moreover, as will be seen in
subsection 1.2.2, tunneling current is visible right after (before) the contact is broken
(created). It is represented as the last (first) stage when following the blue (red) arrow
in Fig. 1.1.

Figure 1.1: Artistic representation of nanocontacts; hcp ball-stacking is pictured, where balls
represent atoms. Blue (red) arrow stands for breaking (creating) contact process. For a quick
overview of atomic-size contacts, we invite the reader to watch the video in Ref. [28]. We want
to thank T. Akgün for helping on the designing of the hcp-structure algorithm.

After three decades of exploration of electronic transport in atomic scale contacts,
many materials with different physical properties have been studied. The groups
that are relatively well understood include noble metals, such as gold (Au) [29] and
platinum (Pt) [30], sp metals, such as aluminum (Al) [31, 32] and zinc (Zn) [33], ferro-
magnetic 3d transition metals, such as iron (Fe), cobalt (Co) and nickel (Ni) [34], super-
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conductors, such as lead (Pb) [35, 36, 37], and even semi-metals such as bismuth (Bi)
[38, 39].

Some metals like iridium (Ir) [30], Pt [30] and Au [40, 19] form single-stranded
chains of atoms (up to seven atoms at low-temperature [41]). Besides, there are similar
reconstructions for 5d metals like Ir, Pt and Au, that can be explained from a com-
petition between s and d bonding energies [30]. Moreover, the behavior of metallic
nanowires are understood from the corresponding metal surface properties [30]. It is
seen that Au and Pt have a strong tendency to form chains not only from experiments
but also from molecular dynamics simulations [42].

1.2 Quantum phenomena manifested in electronic transport

1.2.1 Transport in atomic-size contacts

Quantum transport plays a key role in the electrical response of atomic scale contacts,
giving rise to new phenomena differing from the bulk behavior of the different ma-
terials [35, 26, 43]. The central assumptions that permit to have a first guess of the
conductance of an atomic scale contact are two. First, the conductance of the system is
determined by the elastic transmission of the electrons at the Fermi level (Landauer-
Büttiker formalism) and, second, the number of transmission channels that appear in
the Landauer formula is determined by the chemical valence of the atoms [44].

Firsts attempts to explain electronic transport through very narrow junctions con-
sidered a semiclassical point of view [45]. Despite the corrections that were introduced
to the classical model [46, 47], a full quantum formulation was needed. As announced
few lines above, Landauer introduced an expression for conductance in nanocontacts
[48] out of the transmission eigenchannels. Electric current through a narrow (i.e.
quantized energy levels) one-dimensional conductor with length L is expressed as:

I = −2e
L ∑

k∈ occupied
v(k) (1.1)

where e is electron charge, the number 2 indicates the two possible spin orientation of
electrons, k is wave vector and v(k) is the velocity group of electrons:

v(k) =
1
h̄

dE(k)
dk

(1.2)

Considering continuum media, electric current (Eq. (1.1)) turns to:

I = −2e
L

L
2π

kL∫
kR

v(k) dk = −2e
h

µL∫
µR

dE =
2e
h
(µR − µL) (1.3)

where h̄ ≡ h
2π , and µL,R is the chemical potential at the left and right electrodes, re-

spectively. Besides, we have substituted Eq. (1.2) in the velocity group variable.
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At one-dimensional systems, conduction bands get so narrow that they use to be
referred as channels. For a one-channel mono-dimensional conductor electrical con-
ductance can be straightforwardly inferred as follows:

G ≡ 1
R

=
I
V

=
I

∆µ
e

=
2e
h (µR − µL)

(µR−µL)
e

=
2e2

h
(1.4)

where G is electrical conductance, R is electrical resistance, and V is bias voltage. Be-
sides, the value of this expression for electrical conductance is acquired as a universal
constant known as quantum of conductance G0 (see appendix A).

Without scattering considerations, every conduction band contributes with the
same amount so that a multichannel conductor would have a conductance equal to
Eq. (1.4) times the number of the contributing conduction channels. However, the ex-
tension to a multichannel conductor with small applied bias together with scattering
at the reservoirs goes as follows:

I = −2e
h

EF−eV/2∫
EF+eV/2

T(E) dE ≈
V→0

2e
h

T(EF) eV (1.5)

where EF indicates Fermi level, T(E) = ∑
n

Tn(E), and Tn are the transmission coeffi-

cients of the available (n) channels for conduction (i.e. they indicate the transmission
probability of every channel).

This leads to the general Landauer expression for electrical conductance. There-
fore, following Eq. (1.4) approach we obtain:

G(EF) = G0 T(EF) (1.6)

Experimentally, it is through the so-called shot noise technique [49] that one can
directly measure the number of transmission channels in atomic-size contacts. But on
the time when this technique had not showed up, E. Scheer et al. [44, 50] designed
an indirect method for superconducting materials where they successfully could get
the number of channels for the last plateau of conductance. This confirmed that the
valence orbital limits the maximum permitted number of channels.

In chapter 2 we will see in more detail the methodology followed for the exper-
imental study of atomic-size contacts. However, in order to get an overview of the
quantum role at these systems, here we will show some general results.

Quantum conductance appears in a stepwise manner when a nanocontact is either
stretched out (Fig. 1.2 left plot) or compressed (in this case the detection of that be-
havior is limited up to a certain value of junction width). Most of the already studied
metals have reproducible histogram out of the measured atomic contacts conductance
(gadolinium (Gd) and europium (Eu) do not accomplish this as we will see in chapter
5). The specific peak distribution on conductance histograms (see Fig. 1.2 right plot) at
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low temperatures can be interpreted in terms of an interplay between mechanical and
electrical properties of the atomic contact under study [51].

Al

Pt

Au

Cu

Figure 1.2: Conductance of metallic nanocontacts recorded during breakage (i.e. following
blue arrow of Fig. 1.1) with STM technique (see chapter 2) under cryogenic conditions (thermal
equilibrium with liquid helium). Left: Representative trace of conductance for every metal.
Right: histogram of the visited conductance. Maximum number of counts are 2111 (Al), 1652
(Pt), 56347 (Au) and 1419 (copper (Cu)). Bin size is 0.007 (Al), 0.008 (Pt), 0.004 (Au) and 0.004
(Cu).

The key concept that brings the stated above for nanocontacts is ballistic transport
[52]. The conditions that must be fulfilled are two. One of them is coherent transport
of electrons and the other is that sample size has to be smaller than mean electron free
path (i.e. Knudsen number greater than one [53]). In this way diffusive transport is
not considered anymore. However, as we mentioned before some scattering processes
take place. Impurities located at the electrodes interact with electrons once they have
crossed the ballistic region [54, 55]. In particular, the orthodox definition of ballistic
transport through a channel of conductance is considered only in the case when this is
completely opened [50].

Inelastic processes can be detected with the so-called point contact spectroscopy
(PCS) technique [56]. Especially, phonon (thermal wave) and magnon (spin wave)
propagation appear as energetically symmetric features inside a window of few mil-
livolt for the systems we use to work with. It is possible to distinguish the different
main acoustic and longitudinal phonon modes with spectroscopy measurements in
atomic wires with STM [57]. This is possible to achieve from the second derivative
of the electrical current respect to bias voltage. Later on (subsection 2.4.4) we will see
how the derivative of the current is a useful tool from where we can get some of our
main results.
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1.2.2 Tunnel effect

Quantum tunneling [58, 59] between conducting materials separated by insulating me-
dia depends on the height and width of the potential barrier. In STM microscopy this
effect is exploited to get images of conducting samples at the atomic level (Fig. 1.5).
The height of the barrier (Fig. 1.4) is determined by both the work function of the metal
under study and the bias voltage applied. The width, however, is the distance between
STM tip and sample. This gap normally is vacuum and to reduce thermal noise the
microscope works under cryogenic conditions. Bias voltage uses to be up to 1 V and
tip-sample distance is in the nanometer range. Tunneling current is proportional to
the convoluted local density of states (LDOS) of the last responsible atoms involved
in tunnel transport. The following is an expression of the electric current when bias
voltage (V) is much lower than the metal work function (W):

I ∝ V(LDOS)e−2
√

2meW
h̄ d (1.7)

being me the electron mass and h̄ the reduced Planck’s constant (see appendix A).

Figure 1.3: Tunneling current between two
electrodes made of Au measured with STM
under cryogenic conditions when electrodes
are getting brought together. Bias voltage is
100 mV and current amplification factor is 9.
Inset: semi-log plot of the main one; coloured
line is linear fit to data.

Electric current exponentially de-
pends on distance (see Fig. 1.3). This is
what makes STM a very sensitive tech-
nique. Typically a decrease of 1 Å in bar-
rier width (d) yields an increase of I by
one order of magnitude.

In Fig. 1.4 different tunneling barrier
situations are shown. In subfigure (a) no
bias voltage is applied. In that case the
wall is too thick and high and no current
goes through the other side. In (b) case,
a small bias voltage is applied. Electron
successfully tunnels to the right side of
the barrier. The top part of the barrier
has no longer rectangular shape but tri-
angular. Then, discrete energy levels ap-
pear in the resulting space above the bar-
rier. Subfigures (c) and (d) represent the
so-called field electron emission (Fowler-
Nordheim regime [60]). Specifically, in
subfigure (c) Fermi level gets aligned to
one of the discrete levels inside the trian-
gular well. This results in a resonant process that increases electric current amplitude.
In (d) case, however, Fermi level is not aligned to any energy level of the well and cur-
rent does not get augmented. Sweeping bias voltage further on (this can be achieved
by sweeping distance between electrodes also) leads to what is known as Gundlach
oscillations [61, 62].
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a b c d

Figure 1.4: Tunneling barriers. Electron incomes from the left side in every subfigure. Si-
nusoidal blue lines represent electron wave function amplitude. Dashed black lines stand for
Fermi level. (a) Zero bias. (b) Small bias. (c) Field electron emission with resonance-augmented
electric current. (d) Field emission with no resonance.

Figure 1.5: STM images taken under room conditions (processed with WSxM free software
[63]). Pt-Ir STM tip have been used at both cases. Left: highly oriented pyrolytic graphite
(HOPG). Right: Au <111> (flame annealed).

1.2.3 Quantum capacitance

Electrical capacity or capacitance indicates the amount of charge which can be stored
by a system where two metallic electrodes are separated by an insulating material.
One could be wondering about which would be the smallest accessible capacitor that
can be physically obtained. The answer is a capacitor where its electrodes are both
composed by only one atom.

We can consider the two electrodes of a STM as a parallel RC circuit. In this case,
the expected classical behavior is modified because at such small scales quantum ef-
fects take place. We will have to disentangle these from the classical effects to under-
stand the origin of the different contributions.
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We start considering the case of a classic parallel-plate capacitor. This is the most
basic and didactic model used in physics to deal capacitance, where the capacitance is
provided by the next relation:

C =
εA
d

(1.8)

where ε stands for dielectric permittivity of the material placed between the plates, A
is their area, and d is the distance between them.

As announced above, in our case there is vacuum between the electrodes. Besides,
as a first approach the expected relation for capacitance here is C ∝ 1

d . But this is not
the only capacitive behavior that contributes to the STM capacitance measurements. A
capacitive contribution from the experimental setup has to be considered. However,
in principle it would only represent a constant offset. On the other side, a leak of
capacitance is also expected [64] when electric current starts to flow through tunneling
across the energy barrier.

Fumagalli et al. [65] developed a techique with AFM where they can perform ca-
pacitance measurements with attofarad resolution. They used a custom-made ampli-
fier plus a Lock-In Amplifier (see chapter 2). Besides, supported by a theoretical model
they understood the influence of the tip apex, that was the main contributor to local
capacitance. Moreover, they placed a metal foil between chip-surface and holder in or-
der to shield the probe and reduce the stray capacitance value. This one was reduced
from hundreds of femtofarad to tens of femtofarad. That technique only applied for
very thin surfaces with non-voltage-dependent dielectric characteristic.

At the macroscale, in order to characterize a capacitor in principle it is only needed
to know both its geometry and dielectric constant. But at the nanoscale we also have
to take into account quantum effects because they are not negligible anymore [66, 67].

Kurokawa et al. [68] measured with an AC capacitor bridge the STM tip-surface
capacitance characteristics. Out of their results they claimed that only geometrical
capacitance contributes to their measurements but not the electrochemical one. There-
fore they gave a classic explanation for their results. They studied blunt and sharp
tips cases and compared them. They stated that more than the chemical composition
of the sample, it is its geometry what makes decisive the capacitance evolution as a
function of tip-surface distance. At least they could not conclude whether their ob-
servations came from either geometrical or electrochemical capacitance. They started
their measurements from a tunneling value of ≈ 600 MΩ and then they moved away
tip from sample in order to prevent any unwanted crushing of them. They used an
AC frequency of 1 kHz with an amplitude of 0.75 Vrms for the modulation wave. They
obtained measurements with a resolution of ≈ 2 aF after averaging eight recordings
per point. They used a spherical+truncated cone to simulate the tip, and they claimed
that their model fits well for blunt and sharp tips (with different distance ranges for
each case). For blunt tips the spherical tip model explained well only long distance
cases. However, for sharp tips it only applied for small distances. They made their
explanations by relating a variable high field concentration at the tip with tip-surface



10 Electronic transport in metallic atomic-size systems

distance.
For capacitors at the nanometer scale, quantum corrections come from the follow-

ing: quantum tunneling of electrons that travel from one of the electrodes to the other
one; small density of states (DOS) of these electrodes where the facing atomic pyra-
mids are the responsible of this finite DOS; and finally we have to consider the finite
screening length of electron-electron interactions that is not small compared to the sys-
tem size [69, 64]. The last two ingredients are the ones that give rise to what is known
as quantum capacitance. Specifically, screening length is a general concept related with
the fact that electrons dwell at the surface of the metallic electrodes. This can modify
also the classical behaviour of capacitance.

E

μ
L

μ
R

Figure 1.6: In a quantum capacitor the elec-
trochemical potential µL,R (blue lines) locally
changes nearby the electrodes (thick vertical
grey lines). Red symbols indicate charge sing of
every plate. Arrows in between the electrodes
indicate electric field

−→
E direction.

Quantum capacitance can be under-
stood from the Pauli exclusion principle.
It means that electrons that come from
one of the electrodes would pile up right
at the corresponding barrier wall mod-
ifying locally the electrochemical poten-
tial at both electrodes (see Fig. 1.6). This
can also be viewed as a change at the
bottom of the conduction band nearby
the electrodes [70], where the charge in-
duced by Coulomb coupling between
the two conductors cannot be accommo-
dated by a change in the confinement po-
tential alone as would happen in a classi-
cal capacitor.

Now imagine the atomic electrodes
of the nanocapacitor as two tiny boxes
where a certain small amount of energy
is supported by them. From the Heisen-
berg’s theorem we can ensure that kinetic
energy contained by one of the boxes is notably diminished when the localized elec-
trons at this box are released from it, therefore the DOS of this electrode is abruptly
changed. This effect is translated as a decreasing of the capacitance of the system.
Tunneling current is the main factor that leads to such leak of capacitance.

At the nanoscale, the relevant capacitance is the electrochemical capacitance C =

e dQ
dµ , where dQ is the non-equilibrium charge distribution which is established due to

the previously commented large screening length and dµ is the chemical potential [69].
Quantum corrections lead to consider a new expression for the electrochemical

capacitance. Christen et al.[71] studied the electrochemical capacitance from a theo-
retical point of view for quantum point contacts. They considered an isolated system,
i.e. where charge and current is conserved. A dipolar charge distribution centered
at the contact was considered as well. They worked from the dynamic point of view
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of mesoscopic capacitance. And when capacitance is no longer just the geometrical
one, it adopts the following expression where the DOS of the electrodes are taken into
account [70]:

C =
1

1
C0

+ 1
D1

+ 1
D2

(1.9)

where Dk = e2 dNk
dE is the quantum capacitance that comes from the DOS of every elec-

trode and C0 is the geometrical capacitance. Note that for an infinitely large Dk, the
electric field can be perfectly screened from the electrodes (i.e. there is no penetration
into them) so that capacitance C would not be affected [67] in that way.

The last equation can be deduced as follows (thanks to J. Fernández-Rossier):
Basic capacitance definition is C = Q

V , where Q is charge and V is bias voltage.
Taking left (L) and right (R) electrodes, DC energy polarization between them is:

eV = µR − µL (1.10)

where µ is electrochemical potential. For every electrode we have:

µL,R = µ0 + eVC + δµ (1.11)

where µ0 is a reference that we can consider 0, and VC stands for either Coulomb or
classical potential.

On one side we have that charge is:

Q = CV (1.12)

But as well:

Q = σA (1.13)

where A is the area of one of the electrodes and σ is surface charge density. DOS at the
Fermi level is:

ρ(EF) =
δN
δµ

(1.14)

Therefore, considering two faced single atoms, combining Eqs. (1.10), (1.11), (1.12)
and (1.14) we can write:

Q =
C
e

(
eVC + 2

δN
ρatom(EF)

)
(1.15)

If we now take that δN = δq
e = σa

e , where a is the area of one atom, Eq. (1.15) turns
to:
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Q =
C
e

(
eQ
CC

+
2

ρatom(EF)

1
e

Q
A

a
)

(1.16)

where expression (1.13) has been considered.
After some simple math, the final expression for capacitance is 1

C = 1
CC

+ 2
e2ρatom(EF)

a
A ,

i.e. the one that was shown in Eq. (1.9), where classical capacitance CC adopts the
form expressed in Eq. (1.8). Moreover, quantum capacitance must be something like
CQ ≈ e2ρatom

2
A
a . Giving some numbers, ρatom ≈ 2

10 eV and therefore e2ρatom
2 ≈ 10−20

because e·e
10·e·V = 10−19

10
C
V . On the other hand A

a ≈ 106.
Considering the case where tunneling is present in the system, electron transmis-

sion T is placed in Eq. (1.9) as [71]:

C =
1− T

1
C0

+ 1
D1

+ 1
D2

(1.17)

In Ref. [71] they considered a local region around the contact point where a screen-
ing length of charges due to voltage drop gets a specific concentration and does not
follow the reservoir charge accumulation. This study resulted in a steplike evolution
of capacitance and conductance as a function of opened eigenchannels (see Fig. 2 in
Ref. [71]).

Capacitance (Eq. (3.2)) is proportional to the reflection probability 1− T because
electric current must be conserved. From Landauer-Büttiker formalism [72] it is known
that conductance is proportional to transmission T. As we are talking about admit-
tance of a parallel RC, we consider two complementary terms, a real one that is propor-
tional to conductance and a imaginary one that is proportional to capacitance. In the
limit of zero frequency, we get basically two terms where 1− T and T are at the imag-
inary and real part of admittance, respectively. Therefore, just like magnetic energy
is saved at inductance terms, here current is conserved and “saved” at the imaginary
part of admittance.

From Eq. (3.2) we can see how quantum capacitance effect is attached to the classi-
cal one as a series association. It exists an interplay between both classical and quan-
tum effects so that proper interpretation of results has to be given by taking this into ac-
count. As shown before, classical capacitance increases when distance between plates
is shortened, but quantum corrections inferred from Eq. (3.2) lead to lower values.
Classical capacitance accounts mainly for the decreasing of capacitance when separat-
ing electrodes and at very long distances (above hundreds of nanometer). Quantum
capacitance would make capacitance tend to an horizontal behavior when decreasing
electrodes distance. Finally, the reflection term (1− T) would account for the electric
current leakage and therefore the decreasing of capacitance as one shortens the dis-
tance between electrodes further on, once we enter the tunneling regime. All this will
be discussed later on, in chapter 3.
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1.2.4 Influence of magnetism

When we study magnetic materials as bulk, we can find magnetic properties that are
in general well known and behave as expected. But when we study the same materials
at the atomic scale, sometimes these magnetic properties that we encountered for bulk
can be dramatically different and even disappear. Moreover, all this can change the
electronic transport through these systems. In some cases, bad screening of electron-
electron interaction can be easily pictured when DOS gets bigger with narrower elec-
tron bands [73]. At this point, Stoner’s magnetic instability criterion [74] gets compro-
mised and a transition to an enhanced magnetic moment situation can be obtained.

Figure 1.7: Below the Kondo
temperature the moment of a
magnetic impurity is screened by
conduction electrons.

In this work, we get information about magnetism
on the materials under study from electrical current
measurements through them. There are three mag-
netic causes that we point as the main ones for in-
fluencing electronic transport. The first of them is
magnetoresistance [75], where electrical resistance de-
pends on the magnetic dominion orientation. There
are different kind of magnetoresistance effects de-
pending on the specific system geometry and chem-
ical composition. These are, for instance, anisotropic
magnetoresistance (AMR) [76], tunnel magnetoresis-
tance (TMR) [77] or giant magnetoresistance (GMR)
[78, 79]. The discovery of the last one granted A. Fert
and P. Grünberg with the Nobel Prize in Physics in
2007.

Magnetic anisotropy in bulk transition metals is
very weak. But under inhomogeneous conditions like
in quantum dots, nano-wires, clusters or surfaces it
may become orders of magnitude stronger [80]. For instance, spin-polarized current
in atomic-size contacts made of nickel oxide (NiO) was detected with shot noise tech-
nique [81].

However, it was shown that iron (Fe), cobalt (Co) and nickel (Ni) do not exhibit
magnetoresistance in atomic contacts [82]. The way for checking this out consisted in
comparing traces of conductance at different values of the external magnetic field.

The second magnetic cause that affects electronic transport is electron-magnon in-
teraction (EMI) [83], where spin waves (magnons) are excited. As commented above
(subsection 1.2.1), point contact spectroscopy permits the detection of such inelastic
processes [84].

Finally, the third magnetic cause is the so-called Kondo effect, which is a many
body effect that takes place when a magnetic impurity is immersed in a bath of con-
duction electrons (Fig. 1.7). In there, the magnetic moment of the impurity is screened
by the surrounding degenerated electrons.

J. Kondo reported for the first time an explanation for the rising of electrical resis-
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tance when cooling down diluted magnetic alloys [85]. He stated that below a char-
acteristic temperature conduction electrons can screen a local magnetic moment. This
temperature must be low enough in order to “freeze” electron-phonon interactions,
i.e. lower than the lattice vibration energy. This characteristic temperature is known
as Kondo temperature TK, and is defined as the energy scale limiting the validity of
the Kondo results. That was something unexpected for metals, where electrical resis-
tance goes down with decreasing temperature. But for the Kondo scenario, below TK
resistance increases with decreasing temperature because of the scattering that comes
from the electrons that embrace the impurity. In other words, Kondo object acts as a
big impurity and it gets bigger when temperature decreases.

Moving now to the mesoscopic scale the picture has some subtle changes. The first
detection of Kondo resonances with STM experiments was done on cobalt adatoms
over gold surfaces [86]. Some years later, counter-intuitive results about Kondo ef-
fect in atomic-size contacts were obtained by Calvo et al. [34, 87, 88]. Nanocontacts
made out of Fe, Co and Ni, respectively, exhibited zero bias anomalies (ZBA) that cor-
responded to Kondo resonances. These ferromagnetic metals were expected to break
Kondo singlet entanglement. As well, both electrodes together with the atomic junc-
tion were all made out of the very same material. Sharing the same chemical properties
do not help to assimilate a magnetic impurity as a Kondo scenario is understood. It
was the under-coordination of single atoms at the junction and the dimension hetero-
geneity that made 3d levels get screened by conduction electrons.

For atomic-size contacts, let us consider the diagram showed in Fig. 1.8. The elec-
tron reservoirs at the leads are coupled to the atom (single levels region) in between
and a bias voltage is applied (Fermi level EF is represented in the central part). In this
context, this atom would be the impurity of the Kondo scenario. Consider an electron
like the one located at the single level (we arbitrarily choose it spin-up) at the start
value (Fig. 1.8(a)). Adding up another electron is forbidden by the Coulomb energy,
that is the energy between the single levels (U). On the other side, it would cost at
least the amount of energy (ε0) between the level where the spin-up electron is and the
Fermi level to remove this electron.

Being a quantum particle, the spin-up electron may tunnel out from the impu-
rity site to briefly occupy a classically forbidden virtual state outside the impurity
(Fig. 1.8(b)). The virtually available and accessible single level is then occupied by
an electron from the metal reservoir. This can effectively flip the spin of the impurity.
This occurs inside an intermediate coupling condition, i.e. validating Heisenberg’s
condition ∆E ∆t = h̄. Many such events combine to produce the Kondo effect (Fig.
1.8(c)) which leads to the appearance of an extra resonance at the Fermi energy (Fig.
1.8(d)). Since transport properties, such as conductance, are determined by electrons
with energies close to the Fermi level, the extra resonance can dramatically change
the conductance. In this case, the width of the resonance is proportional to the Kondo
temperature, which is approached by the expression shown nearby the resonance peak
in Fig. 1.8(d), where Γ is the coupling strength between the bare energy level of the
discrete part of the system and the leads.
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Figure 1.8: (a) A magnetic impurity is inmersed and coupled to a bath of conduction electrons.
(b) Virtual bound state resonances (narrow peak in (d)) lead to the existence of some probability
for electrons to tunnel through the impurity potential barrier [89]. (c) Many-body nonmagnetic
singlet ground state is formed. (d) DOS.

From Kondo theory [89] it is known that Kondo resonances follow log-normal dis-
tributions. In order to ensure that the ZBA is related to the Kondo effect, measure-
ments at different experiment temperatures use to be performed. It leads to a broad-
ening of the resonance peak when temperature is increased (see for instance Fig. 3.a
in Ref. [34]). Besides, an asymptotic extrapolation of these values to 0 K gives an en-
ergy value that is the Kondo temperature of the material under test, with is exactly the
full width at half maximum (FWHM) of the Kondo resonance peak if the experiment
would be at 0 K (see Fig. 4.9 in Ref. [87]). On the other hand, the Kondo peak can be
split when an external magnetic field is applied to the sample (see Fig. 4.a in Ref. [90]).

Interferences between continuum and discrete energy systems were described by
Fano [91]. As commented above, a strong sharp peak appears in the DOS at the Fermi
level, indicating that the ground state has become a resonant singlet. This peak resem-
bles to a lorentzian function with a variable symmetry. This symmetry indicates how
well the continuum is communicating with single energy levels. Saying it differently,
it is the interference between electrons tunneling into the conduction band of the other
electrode and into the Kondo state what determines the resonance shape. This is de-
scribed with the so-called Fano parameter (q), that ranges from zero to ±∞ (see Fig. 4
in Ref. [88]).

In bulky systems, Kondo effect leads to a resistance proportional to DOS. Resis-
tance grows up because there are less available electrons for conduction. However,
at the mesoscopic scale, conductance is proportional to DOS. In other words, the
derivative of the current or differential conductance ( dI

dV ) is proportional to LDOS. Spe-
cially, and for the parameters involved in the spectroscopy measurements, this is given
through the following expression:

dI
dV

= goff +
A

1 + q2
(q + ε2)

1 + ε2 (1.18)
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where goff represents an offset for the conductance (i.e. the one that would be mea-
sured if the ZBA was no present), A is the amplitude of the resonance peak, and ε is
defined by:

ε =
e(V −V0)

kBTK
(1.19)

where eV0 is the energy of the zero bias anomaly (ZBA) center and kBTK is the width
of the resonance peak, being kB the Boltzmann’s constant.

We can take advantage of Kondo features to indirectly detect non-trivial magnetic
moments inside a few atoms system connected to an energy continuum with infinite
degenerated conduction electrons. This, for instance, is going to be the tool that we
will use to show the enhancing of magnetic moment in Pt chains (chapter 4).



Chapter 2
Experimental methods

In chapter 1 we have given a general introduction of the concepts involved in this
work. In the present chapter we describe the techniques followed to carry out our
experiments. The central one is the already mentioned scanning tunneling micro-
scope (STM), even though we have used the mechanically controllable break junc-
tion (MCBJ) technique in some cases. Moreover, as we will see below, these have to be
completed by taking care of some other issues like cryogenic liquids, pumping, electric
connections, and so on an so forth.

2.1 Laboratory of low-temperatures and nanometric systems at
University of Alicante (LT-NanoLab)

This section is devoted to describe the contents in the LT-NanoLab. It is the lab where
we have mainly performed our experiments. It is located at the Applied Physics De-
partment of the University of Alicante. It has different areas, some of them with the
aim of helping us to main and build up our devices. The following is the introduction
and description of these different zones:

2.1.1 Safety

In any lab, it is very important (and sometimes crucial) to take some security measures.
In our case, we have things like cryogenic gloves to hold frozen materials or an apron
to prevent from the splash of cryogenic liquids like liquid nitrogen (LN2) or liquid-
4helium (He) onto our clothes and body. We also have protective goggles, which are
some of the most important things because it is very dangerous for a cryogenic liquid
to fall into the eyes. It is important to take care of the worker’s hearing and prevent
also some preventable headaches, that is why we use hearing protectors through ear-
muffs for working either with the connected machines in the laboratory or filling the
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cryogenic storage dewar of nitrogen (the one that we have runs under pressure and it
makes a lot of noise). There are also nitrile gloves that we use to not to contaminate
the samples and also to manipulate chemical substances that are dangerous for the
skin. Choosing nitrile gloves instead of latex ones offers a wider usability, meaning
that those people who have some allergy to latex can use the nitrile gloves. Besides,
we use masks to manipulate substances that can be volatile, by wearing a mask we
prevent not to breathe these substances and therefore not to intoxicate us.

It is very important to wear gloves in the process of manipulating inserts and in-
dium: the insert and its contents because the grease of our hands would contaminate
them and also manipulating indium because it releases a dark pasty substance that is
toxic. These processes will be described below.

2.1.2 Electricity and electronics

In our lab, we have a specially important part devoted to electricity and electronics
with cables of different wire gauge and different types of materials such as copper,
constantan or manganin cables. The two last ones offer greater electrical resistance,
something that is very useful in the fabrication of thermometer lines to diminish the
effects of temperature gradients. There are also multimeters to measure resistances,
voltages or currents. Besides, we have multimeters with the possibility of measuring
electrical capacitance ranging from microfarads to nanofarads. In this very same zone
there are metal boxes in which you can contain electronic devices ordered in a com-
pact way and prevented from dust accumulation. These boxes can be pierced with
tools from the mechanics area that will be described later. In the electronics zone there
are active components, chips and logic gates. We have electric filters for when you
are working with alternating current (AC) and you want to mitigate the interference
with electromagnetic waves from the outside. We have many types of Bayonet Neill-
Concelman (BNC) connectors and cables with their corresponding adapters, we have
banana connector adapters also with their respective cables. Besides, there are connec-
tors for working with radio frequency.

We have protoboards for designing electronic circuits that can be afterwards fabri-
cated as a printed board circuit (PCB) prepared with the help of photosensitive sheets.
The drawings of the electronic design can be done either with a computer or by draw-
ing them directly with a marker. In order to transfer this drawing to the PCB’s we use
a lamp fabricated with ultraviolet light-emitting diode (LED)s to light them up in a
controlled way thanks to a voltage source. Under direct sunlight this process would
be faster but uncontrolled and it would not leave the sample with uniformly recorded
tracks given that the intensity of the sun’s rays is way greater than the LED one.

Once the mask is been lighted over the PCB, we develop it with sodium hydroxide
(NaOH). Then, through an etching process of a mixture of hydrochloric acid (HCl)
with hydrogen peroxide (H2O2) the copper (Cu) that has been discovered with the
previous development process is removed. Afterwards, with acetone we remove the
rest of the photosensitive material from the PCB. Finally, using a drill we make the



2.1 LT-NanoLab 19

holes for pinning the electronic components into the PCB, and then we solder them
to the Cu tracks. If the PCB has two-sided photosensitive sheets we can get a double-
sided circuit, that is more compact than a single-sided one.

In general, in the lab we use tin (Sn) solder for joining electronic components. In
fact, common solders are not made just of pure Sn in many cases but they consists
of a mixture of Sn with lead (Pb), which is risky when working at low-temperatures
because Pb has a superconducting zero-field (i.e. with no applied external magnetic
field) transition temperature at 7.2 K at room pressure [92].

In order to complete the list of items in the electronics part, which I was describing
before, we are pins, connectors, switches, resistors, capacitors and coils of different
magnitudes. There is also aluminum (Al) foil that sometimes we use to shield devices
from the external electromagnetic waves by creating a Faraday cage effect.

Finally, a very important concept that has to be cared of is the electric grounding
of components and devices. This issue often brings problems not only in research
labs but in other environments like for instance concert halls where loudspeakers can
sound with an annoying white noise background. Our lab has a ground line that is
connected to a junk of copper that is buried below a tree in the university campus.
If one connects an electronic device, specially those that are intended to perform low-
noise measurements, an detects a white noise response that is not supposed to be there,
then this person is probably having a ground problem. When this happens, we start
by checking devices shielding and also possible ground loops with the help of an os-
cilloscope. Sometimes it helps out to try to connect devices shielding directly to the
common ground line without passing through other devices. Moreover, the way that
devices are interconnected between them matters and even the building power supply
might be an important source of noise.

2.1.3 Mechanics

Continuing the description of the lab and its contents, there is an area about mechan-
ics in which we find screws, threaded rods, washers and nuts of several metrics (we
normally use metrics M2.5, M3 and M4). We have some tools that can be used to drill
with drills of different metrics as well. We also have a jigsaw and a small drill with car-
bon disk heads that is very useful to either shape or cut different materials, especially
we use it with metals. In the toolbox we can find some other tools like screwdrivers,
crescent wrenches, hex keys, files, sandpaper, saws, a hammer, etc. Besides, in the
lab there are other very useful things like clamps to fasten cables, devices, etc., i.e. to
fasten those which might be loose or simply that we want to hold them tighter.

We have enabled a small space that acts as a scrapping of metals that can be very
useful. Not only for metals but inside another cabinet we have a small scrapping of
plastics, woods, padding stuff, containers, etc., so they can be used to improvise things
with them. By working in the lab one can realize that sometimes it requires putting
a lot of imagination to things when it comes to improvising devices or any type of
gadget.
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We have a section devoted to many kind of tapes, especially Teflon that is very
useful because it is insulating and it helps to hold things well and to avoid friction. We
complete this description by mentioning a resin that is very useful because it works
very well even at low temperatures; the brand is Stycast 2850FT [93], and this resin is
cured with Catalyst 23LV [94]. Apart from that we have glues, especially mention a
two-component glue [95] which is very useful because it is very strong and dries up
very fast.

Our two large cryostats (that will described below) are placed inside wooden boxes
that have their upper part open. These wooden walls have an inner coating that con-
sists of a special padding to dampen the outer acoustic waves that pass through them.
In turn, one of the boxes has four pneumatic dampers below its base that serve to help
the absorption of the mechanical vibrations that come from the floor of the laboratory,
which is on the second floor of the faculty building and it requires greater care in this
regard compared to others laboratories located in basements.

In order to absorb the mechanical vibrations of the rotary vane pump that is con-
nected to the turbo-molecular pump, we use a sandbox in which the vacuum tube that
connects them is immersed. We also built a vertical wooden box that we filled with
sand and it has inserted the tube of another rotary vane pump that we normally use
to make vacuum in the 1K-pot of the commercial insert (this will be described below
too).

We have also springs, which are very useful to damp mechanical vibrations. Inside
the insert the STM is hung with three springs and also has a crown of magnets that re-
main very close to the walls of copper. Both the springs and the magnets serve to
absorb the mechanical vibrations from outside. The magnets create diamagnetic cur-
rents on the copper walls of the insert pot, i.e. with a resultant magnetic component in
an opposite direction to the field that the magnets create. Moreover, there are toothed
washers that serve to keep even more tightly what is being tightened with nuts, in this
way we ensure better mechanical fastening, for instance the body of the STM.

2.1.4 Chemicals

Even though we study the physics involved in our systems of interest, we make use
of some chemical-related tools and techniques. We have a section where we have
beakers, i.e. glass containers for chemical products, and also we have a cabinet with
chemical components of high purity and concentration. In the lab, mostly we use
chemicals to clean, especially with acetone, but we also use isopropanol and ethanol
for cleaning. Acetone is a very quick volatile component that is mainly used to remove
possible organic contamination over the samples and systems in general. We keep the
volatile chemicals stored inside a fume hood, which is connected to ventilation to the
outside so that we do not have to breathe the gases that come off of the mentioned
substances.

Something very important in the laboratory is the section of waste, it means the
selection and classification of waste so as not to throw it into the common garbage,
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otherwise we would be assuming a greater harm to the environment.

2.1.5 Samples

In the lab there is an area where we keep all the samples stored in desiccators, which
are connected to a small rotary vane pump. These desiccators contain silica gel beads
that absorb moisture and change their color depending on the amount of water that
they contain. Once these bead are close to saturation, they can be put in an oven
to evaporate the absorbed water and then be reused. We have samples with both
wire and plate shape, being the last one addressed to get surface scanned with STM
(Dulcinea setup, described below). In particular we have plates of gold (Au) < 111 >
and highly oriented pyrolytic graphite (HOPG). There are also Bunsen burners that
we sometimes use for annealing these Au plates so that you can see the triangles that
the < 111 > structure lets you see through the STM.

Besides, in order to manipulate our samples, we have scissors, cutters, specially a
ceramic knife that is very useful because, as it has no magnetic impurities, we can cut
materials without transferring any magnetic substance to the samples, which could
distort the results. Similarly, we have tweezers which are made of magnetic metal
but some others are made of non-magnetic one, being the latter ones very useful for
studying magnetism because of the reasons just mentioned. We also have tweezers
made of plastic that are very useful for manipulating chemicals that corrode metals.

Additionally, to prepare our samples we use vernier calipers, tape measure, rules,
and lights. The last ones are very useful for those situations when there is little visibil-
ity. Moreover, we have magnifying glasses; especially there is a binocular dissecting
microscope that is very useful to see things that are being manipulated very accurately
like for instance when checking wire soldering.

Reactive materials

Unfortunately, some of the materials that we manipulate quickly react with oxygen.
In order to overcome this problem, we built up a glove box made of methacrylate
with dimensions 40 cm× 40 cm× 60 cm, whose walls are 0.8 cm thick. The side holes
where to put the hands inside the box with the help of plastic gloves that are sealed
to walls are of 15 cm× 20 cm each. The box has an open window at the top side the
dimensions of which are 15 cm × 15 cm, letting in this way the insert (that will be
described below) to be placed inside to directly mount the sample in the pot before
putting the experiment under vacuum. This upper hole has plastic foils also sealed to
the glove box that with a cable tie grab and seal the stick of the insert. The inner edges
of the methacrylate glove box are sealed with Stycast, besides we screwed them with
bolts to well secure the box, and with that you can maintain an acceptable overpressure
of gas inside so that we ensure that objects that could react with oxygen are not being
exposed to the outer atmosphere.
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Apart from the described box, we also have bag-shaped glove boxes but these offer
a greater difficulty to manipulate the objects inside and worse visibility of them.

For STM experiments, we mount those samples that are oxygen quick reacting in-
side the mentioned custom-made controlled atmosphere chamber. We use argon (Ar)
gas (99.999% pure) as surrounding atmosphere before closing the STM under high vac-
uum conditions (10−8 mbar reached with turbo-molecular pumping). Besides, right
before starting pumping, the ceramic (i.e. insulator and non-magnetic one that was
described above) knife is used for scratching the outer layer of sample wires that are
afterwards brought into contact. After pumping at room temperature, the STM is in-
serted into a bath cryostat filled with liquid-4He. Then, when samples reach equilib-
rium with liquid-4He temperature and in order to ensure clean electrodes, we mea-
sure the conductance as a function of distance when approaching or retracting the
electrodes, so called conductance (creating/breaking) traces. Thousands of conduc-
tance traces with deep indentations (beyond 100 2e2

h ) are recorded along with electro-
migrative fast (≈ 0.5 s) direct current (DC) pulses of 10 V that are applied to randomly
chosen atomic-size contacts.

In MCBJ experiments, we ensure the purity of samples from the technique prin-
ciple itself. As it will be described below, in this case we use a thermal evaporation
process to prepare the samples. In order to avoid possible oxide coming from pristine
metal pellets, we cover the substrate for the first couple of evaporated nanometres of
material. Then after evaporation and preparation of the sample, the few nanometres
thick outer layer of material oxide at the sample protects the pure metal nano-junction
before MCBJ measurements start.

2.1.6 Cryogenics and pumping

We perform low-temperature measurements with our experiments mainly because we
reduce thermal noise, but also we decrease the phonon energy allowing lower energy
mechanisms of interest to be detectable (for instance Kondo effect). In order to bath
the experiment in a cryogenic liquid we use the following tools and techniques:

We have two cylindrical cryostats that are ≈ 1.2 m tall with external diameter of
≈ 30 cm and≈ 34 cm, respectively. Roughly speaking, these cryostats are metallic ves-
sels with an inner superinsulating vacuum wall that highly reduces thermal transfer
between the liquid content and the surrounding environment. Apart from them, we
also have a smaller cryostat made of glass. The reader can have a quick idea of what a
cryostat is by watching the first part of the video in Ref. [96].

Inside the cryostats we place the inserts to perform our low-temperature exper-
iments. We have one commercial insert and two custom-made ones. Basically, our
custom-made inserts consists of a vertical steel hollow pole of about 1 m tall and 2.5 cm
diameter that is connected at its bottom to a Cu cylindrical pot of about 20 cm tall and
7.5 cm diameter. This connection is done with a system of 12 screws of metric M4 (i.e.
4 mm diameter) together with indium (In) cord greased with low-temperature vacuum
grease (“N Apiezon” [97]) that helps to seal the joint. The screws must be tightened
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following a specific order, in our case we always tighten the diametrically opposed to
the first one to be tightened, i.e. moving towards the next one at the right side of the
first one once the opposite of the previous one has been tightened, and so on. The In
cords are stored after each experiment, then we collect them for re-using after being
cleaned with acetone and extruded like spaghetti with a plunger under high pressure
in a press and then stored in a coil. The inserts contain wires that go through the
hollow pole connecting the top (room temperature) to the bottom (low-temperature)
part, the pole contains transverse Cu circular sheets that help to mitigate the effects
of temperature gradients. Specifically, the insert that we used for the last experiments
of this work has four coaxial cables prepared for low-temperatures and a mesh of 24
twisted-pair wires, 6 of them are Cu wires meanwhile the rest are made of constantan,
which have greater resistance than Cu. With this wiring we are able to electrically con-
nect the experiment that is at low-temperatures with the control equipments, which
are plugged to the head of the insert at the top of it, whose joints are proven to work
under high vacuum conditions.

Our commercial insert (ICE (Innovative Cryogenic Engineering) Special 4ICEVTI

(Variable Temperature Inserts). ICEoxford R© Ltd.) has similar features than the custom-
made ones, highlighting in this case that the commercial one can operate from 400 K to
1.4 K, being the last temperature possible thanks to the 1K-pot that this insert has at-
tached inside it and located right at the bottom part of the pole. Such low-temperatures
(1.4 K) can be reached through the suction of liquid-4He that is inside the 1K-pot, with
reduce the vapor pressure of it lowering then the temperature below the 4.2 K that
is the liquid-4He temperature at atmospheric pressure. The insert described in this
paragraph is the very same one that is shown in Ref. [98].

We connect the inserts from the top to pumping in order to reach vacuum con-
ditions before cooling down. We have a diffusion pump that works with boiling
oil, which traps the surrounding particles and it normally takes about 12 h to reach
high vacuum (i.e. below ∼ 10−8 mbar that is the saturation value of for the vacuum
gauge) for the inserts that we have. We also have a turbomolecular pump [99], which
is cleaner and faster than the diffusion pump, it reaches high vacuum conditions in
5 h. Moreover, there are also rotary vane pumps coupled to the mentioned pumps,
which are necessary for a pre-pumping stage that leads to a vacuum of ∼ 10−3 mbar.
In contrast, with MCBJ experiments at University of Konstanz the vacuum conditions
in the inserts are reached with turbopumping down to ∼ 10−5 mbar, which is an ac-
ceptable value given that further cooling down with liquid-4He makes particles to
get stacked on the insert walls, improving even more the vacuum level (one advan-
tage of the MCBJ technique is that samples are kept clean until first breakage at low-
temperatures).

In order to detect vacuum leaks in our chambers and inserts we use 4He gas, which
is the smallest molecule found in nature preceded by hydrogen (H). Moreover, since
the last months we account in the lab with a leak detector that makes this task way
easier.

In the LT-NanoLab, once we have the experiment mounted in the insert and this
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one closed and put inside the cryostat, after reaching high vacuum with the pumping
described above we transfer cryogenic liquid as follows. We start by filling the cryo-
stat with LN2 and then cooling down the insert down to 77 K that is LN2 temperature
at atmospheric pressure. We get LN2 from a common supply located at university
campus by filling up our dewar (from Wessington Cryogenics, which is the noisy one
described some subsections above) that can contain a volume up to 60 L. Then, apply-
ing an overpressure with 4He gas to the gas that is inside the cryostat in equilibrium
with the LN2, we remove the rest of the last one by inserting a metallic tube down to
the bottom of the inner side of the cryostat. After LN2 removal we place liquid-4He
in the cryostat, which is still cold meaning few Kelvin above LN2 temperature. In this
way we spare a considerable amount of liquid-4He that otherwise would have been
spent in cooling down the part that LN2 has contributed. Liquid-4He is above ten
times more expensive than LN2 and we do not have a recovery system for reusing the
liquid-4He that runs off as gas. We get the liquid-4He from a Spanish company called
”Carburos Metálicos that delivers dewars also to hospitals where they cool down su-
perconducting magnets to perform nuclear magnetic resonances (NMR); we normally
get a 50 L dewar of liquid-4He every time we start a experiment.

As we explained in a previous subsection the STM that we use to perform our
measurements hangs from the bottom part of the pole of the insert by mean of three
springs. In order to thermalize the microscope, this is attached to a piece of Cu that in
turn is connected through some Cu ribbons to a thermal anchor at the bottom of the
pole of the insert.

We read the temperature of the STM sample thanks to a diode thermometer (DT-
470 [100]) that is connected to a temperature controller (we use either Cryocon 22C
[101] or Cryocon 32B [102]) through a box (this box is placed out of the insert, at room
temperature) that splits the positive and negative electrical signals that come from the
thermometer into four signals, which are two negative current and voltage signals and
two positive current and voltage signals. In our case the accuracy of the temperature
measurement is limited to the fact that the separation of the thermometer signals into
the described four channels should start from the beginning (i.e. as close as possible
to the thermometer) and not out of the insert as we do in this case. In addition, these
wires should be wrapped onto metal cylinders coated with thermally conducting vac-
uum grease located at the experiment (inside the insert) to aid with the thermalisation
of them. In our case, the thermometer wires are wrapped onto a metal cylinder at the
bottom part of the insert pole.

In order to perform temperature-dependent measurements we use the commercial
insert described above. It has a heater attached below the 1K-pot, being this part the
closest thermal anchoring for the STM to the rest of the insert. The temperature con-
trollers mentioned before set the heater to reach and keep a desired temperature by
mean of an integrated proportional-integral-derivative controller (PID controller).
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2.1.7 Setups

Finishing this section that introduces our lab we will talk about the main experiment
setups in there. First, we have Dulcinea that is a commercial STM controller that is
connected to a custom-made STM that gets surface images at the atomic scale and
can perform I-V’s spectroscopy measurements over a surface point. This controller is
coupled to an inertial box that provides a rough movement of the tip in one direction,
which is orthogonal to the surface under interest; this corner also has an oscilloscope
[103] and a current amplifier [104]. The tip of the STM normally is made of platinum
(Pt)-iridium (Ir) and the STM is placed (in those cases where an insert is not required
for low-temperature measurements) in a vacuum chamber made from a cooking pot
that is on a damping system. This damping system consists of a marble plate over an
electronic self-leveling isolation table.

In the lab we have also another setup that is a mobile rack with devices ready to
make DC 4-probe measurements (that will be explained below). These are a current
source (Keithley 6221 DC-AC) and a nanovoltmeter (Keithley 2182A), which are pre-
pared to act synchronously and combined are one of the most accurate techniques in
the market. In this rack we have also one of temperature controllers mentioned above,
the Cryocon 32B [102]; there is also a source meter (Keithley 2400), which is used to
measure the resistance value of the resistors that are placed along the commercial in-
sert. This resistors indicate the level of cryogenic liquid when the insert is immersed
into one of the cryostats because the value of the resistance changes with temperature,
especially for resistors made of graphite that can be found, for example, inside old
TVs.

Finally we have Rocinante that is a custom-made STM controller, which is the one
used for performing the experiments that take part of the chapters of this thesis. In
this setup there is also an oscilloscope [103], which is necessary to monitor signals in
real time that come from the experiment as can be the electrical current recorded with
the STM. Here we can find the other already commented temperature controller, the
Cryocon 22C [101]. In this setup, there are two Lock-In Amplifiers model 7265DSP
from Signal Recovery [105]. Apart from these, we also have two other Lock-In Ampli-
fiers, one analogical and one digital, being the last one the model 830 from Standford
Research [106]. Besides, we can find a LCR meter (IET7600-Plus) which can measure
simultaneously two impedance parameters of a given system like capacitance and re-
sistance; even though it is rather tricky to perform capacitance measurements close to
the desired resolution. In this setup we have also a multimeter (Keithley 2010 [107]),
which is normally used to measure the applied bias voltage to the STM sample, either
AC or DC. Moreover, like in the first setup introduced, in this one we have a current
amplifier, the model DLPCA-200 from FEMTO [104], which will be described in the
next section. The computer that controls the experiment has three screens to facilitate
the visualization of the software and the results of the experiments. This computer is
new for a couple of years, it has solid state hard disk drives (HDDs) and the software
that we mainly use to control devices and to perform our measurements is LabVIEW
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[108], which is a very versatile and well-known software in the experimentalist com-
munity that allows us to program all the experiments according to our preferences. We
account also with an uninterruptible power supply (UPS), which keeps the devices on
in case there is a blackout in the building. Finally, just comment that the Rocinante
setup also has a high voltage source of 140 V in order to move the piezoelectric towers
of the STM.

In the laboratory there is also an area in which there are old STMs, remains or parts
of them, which serve to correct or fix the current ones, or even make new ones. In
our case STM and in general all our custom-made things are always sought to be done
in a modular way which provides greater versatility. Besides, there is another area in
which there are prototypes of motorized-MCBJ (a project developed by T. Francisquez
[109]) and there are also parts to rehabilitate the STM-Tuning Fork (a project developed
by G. Sáenz-Arce [20]).

2.2 Scanning Tunneling Microscope

STM [17] is a technique that uses to get known mostly for imaging 2D atomic-scale
conducting surfaces. However, in our case we use it to create nanocontacts (see chap-
ter 1) and measure electronic transport through them in the so-known contact mode
[87, 110]. We have fabricated an STM that is restrained to only move the tip in one
direction because it provides better stability to the electrodes. In Fig. 2.1 we show
the very last version that we have utilized. The main novelty is that we have enabled
mechanical anchoring of the sample, preventing in this way further risks of contami-
nation as were found for previous STM’s versions where samples were soldered to the
top of cylindrical metal holders. In out last version, the sample holder geometry (label
2 in Fig. 2.1) permits to easily glue a wire-shaped sample (label 1) onto the endings
of it. Then, we place the holders in the STM by strongly attaching them with screws
to the wagon and main body, respectively. One can find the exact dimensions of the
titanium body of this family of custom-made STM’s in appendix A in Ref. [20].

The samples we measure consist of two wires with diameter normally between
0.25 mm and 1 mm made out of the same pure metal and cross-shaped arranged in
order to avoid multi-contact locations. With this technique we build atomic contacts
in a straightforward way, that is bringing into and out of contact the bulk wire-shaped
electrodes by applying electrical DC sawtooth pulses to the piezoelectric materials that
we will describe in section 2.2.1. The amplitude of these pulses is in the order of ∼
100 V. We send this voltage to the piezo-towers from either an analogue card (see Fig.
B.1 in Ref. [20]) or a computer with a digital-analogical converter (DAC). Then, this
signal (that reaches up to±10 V) is amplified with another electronic card that contains
a voltage amplifier.
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Figure 2.1: Homemade STM. Picture at the lower-right side is a 3D-scaled-modelling of the
actual STM. Labels: 1. Wire-shaped metalic sample; 2. Sample holder made out of copper; 3.
Main body; 4. Wagon; 5. Piezoelectric towers; 6. Threaded rod; 7. Spring for holding wagon
onto main body; 8. Copper piece for helping thermalization; 9. Electrical connections to piezos;
10. Electrical connection to one of the samples; 11. Thermometer; 12. Electrical connection to
the other sample. For more details, see videos at Refs. [98, 111].
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For DC 2-probe measurements, in order to read the electric current that comes
from the STM we use the already mentioned low-noise current amplifier (FEMTO R©
DLPCA-200 [104]) that has a variable gain factor that ranges from 3 to 11 (a gain factor
is a positive integer number). For contact mode this gain factor uses to be 5 when
we apply ∼ 100 mV bias voltage, meanwhile it has to go to higher values for reading
tunneling current with an acceptable resolution (we normally choose a gain factor of
9). This device converts the electric current signal into a voltage one following the next
formula:

I =
V

10A (2.1)

where A is gain factor and the maximum output voltage is 10 V.
In order to stablish an electric current between the bulky electrodes we set a bias

voltage out of a custom-made electronic card that has a maximum amplitude of±10 V.
When we study the DC conductance of nanocontacts as a function of electrodes dis-
placement, we normally set a bias voltage up to 100 mV. As already has been intro-
duced in chapter 1 (section 1.2), these measurements are commonly known as traces
of conductance [29], which in our case can be easily recorded with a rate of 3 traces

s .
We normally focus on the last stages before breaking contacts and the first ones when
creating them. We make histograms of conductance [112] out of the measured traces
mentioned above (see Fig. 1.2). In order to study the conductance of atomic size con-
tacts, only a window of few 2e2

h (starting from zero) uses to be considered. On the
other side, above a bias voltage ∼ 1 V we can electro-migrate the last touching atoms
between the two samples. We take advantage of this possibility in the moment of
cleaning the exposed contacting surfaces even at low temperatures.

For training the sample and getting sharpen crystal-arranged tips we use the so-
called mechanical annealing technique. This technique was developed in our lab by C.
Sabater et al. [113, 96]. It consists in making gentle indentations until the point when
conductance as a function of distance is repeatedly reproduced.

2.2.1 Hysteresis and creep from the piezo actuators

With piezoelectric materials we control the distance between the bulky electrodes with
atomic precision (∼ 1 pm) under cryogenic conditions (liquid-He bath). These piezo-
electric pieces are manipulated and arranged as towers of four stack single pieces of
dimensions 5mm × 5mm × 0.5mm each of them. Every piezo-tower has an electric
capacitance between its outer plates of 2 nF at room temperature. In the fabrication
process of the STM the wiring joints are achieved by soldering and in order to stick the
required wires to the walls of the STM body we use GE Varnish [114], which endures
low-temperatures very well and quickly dries up. Finally, the STM wagon sits on a
total of four piezo-towers (see label 5 in Fig. 2.1, see also Figs. 2.7 and 2.8 in Ref. [20],
Fig. 3.8 in Ref. [115], and see video in Ref. [111]) and is hold to the main body by mean
of a spring at the rear part of it [98].
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We use piezo stack actuators in order to reduce the average applied voltage with-
out loss of displacement, which in turn increases piezo lifetime. The piezo materials
that we use are from the company Ferroperm R© Piezoceramics; we purchased the type
Pz26 with plate shape and dimensions 10mm × 5mm × 0.5mm [116]. They are made
out of hard lead zirconate titanate (PZT) piezoceramic with good electromechanical
coupling factors (kp = 0.57 (for electric field parallel to the direction in which ceramic
element is polarized and radial vibrations perpendicular to the direction in which the
ceramic element is polarized), kt = 0.47 (for electric field parallel to the direction in
which ceramic element is polarized and vibrations also along this very same direc-
tion)), high Curie temperature (330 ◦C (below the Curie temperature the atomic lattice
structure becomes deformed and asymmetric, i.e. leading to a ferroelectric state)), high
mechanical quality factor (Qm > 1000 (ratio of reactance to resistance in the equivalent
series circuit representing the mechanical vibrating resonant systems)), low dielectric
loss and very good stability over time.

We use our piezoelectric materials in open-loop, which means that we do not use
a sensor to monitor the position of the piezo stage in real-time, therefore we cannot
ensure a linear mechanical response of the piezo along voltage ramps in every run.
Apart from the lack of accurate positioning it exists the possibility of having piezo
drift or creep. In the world of industry and commercial lab-technology we can find
very sophisticated methods that offer closed-loop systems for piezo correction, which
use a feedback response from very precise sensors based on physical principles like for
instance interferometry. Speaking about numbers, in open-loop the linearity deviation
is typically about 7% meanwhile for a close-loop system according to some commercial
providers (company nPoint) this can be corrected in order to get a deviation lower
than 0.01%. The advantage of an open-loop system compared to a closed-loop one
is that the first has lower noise because it does not have a sensor noise or a driver
compensation, even though the resolution of an open-loop is poorer.

In piezo materials (ferroelectrics) the existence of extrinsic domain actuators leads
to hysteresis effects that in turn makes the voltage-dependent displacement curves of
them to have a strong non-linear evolution. This can be checked by taking a look either
at the electromechanical behavior of the longitudinal strain or the dielectric behavior
of the polarization curves that can be found in literature (see Figs. 4.6 and 4.7 in Ref.
[117]). Due to an increasing polarity reversal of the extrinsic domain actuators in the
overall signal, the displacement curves of piezo actuators show a strong hysteresis
in open-loop systems, with especially high values for shear actuators or those with
bipolar control, which happens to be the case of the piezo-towers that we have imple-
mented in our custom-made STM. The hysteresis is related to the distance moved and
is based on crystalline polarization and molecular effects within the piezo material.
The hysteresis effect becomes more important with increasing voltage applied to the
actuator, this is an issue that we will call back to open discussion in section 3.2.2.

The other effect that appears in piezo actuators and is caused by the same mecha-
nisms as hysteresis (i.e. related in piezoelectric ceramics to the effect of the applied
voltage on the remnant polarisation) is the already mentioned creep, which is the
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change in the displacement of a piezo over time without any accompanying change
in the control voltage, which in turn is interpreted as a slow realignment of the crys-
tal domains inside a constant electric field. The creep speed decreases logarithmically
over time and is described by an expression that can be checked for instance in Eq. (1)
in Ref. [118]. The creep factor, which multiplies the log factor that describes the de-
creasing speed rate, depends on the material properties and normally corresponds to
a value between 1% and 2% per time decade. As commented before, a close servo loop
would help to eliminate both hysteresis and creep of piezo actuators; in the case of hys-
teresis, this can be reduced to values of 1% to 2% by using a charge-control amplifier
without needing a close-loop control (company PI (Physik Instrumente GmbH)).

A very nice work by Pérez-Enciso et al. [119] showed the creep of a piezo-ceramic
under cryogenic conditions. They measured the piezoelectric deformation of this ma-
terial down to 0.4 K and explained that even at 0 K it exists creep, which can be in-
terpreted in terms of a quantum mechanical tunneling effect. Another study carried
by Jung et at. [118] presented a model to predict the creep that takes place in open-
loops systems for PZT actuators. Besides, a model developed by Janocha et al. [120]
which is based on an inverse control in open-loop operation shows how the maximum
error in the linearity caused by hysteresis and creep in a piezoelectric stack actuator
can be compensated in real-time, resulting in a correction of one order of magnitude.
Following this idea, we can find different works [121, 122, 123] where theoretical and
experimental results are shown with the aim of better controlling the position and the
linear response of PZT actuators.

2.3 Mechanically Controllable Break Junction

The MCBJ technique can serve for the same purposes as the STM one in the way we
use it. Moreover, this technique also works better cryogenic conditions. MCBJ is me-
chanically more stable than STM, but we find a rate of traces of conductance creation
of about 1 trace

min for the one that we used in this work.
In our case, the aim of using a MCBJ has been to perform a comparative study

of gadolinium (Gd) nanocontacts (see chapter 5), which have been studied also with
STM. We use the MCBJ technique [25] in which a motor moves the pushing rod of a
three-point bending mechanism with micro-metric precision. This rod bends the sam-
ple from the rear side of the substrate right below the nanojunction location (see Fig.
2.2(f,g)). The fabrication process of the latter will be explained below. The movement
of the rod is reversible, so that atomic contacts can be created and broken repeatedly
and the electronic transport through them is measured in the same way as with the
STM technique.

One way to prepare a MCBJ sample is through the so-known notched-wire tech-
nique (see Figs. 6 and 7 in Ref. [26]), but in our case we use lithographed samples the
fabrication of which we describe as follows (see Fig. 2.9 in Ref. [50] (page 29)).

Lithographic MCBJ measurements start with junctions of ≈ 2 µm long, ≈ 75 nm
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thickness, and ≈ 100 nm width. For sample preparation, pellets are thermally evapo-
rated from a boat onto a lithographed substrate. The substrates consist of a stacked se-
ries of materials [25]. From bottom to top: bronze≈ 250 µm thick, polyimide (Durimid
115A) ≈ 1 µm thick, MMA-MAA (methyl-methacrylate-co-methacrylacid) ≈ 540 nm
thick and polymethyl-methacrylate (PMMA) ≈ 140 nm thick. After proper lithogra-
phy (with scanning electron microscope (SEM) technique), the material under study is
finally evaporated on top of the described substrate. After evaporation, a lift-off step
is performed (Fig. 2.2(e)) and a subsequent final etching with oxygen plasma (reactive
ion etching (RIE)) is performed to suspend nano-bridge (Fig. 2.2(a,b,c)). The sample
(Fig. 2.2(d)) is then mounted to the three-point bending mechanism anchored to a
cryostat insert (Fig. 2.2(f,g)), pumped to a moderate high vacuum of 10−5 mbar, and
cooled down to liquid He temperature. The MCBJ contact is broken for the first time,
when 4.2 K are reached.

Regarding the setup of the MCBJ that we have used, the insert pot does not need
screws plus In cord to be closed and sealed. Instead, it is achieved by letting for a
couple seconds of pumping suck the air inside the pot while holding it against the in-
sert flange (that has been greased with the proper vacuum grease), then the pot stands
sealed thanks to the difference of pressure between inside and outside the pot. This
process is quicker than the one that we use in Alicante, but it finds riskier situations
like for instance the possibility of failure when placing a gentle amount of He gas in the
insert as a thermal exchanging actuator to accelerate cooling down and ensure better
thermal equilibrium between the experiment and the cryogenic bath. Besides, it hap-
pens to be self-opened when the insert is warmed up, meaning that further attentions
has to be paid to it.
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Figure 2.2: MCBJ setup used in E. Scheer’s group at University of Konstanz (Germany) . From
(a) to (d): Sample nanojunction with decreasing zoom. (e) Lift-off step for removing leftover
metal. (f) and (g) subfigures are pictures of the same MCBJ that has been used for the measure-
ments shown in this work but taken from different angles. One can find further details about
this topic in Refs. [25, 50, 124, 125]
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Figure 2.3: Density plots of overlapped traces for different metals measured with STM under
cryogenic conditions (high vacuum plus liquid-He bath). White arrows on every plot indicate
breaking/creating-contact situations. Plots details commented in the main text (subsection
2.4.1).
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2.4 Electric measurements

This section is devoted to give a more detailed description of the electric measurements
that we carry out in the lab. Specifically, we will mainly describe those techniques that
have been useful for the experiments that take part in the following chapters. We will
distinguish between DC and AC techniques, being DC the limit case at zero frequency
for AC.

2.4.1 2-probe DC. Traces of conductance

A 2-probe DC measurement is the simplest way to characterize an electric circuit. It
requires the use of an ammeter for measuring the electric current (remember that an
ammeter is always connected in series to any circuit) that goes through the system. In
the case our STMs the ammeter is the low-noise current amplifier commented above.
Therefore, once we set a DC bias voltage between the STM electrodes the resultant
value of the current is converted into a voltage signal to finally be processed with a
computer through an analog-to-digital converter (ADC).

Following this, by recording the electric current as a function of the distance be-
tween the electrodes we get the so-known traces of conductance, which have been
introduced in chapter 1. Besides, the frequency of visiting every conductance value
can be represented in histograms, which have been also described in that chapter too
(see Fig. 1.2). Apart from this, we use another form of representing these results that
consists in overlapping all the different traces of conductance that have been recorded
for the same experiment, then we pin them at the same conductance value to let a
recognizable superposition of traces.

Finally, we plot it in a coloured density plot like the ones that we show in Fig. 2.3,
which correspond to (a) Au breaking-contact traces, the total amount of traces is 161,
the pinning conductance value is 0.01, and the maximum number of counts (darkest-
red point) is 1400 approximately; (b) Au creating-contact traces, the total amount of
traces is 161, the pinning conductance value is 0.05, and the maximum number of
counts (darkest-red point) is 500 approximately; (c) Al breaking-contact traces, the
total amount of traces is 1901, the pinning conductance value is 0.01, and the max-
imum number of counts (darkest-red point) is 7200 approximately; (d) Al creating-
contact traces, the total amount of traces is 1900, the pinning conductance value is 0.05,
and the maximum number of counts (darkest-red point) is 7000 approximately; (e) Pt
breaking-contact traces, the total amount of traces is 1834, the pinning conductance
value is 0.01, and the maximum number of counts (darkest-red point) is 900 approx-
imately; (f) Pt creating-contact traces, the total amount of traces is 1771, the pinning
conductance value is 0.05, and the maximum number of counts (darkest-red point) is
300 approximately. Notice that for Al cases (plots (c,d)) a mechanical annealing pro-
cess is shown, where the repeated conductances values overlap in well-distinguished
shapes. On the contrary, for Pt (plots (e,f)) we find way more diffused clouds of over-
lapped data. Moreover, see how Au and Pt form chains of atoms when breaking con-
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tacts (plots (a,e)).

2.4.2 4-probe DC

V

DUT

A

Figure 2.4: 4-probe DC tech-
nique. V is voltmeter, A
is ammeter and DUT is de-
vice under test. The vertical
parallel lines stand for a DC
battery.

Next level in accuracy for DC measurements comes from
the so-called 4-probe technique. In this case, the problem
of having additional resistances from wiring joints is over-
come. Here not only an ammeter is required but a volt-
meter too. In the circuit, the ammeter is connected in se-
ries and the voltmeter in parallel, where this one specifi-
cally has to be connected right at the very ending parts of
the device under test (DUT). A schematic representation
of a 4-probe technique configuration is shown in Fig. 2.4.

In our lab, as it has been explained at the setups sec-
tions, we combine a current source (Keithley 6221 DC-AC)
and a nanovoltmeter (Keithley 2182A) to perform mea-
surements with a precision beyond the micro-ohm (µΩ).
In a parallel project carried out in collaboration with re-
searchers from the Organic Chemistry department of the
University of Alicante, the 4-probe technique is used to
measure the superconducting transition temperature of
organic compounds. Then, it is required to perform these
measurements with the commercial insert that allows the
using of a heater, something needed to perform cycles of
warming up and cooling down of the samples, which in
some cases has to be prepared with the glove box because
these organic compounds quickly react with oxygen. A
problem that sometimes is found in these kind of measurements is related to the fact
that the metal pins that are attached to the organic pill get a bit lose misleading the
experiment results.

2.4.3 Lock-in amplifier

In the real world an AC signal can be described as the superposition of sinusoidal
waves (Fourier’s theorem) with different amplitudes, frequencies and phases. In prac-
tice these waves can have a prominent first harmonic (i.e. one amplitude larger than
the others) the frequency of which is imposed by a power source, and the rest of terms
are noise coming from uncontrolled phenomena that dirties the signal under study.

A lock-in amplifier is an instrument that provides accurate measurements from
AC electrical signals by removing a noisy background from an experiment signal. As
mentioned in the section that describes our setups, in the lab we have four lock-in
amplifiers, one analogical and three digital, being the last ones composed by two from
Signal Recovery model 7265DSP [105] and one from Standford Research model 830
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[106]. The idea behind of these kind of systems is related to the Fourier’s theorem, that
explains how any signal is composed by a combination of sine waves as mentioned
before. If an electrical signal is meant to be measured, the lock-in multiplies it to a
reference signal following the next procedure:

Taking two AC signals, on the one hand a signal coming from the experiment (in
this case a sinusoidal wave):

Vsig sin(ωrt + θsig) (2.2)

where ωr is a frequency given by a reference signal Vr sin(ωrt) that excites the exper-
iment; and on the other hand consider a lock-in reference signal (the the lock-ins that
we have can generate this signal and input it into the experiment):

VL sin(ωLt + θre f ) (2.3)

By multiplying both expressions we obtain:

Vpsd = VsigVL sin(ωrt + θsig) sin(ωLt + θre f )

=
1
2

VsigVL cos([ωr −ωL]t + θsig − θre f ) (2.4)

− 1
2

VsigVL cos([ωr + ωL]t + θsig + θre f )

where psd means phase-sensitive detector. A phase-sensitive detector is a lock-in em-
bedded system that allows to detect signals at certain frequencies with a narrow band-
width.

By using a lock-in embedded low pass filter, higher frequency AC signals from
experiment are removed, so that when ωr = ωL equation (2.4) turns to:

Vpsd =
1
2

VsigVL cos(θsig − θre f ) (2.5)

Therefore, a DC signal is obtained. This signal ensures that frequency ωr has been
detected and locked (explaining in this way the name of the technique). In our case the
lock-in amplifiers can measure not only the first harmonic of the signal under study
but also its multiples.

2.4.4 2-probe AC. Spectroscopy

When we talk about spectroscopy it has to bring to our mind that a physical quantity is
being measured as a function of an energy parameter, the origin of which comes from
the dispersion of natural light through a prism. In our context, the energy parameter
that we use is the bias voltage between the two metal-electrodes of the STM or MCBJ,
which has been introduced some sections above. As it was introduced in subsection
1.2.1, depending on the shapes and features of the spectroscopy results we can get
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information concerning both elastic and inelastic effects; for instance it can bring a
direct reading of lattice-vibration (phonon) energies [43, 55, 57].

In order to carry out spectroscopy experiments, we use a lock-in amplifier and the
reference AC modulation is superimposed on DC bias ramps, where typical AC ap-
plied voltage signals have ∼ 1 µV and ∼ 1 kHz for wave amplitude and frequency,
respectively. In this situation, when we read the first harmonic of the resultant AC
result we get the first derivative of current ( dI

dV , commonly written as dIdV), if we read
the second harmonic then the second derivative of current ( d2 I

dV2 ), and so on and so
forth. Specifically, from symmetric features through d2 I

dV2 measurements it is possible
to detect the presence of phonon and magnon energies. Besides, when we run a spec-
troscopy measurement it is very important to keep the rest of parameters still (distance
between electrodes, temperature, magnetic field, . . . ).

From dIdV measurements it is possible to detect many different effects [43], for
instance it was shown that phonon energies in atomic chains decrease when tensile
force on them is increased [55, 57], resulting in a visible change of conductance in the
evolution of this as a function of the bias voltage. Another example is the detection of
what is known as zero bias anomaly (ZBA), which in the case of this work (chapters 4
and 5) we attribute to Kondo resonances. We fit such resonance peaks [86, 34] to the
Fano function (eq. (1.18)) by using a Levenberg-Marquardt algorithm [126] that has
been adapted from a module developed by researchers of the University of Groningen
[127] with Python [128].

2.4.5 4-probe AC. Capacitance measurement technique

In order to access to a full electrical impedance study of the systems under interest we
have developed a technique consisting in 4-probe AC measurements by synchronizing
two lock-in amplifiers. Specifically we use those two lock-in that offer us the highest
resolution, which are the ones from Signal Recovery model 7265DSP [105]. The syn-
chronization is achieved by connecting the “REF MON” output from the lock-in that
measures electric current to the “REF TTL” input of the lock-in that measures the drop
of AC voltage between the STM electrodes (see Fig. 2.5). In this way we overcome the
phase problem, which was present in our first stages of the technique development,
where only one lock-in was used through a 2-probe connection. We call it the phase
problem because if the electric current AC signal that is input to the lock-in does not
have the correct phase that would provide not only information about the DUT but it
would be mixed up with the experiment wiring and other stray electric influences.

Mathematically an AC signal is treated as a complex number. The approximation
we consider for the atomic systems created with STM is a parallel resistor-capacitor
(RC). The admittance of such system is expressed as:
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Y =
1
Z

=
1

ZR
+

1
ZC

=
1
R
+ jCω (2.6)

= G + jCω

where all symbols are described in appendix A.
From this expression we can extract two statements. First, at zero frequency (ω =

0) admittance is purely a resistance value. Second, if we sweep frequency we can get
the value of the capacitance out of the slope of the corresponding linear fit of admit-
tance vs. frequency. In fact, following this recipe we get the resistance and capacitance
values of the tunneling barriers studied in chapter 3.

In order to perform acceptable measurements some things have to be cared. For
instance, our lock-in let the possibility of enabling a 50 Hz filter, that is the frequency
of the power lines in Europe. Besides, the faster the measurement the dirtier the result.
Therefore in every measurement it is important to select the proper time duration and
sensitivity parameters in order to get signals as clean as possible without taking a very
long runtime. For our last measurements with tunneling barriers with Au electrodes
we performed 10 iterations per point, which took 12 min approximately. Specifically
we set 1.5 s as time to wait between points in the process when we sweep frequency
for measuring the real part of admittance, being the time constant for lock-ins 0.5 s; in
this case we measure 20 points of the real part of admittance starting from 3 Hz and
finishing at 4 Hz. After this sweep is completed the AC signal frequency jumps to
1013 Hz, where the capacitance measuring part starts; then we measure 33 points of
the imaginary part of admittance stopping at 1847 Hz (we choose these odd numbers
to prevent multiples of 50 Hz even though the corresponding filter is activated). The
time parameters for the capacitance part are 150 ms as time to wait between points
and 50 ms as time constant for the lock-ins. The reader might have noticed out of these
numbers that a good choice of a waiting time parameter between points is three times
the time constant for lock-in. Besides, higher frequencies provide better resolution,
that is why we have lowered the time parameters for the capacitance part compared
to the resistance one. After this, a linear fit is performed to the imaginary part of the
admittance meanwhile the intercept of the asymptotic trend of the real part is taken;
in this way we take a capacitance (C) and a resistance (R) value, respectively. As we
commented before, this is performed 10 times before moving to the next piezo-step
(we show results in chapter 3). This process can be accelerated once we get into the
region where resistance values are higher than the detector resolution (i.e. electrodes
very separated), then we can consider them infinite with no need of wasting time on
measuring the resistance part for further runs. Moreover, current and voltage sensitiv-
ities are manually selected on lock-ins while the experiment is running as long as this
is required; it is recommendable to always choose the lowest sensitivity parameter as
possible whereas the detector does not saturate.
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We have performed our experiment with zero bias DC voltage. In contrast, we
input to the experiment a moderate-high AC modulation of ≈ 700 mVAC because the
higher the amplitude the better the resolution. The risk we face when setting a high
amplitude is that the established electric field between the electrodes that form the
tunneling barrier may lead this to contact. This also may yield further problems of
keeping still the position of the electrodes, even though we perform our measurements
in equilibrium with liquid-4He. In order to manually correct the creep of the piezo
actuators we have to carefully watch the experiment for the first measuring points;
because we run experiments where we set tunneling barrier electrodes to separate in
every step it is important to control the first stages where electrodes are very close
and might collapse. Besides, we set the offsets that control the movement of the STM
piezo-towers to an optimal value (both rough and fine control knobs use to be close to
position 5.0) in order to not to cause accidental movement with piezos.

Figure 2.5: 4-probe AC technique. The “Sine
Out” that goes from one of the lock-ins inputs
an AC modulation into the experiment; DUT is
device under test. At the same time, the other
lock-in measures the drop of AC voltage signal.

About grounding, after trying dif-
ferent configurations we noticed that
the best results are achieved if we let
the 4-probe grounding independent and
disconnected, being the lock-in chassis
the only ground anchoring for them.
The connectors that go to the STM
are Cu twisted-wires that come from
SMA (SubMiniature version A) connec-
tors from the insert, which connect to the
four coaxial independent cables that go
through it to its head, where finally are
connected to the lock-ins through BNC
cables. It is recommendable to use the
shorter cables as possible in order to pre-
vent greater signal power lose. More-
over, it is important to keep all cabling
and wiring far from power lines and ca-
bles that may induce further stray effects
to the experiment signals.

Despite all the progress we have
made with the technique, there is a low-
resistance threshold below of which we
cannot measure capacitance in a good way. Below ∼ 100 kΩ the capacitance mea-
surements are masked by inductance contributions and even must be underestimated
because the electric current that visits the parallel RC has a greater leak through the
resistance branch. Inductive effects are very important at high frequency regimes; in
fact, above 3000 Hz it is rather impossible to get straight lines to fit to our RC model.
With all this, measuring capacitance in nanocontacts remains to be a challenge. So far
we can be sure that the measurements we perform provide a local evolution [65] of the
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STM electrodes regarding capacitance and resistance values of them, therefore these
do not give absolute values of capacitance of the atomic systems, which must be be-
tween aF and fF [67]. Despite all the stated, we can measure the evolution of quantum
capacitance in tunneling barriers as we will see in chapter 3.



Chapter 3
Capacitance of the electrodes of a
scanning tunneling microsocope

Electrical current measurements on atomic-size systems accessed with scanning tun-
neling microscope (STM) or mechanically controllable break junction (MCBJ) tech-
niques [26] are commonly studied considering only electrical conductance. There-
fore, fully impedance (or admittance) measurements on such systems would provide
greater understanding and new physical phenomena to be studied because, as well
as conductance is directly related to the transmission of electrons through Landauer-
Büttiker formalism, capacitance accounts for charge storage (electrostatic energy) and
inductance represents magnetic energy storage. In the present chapter we show si-
multaneous conductance-capacitance measurements at variable tunneling junctions.
We use the STM technique under cryogenic conditions, where vacuum acts as the tun-
neling barrier, and the electrodes end up with faced-sharpened tips made out of the
very same pure metal. With a four-probe alternating current (AC) lock-in technique
we provide direct measurements of the quantum transition [71] from the purely geo-
metrical capacitance (very long distances) to the leak of capacitance when tunneling
regime is accessed [64] and from resonances at the inter-electrode vacuum gap.

The strategy we follow in this chapter to describe our results goes like this: first,
we will chronologically describe the techniques that we have used in order to give the
reader a picture of the different steps and problems that we have faced until getting
our capacitance results. Second, we will tackle the problem of capacitance under zero
direct current (DC) bias for different relative distances between the STM electrodes.
We access to different regimes that manifest the contribution of classical and quantum
effects depending on whether the electrodes can be considered as a bulk (far distances)
or the atomic structure of them plays a role (close distances). Finally, we will study
in the field emission regime (FER) how the discrete quantum levels formed above
the tunneling barrier affect the charge storage of the plates (i.e. capacitance). With
this purpose we will keep the distance between electrodes still and we will sweep the
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electrochemical potential between them by changing the value of the DC bias voltage
in the STM.

We want to thank B. Hammann for his help on the last stages of the project involved
in this chapter. Specially for his great assistance with lab-work, the discussions and the
conclusions we could reach in close collaboration.

3.1 Experiments history

Here we will talk about the experiments history which includes the development of
the impedance measuring technique, the preparation of samples, the calibration of the
inter-electrodes distance and the study of parasitic impedance effects coming from the
experimental setup.

3.1.1 Measurement of impedance

We have started the exploration of a method to measure the full impedance of STM
electrodes by investigating the capacitance of them. As we have commented in section
1.2.3 and according to literature [129] we expect that the capacitance of these systems
get values between fF and aF. This supposes a challenge that even engineers find very
difficult to tackle. Common multimeters allow the measuring of capacitors down to pF
in the best of the cases. More sophisticated impedance meter devices [130] permit the
measurement of capacitance with a precision of aF under specific conditions, which are
low stray capacitance and inductance, high parallel resistance values (above ∼ GΩ)
and high frequencies (∼ MHz). In our case we are far from fulfilling the last required
conditions: our electronic experimental setup introduces to the system not so low stray
capacitive and inductive effects; we have to work in a frequency range up to ∼ kHz,
otherwise inductive and radiation effects non-trivially would spoil our measurements;
and the parallel resistance values that we want to work with ranges from ∼ 10 kΩ
(atomic contact) to ∼ MΩ (tunneling regime). In this line, we decided to develop a
capacitance measuring technique based on AC lock-in measurements as we explain in
the following subsection.

Early experiments

As we have just introduced, we decided to design a capacitance measuring method
for STM systems. We started the development of this technique based only on electro-
static principles some years ago [131]. We used one lock-in amplifier connected to
a low-noise current amplifier (both already introduced in chapter 2). With that sys-
tem we faced two problems: the current amplifier supposed an additional non-trivial
impedance connected in series to the STM output, which it would have required a
comprehensive characterization of it besides we could not have ensured a good res-
olution of our results; and by using one lock-in amplifier we had the phase problem
that in the following paragraphs we describe.
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Passive components introduce an additional phase to the AC current that is flow-
ing through the electrical system where they are placed. In particular, this phase is
90◦ for an ideal capacitor. In order to describe the phase shift caused by a capacitor to
an AC current, the impedance of it is defined by an imaginary number (see appendix
A). If we use only one lock-in amplifier connected in series to the experiment (2-probe
method), we get all the impedance contributions of the experiment mixed up out of
the measured AC current. The lock-in amplifier allows the introduction of an addi-
tional phase shift to the signal generated by it, apart from the possibility of shifting the
phase of the incoming AC signal from the experiment. The problem comes when we
do not know which one is the adequate phase to be set.

In the beginning we spent some time trying to get an intuition about how lock-in
signals would respond to a gentle movement of the electrodes. To do so, we manually
controlled the distance between electrodes and paid attention to the lock-in displays as
the electric current changed (this one was monitored with the oscilloscope connected
to the current amplifier). We temporary gave a solution to that problem by using the
auto-phase option from lock-in when the electrodes of the STM were very separated
(i.e. tens of nanometer far from getting any tunnel signal). Despite of that, the problem
persisted because phase continuously changes as the electrodes are moving.

The phase problem that we are describing can be understood as “contamination”
of the imaginary part of admittance by the real one and vice-versa. Fig. 3.1 shows an
example of how sensible are the results to the selected phase. In that case the input
AC amplitude is 1.32 mVRMS and the frequency is 9.2 kHz; the amplification factor of
the low-noise current amplifier is 5 and the lock-in time constant is 3 s. The controlling
software parameters are smoothfactor 10, time to wait between points 6 s and numeric
integration 10. The 0◦ picture corresponds to 165.29◦ selected from the lock-in source,
the other subfigures represent further phase shifted cases to study the subsequent be-
haviour. The red curve is the differential conductance measured from lock-in. The
phase shift applied to the green curves (numerically performed, i.e. with a computer
after processing data) does not change significantly the red one, therefore only the 0◦

case is shown for the differential conductance. The blue curve is the derivative of the
red one, so that maximum and minimum relative points can be better distinguished
on the conductance (red) curve, the algorithm used to calculate that one has a smooth-
factor of 2. The green curves are what we call the capacitance results obtained from
lock-in amplifier, which are phase shifted. We can see how the green curve with 1.00◦

is very similar to the red one, and as we change this phase value the resulting curve
turns to the mirror result (−1.00◦) passing by a situation where no influence from the
conductance channel is perceived (cases 0.02◦ and 0.00◦). This is an illustrative exam-
ple on how phase affects the two channels (real and imaginary parts of admittance)
detected with a lock-in amplifier, but as can be seen in the cases of 0.02◦ and 0.00◦

we have no resolution enough for capacitance (something that can be improved with
longer measuring time per point as we will see in section 3.3).

Phase is a magnitude that depends on the different resistance, capacitance and in-
ductance values that are present in a system, as well as it is frequency dependent. How
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Figure 3.1: Simultaneous conductance and capacitance measurements with the 2-probe AC
lock-in technique of a gold (Au) mono-atomic chain created with STM. The sample is under
high vacuum (pressure lower than 10−8 mbar) and in thermal equilibrium with a liq-4helium
(He) bath. See main text for further details.

to properly adjust the phase in these experiments it is not clear. We posed whether the
using of two lock-in amplifiers would help to find answers to that problem, where dif-
ferential measurements that only consider the input and output STM terminals could
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avoid (among other things) possible inductance effects that spoil what we just consider
capacitance.

Improved technique

After the experience with the 2-probe technique we decided to acquire another
lock-in amplifier. Then we started designing experiments based on a 4-probe AC tech-
nique, where our first tries consisted in measuring parallel associations of dumb resis-
tors and capacitors. The details of the methodology followed for the final setup con-
figuration of this technique are described in section 2.4.5. As it has already been intro-
duced, in order to experimentally measure the electrochemical capacitance we make
4-probe AC measurements with two synchronized lock-in amplifiers. In this way we
get the admittance of the experiment that happens to be a term with two channels
of information, therefore we get simultaneously both conductance and capacitance as
can be seen from the expression of the admittance of a parallel resistor-capacitor (RC):

Y =
1
R
+ jCω (3.1)

where Y is admittance, R is resistance, C is capacitance and ω is angular frequency (for
further details see appendix A).

With our technique we find some limitations when measuring capacitors with
values below ∼ 100 pF connected in parallel to resistors that have values below ∼
100 MΩ, in these cases we get negative values of capacitance which would mean that
the inductance contribution is masking the capacitance one. Then our measurements
are restricted from the tunneling regime to higher distances between the STM elec-
trodes. For our study of capacitance vs distance we mainly perform our measurements
under zero DC bias voltage but with ∼ 1 V for AC modulation. We have chosen such
AC modulation in order to get results with low enough noise from our lock-in mea-
surements. Besides, we set a zero DC bias voltage for simplicity, meaning that as a first
study we want to restrict our problem conditions to the ones that use to be considered
by the theory without additional computational cost. Moreover, if we have wanted a
significant DC voltage this would have had to overcome the AC one in a way that it
would have led to a field emission regime, something that is beyond the scope of the
experiments of this section.

3.1.2 On the samples

By working with samples that have sharp atomic-scale faced pyramids at the end-
ing part of each electrode, the tunneling regime evolves smoothly without sudden
jumps to either contacting electrodes or separated ones in the situation where no tun-
nel signal can be detected. In these cases, we train the samples by making gentle
indentations until the point when conductance as a function of distance is repeatedly
reproduced; this technique is called mechanical annealing and was developed in our
lab by C. Sabater et al. [113, 96]. Mechanical annealing can be easily done with Au and
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platinum (Pt) under cryogenic conditions [113]. Our firsts experiments have samples
that have been prepared with a sharpening procedure (which will be described in the
next paragraph) before the experiment is closed under vacuum, we call them “non-
flat” because after some experiments we have performed measurements with samples
that have been flattened (which we call “flat”) with a drill as we will also describe in
the next paragraph (see Fig. 3.2 and table 3.1).

Figure 3.2: Representation of the “flat” (lower
drawing) and “non-flat” (upper drawing) ge-
ometries of the STM electrodes. For the ex-
periments we have carried out, the diameter of
the pristine sample (φ) can be either 0.25 mm
or 0.5 mm (see main text, table 3.1 and Figs.
3.10 and 3.11). This figure shows just theoret-
ical cases, but in reality some deformations or
unwanted slight modifications are met.

The “non-flat” samples start with
cylindrical wires (this procedure has al-
ready been introduced in chapter 2) that
we cut with triangular shape to mini-
mize multi-contact points between them
(see upper case in Fig. 3.2). In con-
trast, for the “flat” samples we manip-
ulate the cylindrical pristine wires with
a Dremel drill that has a rotating carbon
disk at its head. We drill the wire until
half its diameter once it has been glued
onto the copper (Cu) holder, we follow
this procedure for both complementing
sample wires (see lower case in Fig. 3.2).
According to the datasheet of the com-
mented carbon disks, they are not made
just of pure carbon but also might re-
lease some aluminum (Al) oxide, then af-
ter working with them we clean our sam-
ples with acetone and also we scratch
their surface with a ceramic knife (non-
conducting and non-magnetic). After ev-
ery experiment we measure the area of
the samples that have formed the capac-
itor plates in the STM. We take a pen and we paint one of the samples while they
are still mounted in the STM, then we move the STM wagon by hand and make the
electrodes get touched, the fresh ink that is on one of the samples paints the other one.
Then we take both samples from the STM and with a vernier scale we measure the size
of the painted areas (see Fig. 3.3). As we will see, we have measured samples with dif-
ferent diameter values (see table 3.1), in this way we want to study the influence of the
macroscopic area in our results.

3.1.3 On the calibration of the inter-electrodes displacements

After the description that we have given of the sample preparation and a general intro-
duction to the technique that we have used for our main experiments on capacitance,
let us go deeper into the description of the experiments where we have measured
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capacitance vs distance between electrodes. In the beginning we performed experi-
ments with equally spaced linear piezo-steps, but we saw that by using log-steps for
the piezo-towers we are winning more detail in the tunneling part and not taking so
much time for the situation where electrodes are very separated. In order to calibrate
our measurements, we tried to fit the tunneling curves to straight lines (i.e. where
conductance is in log-scale and piezo-voltage is in linear-scale) as the one that can be
seen in the inset in Fig. 1.3. We realized that the creep caused by the piezos

Figure 3.3: The upper sample is the
one that has been first painted, it has
a greater amount of ink that does
not indicate the area of the capacitor
plate. However, the ink on the sample
below is the one that indicates the es-
timated macroscopic area that the ca-
pacitor plates have for both samples.

affects the log-steps at the onset of measurements
because we could not get an exponential evolu-
tion of conductance with distance. As we com-
mented in section 2.2.1 creep is a time-dependent
effect and the measuring time we spend in every
point is long enough to detect it. We also tried to
carry out our measurements by performing con-
stant linear piezo-steps that increased their value
at a certain piezo-voltage value, but the results
of which are very similar to the log-step cases,
meaning that the creep was still present for the
amplitude of steps that we set. Moreover, we
cannot apply the calibration factor extracted from
measurements out of thousands of fast traces of
conductance, which we used to assume as cor-
rect (i.e. by performing chain histograms or by
measuring tunneling current), because such com-
mented creep matters and then the actual cali-
bration should be taken from the fit of the expo-
nential function obtained from the slow measure-
ments.

Therefore, we have decided to study our re-
sults without applying any calibration factor to
the piezo-voltage, except for the quantitative part which requires some calibration in
order to get some numbers. For the quantitative cases, as we will see in section 3.2.2,
we introduce some corrections due to the hysteresis (see section 2.2.1) of the piezo
stack actuators in the STM, then we fit our results with Eq. (3.5) and we get a calibra-
tion factor for each experiment (see table 3.2).
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Date Material Geometry Comments
15.06.2016 Cu non-flat small piezo
19.06.2016 0.25 mm displacement
17.08.2016 Cu non-flat extra parallel
21.08.2016 0.25 mm 10 pF
06.10.2016 Au non-flat fast calibration
09.10.2016 0.25 mm = (100± 12) Å/V
23.10.2016 Au non-flat fast calibration

0.25 mm = (100± 30) Å/V
28.10.2016 Au non-flat capacitance offset

0.5 mm = (950± 10) fF
05.11.2016 Au non-flat capacitance offset
08.11.2016 0.5 mm = (860± 10) fF
11.11.2016 Pt non-flat capacitance offset
14.11.2016 0.25 mm = (830± 10) fF
22.11.2016 C non-flat capacitance offset
23.11.2016 0.5 mm = (930± 10) fF
30.11.2016 Pt non-flat capacitance offset
01.12.2016 0.5 mm = (850± 10) fF
19.12.2016 Pt flat capacitance offset
22.12.2016 0.5 mm (0.25± 0.05)mm2 = (740± 10) fF
18.01.2017 Au flat capacitance offset
21.01.2017 0.5 mm = (750± 10) fF
02.02.2017 Au flat capacitance offset
03.02.2017 0.25 mm (0.06± 0.03)mm2 = (820± 10) fF
05.02.2017 Pt flat capacitance offset
07.02.2017 0.25 mm = (740± 10) fF

Table 3.1: History of STM 4-probe AC measurements of capacitance vs distance under cryo-
genic conditions (liq-4He bath). Below every material name it appears the diameter of the
corresponding pristine sample.
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3.1.4 Parasitic impedances

When the electrodes are very separated between them only the classical contribution
of capacitance is important (C0 in Eq. (3.2)), which is inversely proportional to the dis-
tance between plates. Then, theoretically one would expect to have a zero capacitance
for a situation where electrodes are very far to each other, however experimentally we
obtain a constant non-zero value. At a first glance, we can interpret it as an offset of
the capacitance due to the fact that the STM is connected to an experimental

Figure 3.4: Schematic representa-
tion of a nanoscale capacitance mea-
surement on thin dielectric films
with atomic force microscope (AFM).
Reprinted from Fig. 1.a. in Ref. [132]

setup with electric components that in principle
would contribute as an additional stray paral-
lel capacitor to the RC parallel system that the
STM electrodes represent (something similar hap-
pens with other experimental techniques like the
one showed in Fig. 3.4). As we are measuring
local variations of capacitance and conductance
as a function of the electrodes displacement, the
additional electric contributions from the setup
can be regarded as a background that qualita-
tively does not suppose a problem but numeri-
cally might mask our results. In order to get this
capacitance offset value, after every run we have
brought the electrodes up to the maximum pos-
sible separation with the help of the electronics
that control our experiments. Then, once we see
that the capacitance is not changing anymore we
take the resulting number as the capacitance off-
set. However, we only used the inertial box (this
device permits the maximum separation between
electrodes) for our last three experiments because
we were afraid of not recovering the STM wagon
movability for the previous ones. Anyway, as can be seen in the comments column in
table 3.1 the capacitance offset changes from experiment to experiment independently
of whether we have used the inertial box or not. Therefore, regarding the part where
capacitance offset has to be considered in our quantitative study we will be very care-
ful with this issue because this offset is not always the same, and this happens even
after every run for the same sample, being the origin of which not clear.

One of the possible explanations to the origin of such odd capacitance offsets might
root in the presence of the spring that holds the STM wagon and then stops its move-
ment at a certain distance, which is not at the same position every time we mount the
experiment and would make the maximum distance between electrodes to be differ-
ent. But this would not explain why after every run with the same sample the offset
is different, in this case it would be more appropriate to think about some possible
thermal effects that the electric inputs are provoking and their interplay with the cryo-
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genic bath. Moreover, when using high voltages the solder junctions might suffer
slight modifications and then alter the screening and electric fields around and inside
the STM, but this is a speculative statement and therefore it has not been checked.
Besides, the wagon slides over the piezos with an interface consisting of sheets of
alumina (Al2O3) covered with graphite, then if by chance these surfaces (that are al-
ways checked with every experiment) meet some impurity or geometric obstacle un-
der cryogenic conditions, it will make the wagon to stop and therefore it will not reach
further distances. With all these arguments, we have decided to carry our quantitative
analysis part without considering the measured numbers attributed to a capacitance
offset but following a methodology that we will show and discuss in section 3.2.2.

3.2 Capacitance from tunneling to the long inter-electrode dis-
tance

R

D
L

D
RC

0

Figure 3.5: Schematic
representation of Eq.
(3.2).

Kurokawa and Sakai wrote in Ref. [133] that “there should
be no singularity in nature”, meaning that something differ-
ent from the divergence of the classical capacitance result 1/d
when d goes to zero (where d is gap distance) should take
place. This strengthens our motivation to study the differ-
ent regimes of capacitance depending on the distance between
the STM electrodes. Moreover, bulky electrodes, facing atomic
pyramids and last atoms of them should not be treated sepa-
rately but as an indivisible unit [70], therefore we cannot de-
scribe the capacitance of our systems only from its geometrical
capacitance.

The experimentally relevant capacitance is an electrochem-
ical one, which is a quantity depending on the electronic prop-
erties of the conductor. In our case, the electrochemical capac-
itance is a series association of three capacitors as it is shown
in Fig. 3.5, where the central one would correspond to a geo-
metrical classic contribution (C0) meanwhile the outer ones are
related to the density of states of the tip-electrodes (DL,R, where L and R refer to left
and right-sided electrodes, respectively). Besides, the transmission term that shows
up for the tunneling regime is represented with the resistor R that is placed in parallel
to the capacitors.

As already it has been commented in chapter 1, as a first approximation we will
consider the Bütikker equation (Eq. (3.2)) that we transcribe here:

C =
1− T

1
C0

+ 1
DL

+ 1
DR

(3.2)

where we will consider the transmission factor T as the exponential curve [64] that
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would correspond to the tunnel expression (Eq. (1.7)) in units of quantum of conduc-
tance 2e2

h .
In this section we discuss the evolution of the capacitance as a function of the elec-

trodes distance. We distinguish three regions (see blue arrows in Fig. 3.6): a transition
from a geometric (classic) capacitance to a quantum one, then this quantum capaci-
tance regime appears with a constant trend as we bring the STM electrodes closer, and
finally a leak of capacitance occurs when tunneling current is accessed. This is some-
thing that contrasts with the works from Kurokawa et al. [133, 68], who claimed that
the capacitance evolution they found as a function of the tip-sample distance with a
STM would only consider effects related to the geometric capacitance.

quantum
transition

le
a
k

Figure 3.6: STM 4-probe AC measurement on Pt with flat surfaces with area (0.25± 0.05)mm2

(taken on 21.12.2016, see table 3.1). See main text for more details.

Capacitance in Fig. 3.6 shows an example of raw data from one of our experiments,
where the conductance curve has been edited so that data for electrodes displacement
beyond 0.6 nm appear as 0, which experimentally are random numbers because such
high resistance values are beyond the resolution of our detectors. The blue arrows
indicate the three identified different capacitance behaviors.

The leak of capacitance was not observed in the model and simulations performed
by Gomila et al. [132], which considered cases of tip-film separation between zero (i.e.
contact) and 100 nm. In this work the authors presented an analytical model to inter-
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pret nanoscale capacitance microsopy performed with AFM on thin dielectric films.
They fit their model to an experimental result where a film of SiO2 30 nm thick is mea-
sured with AFM. The film that they considered was a dielectric and talking about
tip-film contact for them is not the same as talking about contact for our systems,
which involve the direct touching of two metals. Therefore, the system they consid-
ered would need to go to smaller distances between tip and a conducting substrate in
order to see a leak of capacitance.

There is a strong resemblance between our curves and the ones showed in Fig. 3.7
(notice the change from log to linear scale in the horizontal axis), where the authors of
that work used a first-principles quantum theory to calculate the electrochemical ca-
pacitance, showing a transition from a full quantum to a classical regime as a function
of the distance between two conductors. Besides, this results apply for low-frequency
AC cases, which happens to be our situation, otherwise for high-frequency the model
would have to consider radiation effect terms. Moreover, our curves are also similar
to the one showed in Fig. 3.8.b, which was obtained using ab initio methods. Also
we want to comment that Fig. 3.9 shows the same expected trend that the previous
commented curves have, including ours. The results showed in Figs. 3.7 and 3.8 are
simulations, but the result showed in Fig. 3.9 is an experimental one obtained with
indirect measurements based on Coulomb blockade detection.

As commented in section 1.2.3, one condition that must be fulfilled in order to
access the quantum behavior of capacitance is the small density of states or, as it is said
in Ref. [64], “tiny capacitor plates” (in the sense that accessible quantum systems offer
such small density of states (DOS)). However, we do not completely agree with the
way of expressing that argument by the authors of Ref. [64] because what determines
the quantum accessing to capacitance is the atomic distances between plates and not
the size of them; moreover, the larger the size of the plates the greater the falling of
capacitance as the electrodes are getting separated.

As it is seen in Ref. [64], in a linear (first order) approximation and for a symmetric
barrier qualitatively there is no difference between the fully quantum result and the
semi-classical model (see Fig. 3.7). Therefore, for clarity and simplicity our analysis
will be based on the expression given by Christen et al. in Ref. [71], which is tran-
scribed in Eq. (3.2).

The fact that we use ∼ 1 V AC modulation increases the risk of having sudden
contact of the electrodes when they are very close to each other. Therefore, for safety
we always start from the tunneling situation and then we separate the electrodes more
and more. The reader will realize that sometimes we might start describing our results
from the most separated electrodes situation and then afterwards talk about closer
distances, this will not mean that the experiment has been performed in this direction
but always separating the electrodes.

In order to study the influence of the DOS on the capacitance we have performed
experiments with materials that present very different values of DOS. For most of our
measurements we have chosen highly pure (> 99.99%) Au and Pt (one material per ex-
periment), being the DOS for Au 3.99 States/Ry/atom and for Pt 29.90 States/Ry/atom
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Figure 3.7: Calculated linear electrochemical capacitance as a function of barrier width W for
a square barrier. The solid line is the full quantum numerical calculation, the dashed line and
dotted line are from the quantum result and the semiclassical result in a discrete potential ap-
proximation, respectively. The dot-dashed line is the classical result≈ 1

W . Inset: corresponding
partial density of states versus the barrier width W. Reprinted from Fig. 2 in Ref. [64].

[134]. Moreover, the mechanic and electric properties of Au and Pt have been well
studied at the atomic scale [135, 30, 62, 136, 137, 41], which makes easier performing
experiments with these materials with STM. In addition, we have tried some mea-
surements on highly pure (> 99.99%) Cu and graphite (C), see table 3.1 and Fig. 3.10.
We started this project with Cu because we thought that it would lead to more inter-
esting results due to the fact that the insulating states that this material has at its sur-
face would provide greater changes in the capacitance evolution. On the other hand,
graphite is a semiconductor that closes up its gap and keeps the no availability of en-
ergy states at the Fermi energy when it turns to graphene (a monolayer of graphite).
Therefore, this peculiar characteristic of C will put in a greater contrast the influence
of the DOS on the capacitance if we compare the experiments performed with C with
the ones performed with the other materials mentioned in this paragraph.
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Figure 3.8: Calculated electrochemical capacitance for a 5-atom tip-substrate system as a func-
tion of the distance d between the tip and the substrate that can be found in a STM system; (a)
classical result; (b) quantum result. Inset: total reflection coefficient (1− T) as a function of d.
Reprinted from Fig. 1 in Ref. [69]
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Figure 3.9: Capacitance of tip-cluster nanojunction as a function of tip-cluster separation d. The
capacitance is deduced from Coulomb blockade measurements performed with STM between
its tip and a two-dimensional Au cluster. Reprinted from Fig. 2.b in Ref. [129]
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3.2.1 Qualitative interpretation

Figure 3.10: Results of our measurements using the 4-probe AC lock-in technique, the data
shown are the raw ones. Every curve has the date of measurement tagged (small grey num-
bers aside) for easiness of identification. The different colours stand for different diameter of
the pristine sample (see φ parameter in Fig. 3.2) and geometry of the plate surfaces. Every
subfigure shows the results for different materials, being (a) Au, (b) Pt, (c) Cu and (d) graphite
(C). In particular, in subfigure (c) we have added 0.3 pF to the lower curves and we have sub-
stracted 10.0 pF to the upper ones (see main text for further details).

In the first experiments that we carried out with the 4-probe AC lock-in technique
we measured Cu. The curves at the lower part of Fig. 3.10.c are our first successful
results regarding the measuring of the leak of capacitance (date 18.06.2016). These
curves do not reach further distances because we set a ten times voltage divider to the
STM piezos. We had some situations where we measured negative capacitances and
we did not understand the origin of it; that is why in the next experiments we plugged
a 10 pF capacitor coupled to the STM electrodes in a parallel way, the results of which
are shown also in Fig. 3.10.c. We again obtained the leak of capacitance region but
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also the transition to the classical regime showed up (dates 19.08.2016 to 21.08.2016).
We wanted to go deeply to the issue of the detection of negative capacitance in or-
der to get rid of the additional parallel capacitor. We figured out that these negative
capacitances are obtained for those cases where the tunnel resistance is very low as
commented before, therefore for nanocontacts it appears as a more serious problem.
Negative capacitance values are considered as positive inductance ones at a partic-
ular frequency, therefore the only explanation we find is that inductive effects mask
capacitance detection at those regions.

The first time that we detected a clear constant evolution of capacitance with dis-
tance was with the experiments on Au, where we started to set the logarithmic dis-
tribution for piezo-steps. In Fig. 3.10.a the black curves are the ones that first we
measured for this metal; these results encouraged us to go deeper in the understand-
ing of how quantum capacitance can be related to the DOS of the material, i.e. the 1

DL,R

term in Eq. (3.2) that is represented in Fig. 3.5 as two small capacitors, each of them at
every side of the geometric capacitance contribution C0.

In order to know how is the contribution of the macroscopic plates area on the ca-
pacitance results, we went for experiments with larger diameter for the pristine sam-
ples. The green curves in Fig. 3.10.a shows us that the shape of the plates matters be-
cause it can lead to different results. The concentration of the electric field on the plate
surfaces must be very dependent on the shapes of them; the tales at the right side of
these green curves have different amplitudes: 0.01 pF for experiments on 27.10.2016,
28.10.2016 and 05.11.2016, and 0.03 pF for experiments on 06.11.2016 and 07.11.2016.
This leads us to the conclusion that the training of the sample is very important, be-
cause all these commented experiments have been performed with the same sample,
and there is a point where the quality of the curve is improved, which is from the
measurement on 05.11.2016 to the one on 06.11.2016. All these green curves have been
measured with 10 iterations per point, except the one from 05.11.2016 that has been
measured with 2 iterations per point. Therefore there is also an influence depending on
the iterations per point, because between measurements on 28.10.2016 and 05.11.2016
there is a complete process of warming up of the experiment to room temperature and
cooling down of it to liq-4He bath temperature indicating that there has been a big
training of the sample (not only a temperature change but strong indentations, some
electromigration processes and the restarting of vacuum pumping have been imple-
mented), and the parameter that is different between measurements from 05.11.2016
and 06.11.2016 is the number of iterations per point. We would like to say that the
high resemblance between the curves from 27.10.2016, 28.10.2016 and 05.11.2016 indi-
cates that if they have the same quality and different number of iterations per point
it is because the training of the sample has been indeed greatly regarded. Moreover,
we checked that the amplitude of the AC modulation does not suppose a significant
change in the measurement mean values but only in their noise.

The influence of the macroscopic are can be studied by taking a look at the blue
and red curves in Fig. 3.10.a, which belong to flat surfaces. Looking at the right-side of
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these curves we see that the amplitude of the tale is greater for the red curve than for
the blue one, where the values are 0.05 pF and 0.04 pF, respectively. According to Eq.
(3.2), if we consider that the only contribution of the macroscopic area is the one that
is directly proportional to the geometric capacitance, one would expect the contrary
situation with the amplitudes, i.e. a higher amplitude for a smaller area; but this does
not hold true as we showed in Eq. (1.16), where quantum capacitance is also propor-
tional to the macroscopic area, and this leads to an evolution of capacitance as the one
showed with the curves commented in this paragraph. However, for the quantum ca-
pacitance part one would expect that for the same material but different macroscopic
area the blue curves should be positioned below the red ones. Therefore we could
interpret this in terms of other effects, like an inductance contribution (this issue will
be discussed in section 3.2.2), or a distribution of the electric field that alters the quan-
tum capacitance contribution together with the fact that it would be more appropriate
to think about local density of states (LDOS) instead of bulk DOS, meaning that this
quantity would not be the same for the same material as it depends on the coordina-
tion of the non-bulky atoms and its charge, which would be related to the electric field.
Besides, it exists the possibility of having a different capacitance offset that shifts the
vertical position of the curves.

In Fig. 3.10.a, the amplitudes of the blue curves at their right-side are very similar
to the ones of the green curves measured on 06.11.2016 and 07.11.2016, it points out
the importance of the effective area. They have different diameter of the pristine wire
and different surface shape, but the concentration of the electric field over the trian-
gular shape (see “non-flat” in Fig. 3.2) of the green curves might establish this strong
resemblance in terms of effective area when the electrodes are beyond 0.1 V for piezo
displacement.

The reader might have perceived that in the beginning of some curves in Fig. 3.10
(i.e. the shortest piezo displacement part) they show a monotonic behavior that con-
tradicts what we have exposed so far. This is related to the creep of the lead zirconate
titanate (PZT) actuators in the STM, which sometimes took several piezo-steps to get
under control. A clear example of this is the onset of the red curves in Fig. 3.10.a,
where capacitance goes to lower values as the electrodes get separated until a stability
region that is around 3 mV.

In Fig. 3.10.b the blue curve is basically evolving with a constant trend, we attribute
this to a failure in the experiment the origin of which is unclear, it might be related
to the existence of accidentally very dirt STM electrodes; but we want to plot this
on the figure to point out the possibility of having this case. This behavior can also
be perceived on the green curve measured on 30.11.2016, which after training and
cleaning the sample with some fast electromigrating sparks led to the rest of the green
curves inside the same subfigure.

Graphite (C) is a material very difficult to manipulate under low temperatures,
it is rather impossible to perform mechanical annealing on it and therefore the tun-
neling curves happen to be very poor. As a semiconducting material, the traces of
conductance that we tried to perform appeared to be odd. In Fig. 3.10.d the evolution



3.2 Capacitance from tunneling to the long inter-electrode distance 59

of the curve from 0.02 V for piezo displacement to further distances appears to have
a constant capacitance value. The very low DOS of C would be the responsible of
such behavior, meaning that at the region showed in the figure quantum capacitance
is dominating over the geometric one.

3.2.2 Quantitative approach

For the quantitative study we will consider those cases that are easier to compare, we
take those samples with 0.5 mm diameter and flat surface, i.e. the red curves in Fig.
3.10. Specifically these results are for Au (Fig. 3.10.a) and Pt (Fig. 3.10.b).

As a first approximation we will use the bulk DOS numbers for Au and Pt that
have been written in section 3.1.1, whose relation is 29.90

3.99 . Moreover, we will take an
average workfunction value for Au and Pt of 5.3 eV and 5.5 eV, respectively (see table
3.2).

The expression we use to fit our data is the following, which is basically the same
as Eq. (3.2):

C =
1− T

2
D −

1
F + d

β

(3.3)

where D is the quantum capacitance contribution that we assume to be the same for
both electrodes, d is distance between plates (showed in the horizontal axis in Fig.
3.11), β is a parameter belonging to the classic contribution that is related with the
macroscopic area of the plates, F is a parameter that we introduce as a correction term
and will be discussed below, and T is the transmission term which is given by the
following exponential law that is related with the tunneling of electrons between the
electrodes:

T = e−2
√

2meW
h̄ (d−d0) (3.4)

where me is electron mass, W is metal workfunction, h̄ is the reduced Planck’s constant,
and d0 is a correction parameter that sets the zero-distance between electrodes.

The results of the fit are plotted as a thin continuous line in Fig. 3.11, and the cor-
responding fit parameters can be found in table 3.2. The experimental data (coloured
dots in Fig. 3.11) have been corrected following the next expression:

dk = αVpk 10−
k
n − 0.042 · 10

(
2
(

k
n−1
))

m (3.5)

where n is the total amount of measured data points and k indicates the position of
each of them in a row vector where the first point is the one with the shortest piezo
displacement and the last one is for the longest displacement; and Vp is piezo voltage.

As already has been introduced in section 2.2.1, the hysteresis effect becomes more
important with increasing voltage applied to the actuator. Therefore we consider the
corrections showed in Eq. (3.5), where we assume on the one hand the substraction
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Figure 3.11: Fit of the Büttiker equation (Eq. (3.2)) to our measurements on samples with
pristine wire diameter 0.5 mm and flat surface. Every curve has the date of measurement
tagged (small grey numbers aside) for easiness of identification. In every subfigure, the thin
continuous line is the plot of Eq. (3.3) whose parameters can be found in table 3.2. Red (Au)
and green (Pt) dots represent the experimental data points the position of which in distance
(i.e. horizontal axis) has been corrected following Eq. (3.5) (see main text for further details).
Subfigure (e) is the joined representation of the plots shown in subfigures (a), (b), (c) and (d).

Fig. d0 (Å) W (eV) D (fF) F (fF) β (fF ·mm) α (Å/V) φ0 (mm)

3.11.c 0 5.3 3 1.502141 0.24 195 0.16
3.11.c 0 5.3 3 1.502141 0.24 195 0.16
3.11.a 3 5.5 3

( 29.90
3.99

)
11.35995 13 2600 1.2

3.11.d 1 5.5 3
( 29.90

3.99

)
11.35970 2 520 0.48

3.11.b 8 5.5 3
( 29.90

3.99

)
11.35920 7 1850 0.89

Table 3.2: Parameters out of the fit of Eq. (3.3) to the experimental data (see Fig. 3.11).
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of the same positive power law for all cases, which is represented by the second term
in Eq. (3.5) (i.e. the one with the prefactor −0.042) and is introduced independently
of the calibration of the STM; it will become more important for the part where the
electrodes are very far from each other because this term mainly controls the tale of
the curve at its right-sided part. However, we also consider a negative power law
that changes the calibration factor (i.e. the first term of the equation), where for short
distances between plates a higher calibration factor is required and as the wagon is
moving away this factor goes down.

Regarding the part of the leak of capacitance, the parameter that determines de
slope of this is the α parameter that appears in Eq. (3.5), which is a calibration factor
that allows us to accommodate the data points with the fit function meanwhile we
control the d0 parameter shown in Eq. (3.4).

In Fig. 3.11.c we show the case of Au that we successfully have twice reproduced
and therefore we only use one fitting curve for both results. In case of Pt some differ-
ences are found because after every run we have had to reconstruct the electrodes tips
by performing some cycles of deep indentations and mechanical annealing.

The − 1
F term in Eq. (3.3) is born as a necessity to explain our results based on Eq.

(3.2), therefore is a correction term that is introduced to open discussion. We have to
bare in mind that the DOS that we are considering is the bulk one, then the results for
the quantum capacitance (i.e. the 2

D term in (3.3)) are a very first approximation. As it
has been commented in section 3.2.1, negative values of capacitance can be interpreted
as inductance ones. We consider that the − 1

F term can be related to an inductance
contribution either from the experiments wiring, a local effect from the STM electrodes,
or both of them. The significant values of the numbers showed in the column of the F
parameter in table 3.2 indicate the sensibility of this additional (possible inductance)
term. We can see that this F parameter is roughly ten times larger for the case of
Pt than for the case of Au. If this parameter was related to a local inductance effect
of the electrodes, we would wonder whether this is a consequence of the emergence
of the magnetic moment of Pt upon the reduction of its dimensionality and atomic
coordination (see chapter 4).

The results of the calibration factor (α) shown in table 3.2 differ in some cases.
Normally, for fast calibrations we use to get values between 100 and 300 Å/V, from our
fit this is accomplished for the case of Au even though one of the cases of Pt is not far
from it (Fig. 3.11.d). However, for the Pt cases in Figs. 3.11.a and 3.11.b the calibration
is ten times larger than the expected one. The last is a consequence of the highest
slope cases that these subfigures present at the leakage part. As commented some
lines above, the α parameter is adjusted with the d0 one at the same time; the results
shown in table 3.2 indicate that Au is a case that is gratefully behaving because it has
not only a calibration factor inside the expected values but a correction parameter d0
equal to zero, meaning that the zero distance position was well established before the
analysis of data. This good behavior is followed by the Pt case in Fig. 3.11.d, where
only one angstrom is required to correct the calibration offset of the distance data.

Attending to the results for the quantum capacitance, according to the estimation
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already commented below Eq. (1.16) one would expect to have a value of D of the
order of 10 fF; in our case, for Au and Pt we have obtained 3 fF and 3

( 29.90
3.99

)
≈ 22 fF,

respectively, which are around the estimated value.
In table 3.2, the β parameter that is related with the macroscopic area of the plates

has units of fF ·mm, which indicates that we have to move to the mm order to have a
comparable classic capacitance contribution. Taking the classic capacitance expression
of two parallel plates (Eq. (1.8)) and considering the permittivity as the vacuum per-
mittivity ε0 (see appendix A), we see that β = ε0 A, where A is the area of the capacitor
plates. If we consider A as a square surface we can straightforwardly calculate one of
its sides by performing a root square operation the results of which are shown with
the parameter φ0 in table 3.2. These values are comparable to the nominal one that is
0.5 mm, i.e. the diameter of the pristine wire-shaped samples. From our results we
find a good agreement in terms of the order of magnitude with the expected value.
Specifically we want to highlight the special good agreement of the case of Pt in Fig.
3.11.d, which has a value of φ0 = 0.48 mm.

3.3 Capacitance vs bias voltage in the field emission regime

The project involved in this section aims to complete a previous work by G. Sáenz-Arce
[20], where some capacitance measurements were performed with dynamic methods.
Specifically, the author of that work used a custom-made tuning-fork STM and ob-
tained the capacitance value of a tunnel system consisting of a STM metal tip and a Cu
<100> surface where vacuum acted as a barrier. This was performed inside the so-
called Fowler-Nordheim regime [60] (FER, see Fig. 1.4), where Gundlach oscillations
[61] showed the presence of leak of capacitance at every resonant point (see Fig. 3.12).
These oscillations had also been observed in other experiments [138, 62] for calibrating
MCBJ and also determine the work function of the metal metal under study in an ac-
curate way. In the regime where the applied voltage is larger than the work function of
the metal (this is the FER), part of the barrier region becomes classically accessible and
then the wave function of the incoming electron to the barrier may cross it though an
energetically available state inside the triangular part of the top of the barrier (see Fig.
1.4 in chapter 1). This process behaves in an oscillatory way because by tuning the DC
bias voltage the different discrete states inside the top of the barrier are accessed. In
our case, we have not been able to get clear Gundlach oscillations with the electrostatic
technique that we use because of electric problems of noise and stability.

In this section we will briefly comment some of the results that we have obtained
with an energy dependent study of the capacitance. In Fig. 3.13 we show on the one
hand our results on Au electrodes measured with the 2-probe AC technique (see sec-
tions 2.4.4 and 3.1.1), and on the other hand we also show our results on Cu electrodes
measured with the 4-probe AC technique. The shape of the surface of the electrodes
is “non-flat” and the diameter of the pristine sample is 0.25 mm for all cases. These
measurements consist in performing ramps of bias voltage while keeping the distance
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Figure 3.12: Capacitance variation in the FER for a STM tuning-fork measurement on Cu
<100>. The vertical axis at the left part of the plot indicates a physical quantity that is propor-
tional to capacitance. The vertical axis at the right part of the plot is the electrical conductance.
The series of resonant peaks in black are the Gundlach oscillations, which have been described
in section 1.2.2. Reprinted from Fig. 5.9 in Ref. [20]

between the STM electrodes constant.

The method that we have used for the Au measurements is not completely reliable
in the sense that the phase problem leads to an alteration of the phase as the tunneling
current is changing, and with the 2-probe technique it is rather impossible to correct it.
We have performed a study with one lock-in with signals out-of and in-phase. Before
every run we have adjusted the phase by putting the electrodes very far from each
other in order to get a signal with only a contribution from capacitance and not from
conductance, then we set the auto-phase option of the lock-in amplifier. We thought
that the phase would stay constant through the measurement, but a more detailed
study of the output of lock-in as a function of the frequency showed us that as long
as we are detecting a changing tunneling current it will introduce to the system a
phase-shift that in our case is of about 20◦ for the whole run, which makes impossible
to perform a direct measurement of the phenomena. However, for very low values
of tunneling current this method would give us an intuition about how qualitatively
the curve should evolve. The red curves that we show in Fig. 3.13 are the result
of a measurement with an AC input signal with frequency ≈ 2 kHz and amplitude
≈ 0.1 VRMS. Before we start the measurement we let a small amount of tunneling
current pass through the electrodes, then we start the bias voltage ramp. In order to
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get a good enough resolution of the imaginary part of the current we substract a certain
offset to it with the lock-in and then we multiply the resulting signal by a factor of 100
also with the lock-in, in this way we get a higher sensibility.

We have let the measuring of the curve of Au for a whole night because we set a
very long time constant per point which in turn is obtained after averaging more than
50 points. Unfortunately we have not been able to reproduce again this result, which
contains very interesting information if we pay attention to it. Despite of the fact that
we have not used a PID (Proportional-Integrator-Derivative) system, which allows the
acquisition of current-constant measurements by electronically correcting the distance
between the STM electrodes (as it was done with the measurement shown in Fig. 3.12),
we can see some resonance peaks that we interpret as Gundlach oscillations. With a
PID the resonance peaks can be easily obtained but in our case the implementation of
this electronic system in the capacitance measurement technique would have masked
and spoiled our measurements. For both results on Au and Cu we see that, indepen-
dently of the used technique, the capacitance gets reduced when the tunneling current
shows up. In the case of the result on Cu the resolution of the measurement does not
let the recognition of any possible resonant peak; however, for Au we see some reso-
nant peaks in the conductance curve located around 6.2, 7.0, 8.2 and 9.3 V, respectively,
which correspond to valleys in the capacitance result. This result drives us to interpret
it as a leak of capacitance at every resonant point, a result that is in agreement with the
one showed in Fig. 3.12.

About the units, due to the lack of a completely reliable 2-probe method (red curves
in Fig. 3.13), we let them as arbitrary units. However, with the technique we have used
to get the result for Cu we can measure local variations of capacitance, therefore the
numbers in green in Fig. 3.13 show that there is a variation of 0.5 pF for the conduc-
tance evolution considered in that case.
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(a)

(b)

Figure 3.13: Simultaneous conductance (subfigure (a)) and capacitance (subfigure (b)) depen-
dence on energy inside the FER. The energy parameter is a DC bias voltage that is added up
to an AC modulation. Every curve has the date of measurement tagged (small grey numbers
aside) for easiness of identification. Green curves (Cu) have been measured with the 4-probe
AC lock-in technique. However, red curves (Au) had been obtained some years ago with the
2-probe AC technique that accounted with only one lock-in, which additionally was connected
to the current amplifier described in chapter 2. Red curves units are arbitrary ones (a.u.).
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3.4 Conclusions

We have measured the electrochemical capacitance of tunneling barriers where the
conducting electrodes end up as two atomic pyramids. For our main results we have
used a 4-probe AC technique that allows us to measure at the same time the capaci-
tance and the conductance between two STM electrodes in the tunneling regime un-
der cryogenic conditions, where local variations of capacitance are quantitatively ob-
tained. At low DC bias voltages (i.e. without reaching the FER), we can distinguish
three regions depending on the distance between the capacitor plates: a transition be-
tween a classic to a quantum capacitance, a region where the quantum contribution
dominates and a leak of capacitance. Especially, the quantum capacitance is related to
the DOS of the metals under study.

From Ref. [129] we can learn that some of our unexpected quantitative results
could be attributed to the following reasons: first, it is required to have a very good
calibration and estimation of the distance between the electrodes; second, Eq. (3.2) ap-
plies for parallel plate cases, something that is not happening at all when considering
small electrodes distances, i.e. quantum regime; and finally it is not clear whether the
DOS can be assumed as a constant when the electrodes are that close to each other,
actually we should be addressing to the LDOS instead. As we said in section 1.2.3
when we referred to the Heisenberg’s theorem, the dwell time of the electrons in the
barrier determines the LDOS in the sense that this term (Dk in Eq. (3.2)) would get the
smallest value in an intermediate situation, meaning that the extreme ones would be
on the one hand the situation where electrons are not travelling (electrodes very sep-
arated, i.e. classical regime) and on the other hand electrons leaking through the bar-
rier (tunneling regime), which means that their dwell time in the barrier is too small.
Therefore the plateau of capacitance (what we call quantum capacitance) shows up in
the crossover between the two last commented extreme regimes (longest dwell time in
the barrier). These arguments would make Dk non-trivially dependent on electrodes
distance, something that we are not considering in our approximation.

Finally we want to comment that the technique we have developed it is not the
definitive one, our measurements could be experimentally improved for instance by
minimizing the sample-detectors cable distance [65], specially to get rid of stray capac-
itance and inductance effects that mask the values of the ones attributed to the STM
electrodes. In this way it might be easier to access other regions that so far have been
impossible to explore, like the measurement of the capacitance (and in general the full
impedance) of one atom contact. In addition, further theoretical work is needed to
better understand our results; following the ideas of some other works we suggest the
using of the image charge method [68] and some other comprehensive calculations
like the ones showed in Ref. [139].



Chapter 4
Evidences of emergent magnetism in
platinum atomic chains
from differential conductance
measurements

Bulk platinum (Pt) is found in nature as a paramagnet. However, when reducing its
dimensionality and atomic coordination it undergoes a ferromagnetic transition. In
this project we build up nano-junctions out of Pt with the scanning tunneling micro-
scope (STM) technique in contact mode, i.e. we bring the STM electrodes (which are
made of Pt) into contact in order to create the smallest experimentally accessible junc-
tion between two bulky electrodes. Moreover, Pt is a metal that at low temperatures
(below ≈ 5 K) forms long mono-atomic chains (up to ≈ 7 atoms long) [30]. From the
detection of Kondo-Fano signals through conductance spectroscopy measurements
[34] we indirectly obtain signatures of the emergent magnetic moment in Pt atomic
chains. As we already introduced in chapter 1, in our context Kondo effect is a many
body one where a magnetic moment in a nanocontact is screened by the conduction
electrons. On top of the above, here we report on how the emergence of the magnetic
moment of atomic chains made out of Pt gets its maximum value in those cases where
maximum stress is experienced along the chains.
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4.1 Consequences of low coordination and low dimensional-
ity in platinum

4.1.1 Magnetism in bulk platinum

In this chapter we study Pt, a metal that is known to be paramagnetic in the bulk form.
Regular paramagnetism (not the one of Pt) arises when there are unpaired electrons
after filling up the orbital structure of the atom according to Hund’s rules, and these
unpaired electrons are not prone to jump from orbital to orbital (i.e. not itinerant). This
can happen for instance in an insulator or in rare-earth metals where the f -orbitals
have limited spatial extent. The orthodox definition of paramagnetism would only
apply to a mixture of non-interacting hydrogen atoms, where an external magnetic
field would align all the magnetic moments of the atoms along the same direction.
These atoms are subject to thermal vibrations that misalign the spins, therefore, at low
temperatures, it would be easier to achieve the situation of complete magnetization.
For low levels of magnetization, the magnetization of paramagnets approximately fol-
lows what is known as Curie’s law. This law indicates that the susceptibility of para-
magnetic materials is inversely proportional to their temperature, i.e. that materials
become more magnetic at lower temperatures as we just said.

In metals, however, the Curie’s law definition does not apply, but in some cases
they present a paramagnetic behavior when in their band structure there are two de-
localized sub-bands with states of opposite spins that have different energies. If one
sub-band is preferentially filled over the other, one can have what is known as itinerant
ferromagnetic order. This situation usually only occurs in relatively narrow d-bands,
which are poorly delocalized. This type of behavior with an itinerant nature is better
called Pauli paramagnetism, but it is not unusual to see, for example, some metals like
Pt, palladium (Pd) or aluminum (Al) called as “paramagnet”, even though they do not
follow a Curie type law as a function of temperature (in fact, Pauli paramagnetism im-
plies temperature independence) and the interactions between their constituents are
strong enough to give this element very good electrical conductivity. Therefore, the
difference between regular paramagnetism and Pauli paramagnetism is that the latter
applies to a metal because it describes the tendency of free electrons in an electron gas
to align with an applied magnetic field. Regular paramagnetism is much stronger than
Pauli paramagnetism because in the former, all of the magnetic atoms in the material
contribute, while in the latter, only the tiny minority of electrons near the Fermi level
contribute.

The presence of Pauli paramagnetic spin susceptibility also is one of the reasons for
the shift observed in the nuclear magnetic resonance frequency of Pt, also known as
Knight shift [140, 141], where the conduction electrons introduce an “extra” effective
field at the nuclear site due to the spin orientations of the conduction electrons in the
presence of an external field.

Generally, strong delocalization in a solid due to large overlap with neighboring
wave functions implies that there will be a large Fermi velocity; this means that the
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Metal κ [×10−6]
Palladium (Pd) 61

Platinum (Pt) 21
Rhodium (Rh) 12

Iridium (Ir) 2.9
Gold (Au) −2.7

Table 4.1: Magnetic volume susceptibility (κ) at room temperature of some metals in bulk
disposition sorted by decreasing value of κ. The metals showed belong to transition elements
in the Mendeleev’s table which are very close to Pt (including this metal itself). All the showed
elements are paramagnetic, except Au which has a negative susceptibility and it behaves as a
diamagnet. The values has been taken from Ref. [142] and then approached with 2 significant
digits. Notice that κ is unitless.

number of electrons in a band is less sensitive to shifts in that band’s energy, result-
ing in a weak magnetism. This is why s- and p-type metals are typically either Pauli
paramagnetic or as in the case of gold (Au) even diamagnetic. In the latter case the
diamagnetic contribution from the closed shell inner electrons simply wins from the
weak paramagnetic term of the almost free electrons. In table 4.1 we show the mag-
netic volume susceptibility of some paramagnetic metals, which relates magnetization
with the applied magnetic field through the following expression:

M = κH (4.1)

where κ is the magnetic volume susceptibility, M is magnetization and H is the mag-
netic field strength. The results in this table, where we also include Au (diamag-
netic), show that there is no a correlation between the position of these metals in the
Mendeleev’s table and the value of the magnetic susceptibility.

Since the experiments of Onnes and Oosterhuis in 1913 the magnetic properties of
Pt at low temperatures have been explored. After the Second World War, Hoare and
Matthews [143] measured under low temperatures (liquid hydrogen) the magnetic
susceptibility of Pd, Pt and rhodium (Rh) (see Fig. 4.1) in a temperature range from 20
to 290 K. Their experimental results for Pt show a change in the curvature of the sus-
ceptibility temperature curve below 90 K, the susceptibility increasing more rapidly as
the temperature decreases. This announces a more rapid increasing of the magnetic
response of Pt at lower temperatures in front of the application of an external mag-
netic field, something that might be wrongly interpreted as a regular paramagnetic
response (Curie’s law) when in reality Pauli paramagnetism is present in this metal
as we commented above. Inside the free electron gas picture, Pauli paramagnetism
appears as a temperature independent effect, but in a real metal the volume of which
is altered and even sometimes phase transitions take place with temperature; thus,
the magnetic susceptibility might change (as it is seen in Fig. 4.1) because the crystal
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Figure 4.1: Temperature variation of the relative susceptibilities of bulk Pd, Pt and Rh. Contin-
uous lines are the best smooth curves passing though the experimental points. White circles
stand for measurements at fixed temperatures with a less precise technique than the one used
for the continuous lines. Reprinted from Fig. 4 in Ref. [143].

structure is modified and then the interaction of the electrons around the Fermi level
might suffer changes.

4.1.2 Atomic-chains and -contacts made out of platinum

Conductance

Electronic transport in suspended mono-atomic chains made out of Pt between
two electrodes of this very same material had already been explored with experimen-
tal systems under cryogenic conditions like STM or mechanically controllable break
junction (MCBJ) [144, 145, 30, 146, 147, 148, 137]. On average, the typical conductance
value [137] for these is of (1.5± 0.5) 2e2

h , while the conductance value of one-atom con-
tact of Pt is ≈ 2.0 2e2

h ; in Fig. 4.2 we show a typical histogram of conductance for Pt
measured with our STM at low bias voltage (see figure caption). According to the Lan-
dauer formalism (introduced in chapter 1), for the stretched Pt atomic-sized contacts
five opened channels of conductance are distributed among the s and d orbitals; and
at the final stages of the contact right before breakage normally three channels remain
opened [51] because the stretching of the chain leads to an even lower atomic coordina-
tion and the subsequent closing of channels of conductance. In addition, an oscillatory
evolution of the averaged conductance out of the stretching of hundreds of atomic-
chains made of Pt [136] was observed. These oscillations can be interpreted in terms
of odd/even number of atoms in chain, which are correlated having higher/lower
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conductance values around the above mentioned value of conductance for the mono-
atomic chain.

Figure 4.2: Histogram out of thousands of traces of conductance for atomic size contacts
made out of Pt. Measurements performed with STM technique in equilibrium with a liq-
4helium (He) bath, (96± 1)mV bias voltage and electric current amplified 104 times. Bin size
is 0.008 2e2

h and counts are 30 times smoothed. Red/blue color stands for creating/breaking
contact. Inset up-left sided: artistic picture of a fcc (face-centred cubic) nanocontact, where the
atoms are modelled as spheres at both opposed cannon ball stacked pyramids. Red-dashed
and blue arrows indicate the movement direction of the electrodes, respectively. Inset up-right
sided: example of a trace of conductance where red-dashed and blue arrows follow the re-
cently described electrodes displacement. Here we can see a chain of 5 atoms long for the
breaking contact case inside a (1.5± 0.3) 2e2

h window. In this very example the bias voltage is
(58± 1)mV and the current amplification factor is 105.

The mechanisms that lead atomic-chains created with STM and MCBJ to breakage
by electrical current (with mechanically still electrodes) can be either from thermal or
electromigrative origin [149]. The thermal mechanism comes when a high bias volt-
age (up to ≈ 0.6 V in the case of Pt [149]) brings high current densities (≈ GA

mm2 ), which
is translated as an increasing of the local effective temperature of the chain [41] lead-
ing to higher vibrational energy and the subsequent chain breakage. In these cases
the electrodes which connect the electron reservoirs with the chain act as heat sinks,
therefore the longest chains would dissipate less energy and will be sooner broken. In
contrast, the electromigrative mechanism is related with momentum exchange, where
the electric current behaves as a wind which interact with the scattering centers; in
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this way, it faster removes those atoms that are bad located and could be recognized
as “impurities”.

Contaminated Pt nanocontacts had been as well an aim of study. Molecular hydro-
gen (H2) bridged Pt contacts [146] get a typical value of about 2e2

h . For low bias voltages
(below 200 mV) an easy and strong physisorbtion of H2 by Pt can be achieved. In ad-
dition, it has been shown that it is possible to get plateaus of conductance below 2e2

h
for Pt chains contaminated [82] by carbon monoxide (CO). This finding shed light on
the open discussion on whether Pt could have plateaus of conductance at e2

h (half a
quantum of conductance), where before the experiment of Untiedt et al. [82] it was
believed that the electric current in Pt was spin-polarized and caused this e2

h plateau
[150].

Magnetism

There are works on atomic-scale Pt systems which study their magnetic properties
from both theoretical and experimental points of view. Straightforwardly, the partly
empty d shell in Pt might contemplate Hund’s rule magnetism for suspended atomic
chains [151]. On the other hand, long range magnetic order would be destroyed in ab-
sence of an external magnetic field from the large thermal fluctuations at such atomic-
wire systems [151].

In transition metals the magnetic anisotropy (a weak effect in bulk materials) may
become orders of magnitude stronger under inhomogeneous situations such as atomic-
chains [80]. In addition, transition metal monoatomic nanowires should show a stronger
tendency toward magnetism than their corresponding bulk forms [152] because nar-
rower electron bands give rise to a larger density of states (ρ(EF)) at the Fermi level
and poorer screening of the electron-electron interaction (U), which would make easier
to violate the Stoner’s magnetic instability criterion [73]. This criterion is a condition
to be fulfilled for the ferromagnetic order to arise:

U ρ(EF) > 1 (4.2)

where the exchange integral U (Coulomb effects) is directly proportional to the energy
reduction per electron because of the loose screening of the electron-electron interac-
tion and the density of states (DOS) at EF (per atom, per spin) is proportional to the
number of electrons reducing their energy.

In order to understand the Stoner criterion let us bare in mind the band ferromag-
netism (also called itinerant ferromagnetism) where the magnetization comes from
spontaneously spin-split bands [153]. Imagine that in the absence of an applied mag-
netic field we take a small number of electrons at the Fermi surface from the spin-down
band (minority spins) and place them in the spin-up band (the reader should remind
at this point the Pauli paramagnetism picture for metals). This process would take
an energetically unfavourable cost, however the interaction of the magnetization with
the molecular field gives an energy reduction which can outweigh this cost [153]. The
total change energy is given by the following expression:
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Figure 4.3: Values of the Stoner parameter. Here I is the exchange integral (U in main text) and
n(EF) the DOS (ρ(EF) in main text). Reprinted from Fig. 3.2 in Ref. [155]

∆E =
1
2

ρ(EF) (δE)2(1−U ρ(EF)) (4.3)

where δE is the increase of energy that adds up to the Fermi energy for the split band.
Therefore, from Eq. (4.3) we get that the spontaneous ferromagnetism is possible if
∆E < 0, i.e. if Eq. (4.2) is fulfilled. If the Stoner criterion is not satisfied the sponta-
neous ferromagnetism will not take place, but the susceptibility may be altered [153].
By considering the effects of an applied magnetic field and the Coulomb interactions
(U) we get to the following expression of the magnetic susceptibility:

κ =
κP

1−U ρ(EF)
(4.4)

where κP is the Pauli paramagnetism (the one without the presence of Coulomb in-
teractions). In the last expression κ is enhanced by a factor (1− U ρ(EF))

−1, a phe-
nomenon called Stoner enhancement which is the responsible of the enhanced Pauli
susceptibility of Pd and Pt [153], two metals which are on the verge of ferromagnetism.
In Fig. 4.3 we show some density functional theory (DFT) results on the calculation
of the Stoner parameter (first results can also be found in Ref. [154]) for some bulk
metals (unfortunately Pt is not shown) where we see how iron (Fe), cobalt (Co) and
nickel (Ni) fulfil the spontaneous ferromagnetism condition (Eq. (4.2)).

In Refs. [151, 156] it was shown how 4d and 5d infinite linear atomic-chains made
out of bulk paramagnetic metals become magnetic . Compared to bulk, in a mono-
atomic chain there are only two nearest neighbours. Then, the bonding length that
minimizes the total energy is meant to be smaller in this one-dimensional case because
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in bulk the atom is coordinated with other 6 atoms and this energy has to be redis-
tributed for the case of 2 atoms. It has been seen that Pt nano-wires at equilibrium
distances get mean-field magnetic moments [151], and such wires can be regarded as
itinerant magnets (one d sub-band is preferentially filled over the other) at zero Kelvin
[152]. Low atomic coordination ensures robust local magnetic moment [157], where
values up to 1.2 µB can be reached. Specially those atoms with a small coordination
would yield a high magnitude of magnetic moment.

The value of the magnetic moment in Pt gets increased when stretching out mono-
atomic wires. Calculated infinite zig-zag [158] and linear [152] Pt atomic chains yield
magnetic anisotropy energies up to 100 meV when stretched [159]. Other works [160]
show that the magneto-crystalline anisotropy energy per chain atom reaches up to
30 meV. Spin-orbit interaction in Pt would enhance magnetic stability [157, 151, 161].
This interaction in Pt is very strong and gives rise to spin anisotropy. Moreover, in
one-dimensional chains it would make the spin direction to easily point parallel to the
transport one, i.e. parallel to the chain axis [157, 158, 152]. Such non-trivial magnetic
anisotropy of Pt chains is way larger (colossal magnetic anisotropy [152]) than the very
weak calculated for Au chains (less than 0.1 µB/atom for Au versus ≈ 1 µB/atom for
Pt [158]). In Fig. 4.4 we show a DFT result of how the magnetic moment and the
energy gain changes upon chain stretching. The values of the magnetic moment are
to be compared with the experimental ground state configuration, which show that
Pt atoms have spin moment 2 µB [151]. This shows that the predicted wire moments
are much smaller than the magnetic moments of the free atom. Also, the magnetic
moment preferably has greater values along the chain axis, which gets increased upon
further stretching.

From ballistic magnetoresistance measurements it is possible to detect the switch-
ing of the easy axis magnetization upon elongation of Pt atomic chains [160]. Some
experimental results on anisotropic magnetoconductance measurements of Pt atomic
chains created with MCBJ technique at low temperatures has been reported [124]. In
Fig. 4.5 we reprint their most representative examples. Strigl et al. get to a set of con-
clusions that evidences the existence of magnetically ordered Pt chains; they show the
local origin of the magnetoconductance measurements. As well, it was explained that
parallel-to-chain axis magnetization can change to a perpendicular one upon chain
elongation [159, 160, 162]. This parallel-to-wire magnetic moment direction (the one
preferred by the in-chain atoms, see light-blue balls in Fig. 4.5) is put in contrast with
the perpendicular one which happens to be the direction that the magnetic moment of
the atom at every electrode apex (pink balls in Fig. 4.5) prefers to point to. Moreover,
the magnetization of these atoms at the apexes get slightly influenced by the Pt conical
leads [124].

Regarding works that at first sight might seem to offer difficulties on getting mag-
netic order in Pt atomic-chains we want to comment first that one of the conclusions
that Thiess et al. [163] reached is that the reduction of probability of chain formation
for transition-metal break junctions series is only explained from magnetic scenarios;
in fact, comparing their theoretical predictions (DFT) with experimental findings, they
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Figure 4.4: DFT results of magnetic moments and energy gain versus interatomic spacing d in
an infinite suspended monoatomic Pt nanowire. (a) Spin (MS||; solid line) and orbital (ML||;
dashed line) magnetic moments parallel to the wire, and the spin magnetic moment perpen-
dicular to the wire (MS⊥; dotted line). (b) Magnetic energy gain for the parallel (solid line) and
perpendicular (dashed line) magnetization. ENM denotes the energy of the nonmagnetic state.
The vertical dashed line indicates the equilibrium interatomic distance d0 = 2.35 Å. Reprinted
from Fig. 1 in Ref. [152]
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Figure 4.5: Examples of the most common magneto-conductance curves illustrated with a
simple model to qualitatively understand them on the basis of different relative alignments of
magnetic moments. The magnetic field BZ is applied perpendicular to the sample plane up
to a maximum value of ±8 T. Vertical axis represents the magneto-conductance ratio (MCR
(%)), which is the conductance variation relative to the conductance close to zero field. The
drawings of the model consist of side electrodes (transparent dark-blue), apex atoms (pink
balls) and in-chain atoms (light-blue balls in the middle). Reprinted from Fig. 2 in Ref. [124]
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show that Pt is not excluded from having local magnetic moments, and that the chain
formation probability of this should be lower than for Au, which would not present
such magnetic moments as we commented some lines above. Second, there is an-
other work that reported a shot noise experiment on Pt atomic-chains where, accord-
ing to the authors, no indications of a magnetic ground state were found [164]. Shot
noise [26] is a technique where the detection of single electrons transiting through an
atomic-junction is detected, therefore in case of having a spin-polarized electron pop-
ulation this would also be distinguished. In Ref. [164] the authors also point out that
from calculations they find no exclusion of the existence of local magnetic order in
Pt nanowires; however, the electronic states carrying the magnetic information would
contribute very little to the shot noise because the ones that are mainly detected with
this technique are the conduction electrons which are weakly polarized by the mag-
netic state.

In reality, the nanomagnet formed in the break junction is exchanged coupled dy-
namically to the Fermi sea of the conduction electrons of the electrodes [157]. In
the case of spin S = 1

2 this would lead to a Kondo singlet resulting in a zero bias
anomaly (ZBA) spectroscopy feature. Otherwise, this Kondo singlet would be rather
unlikely to form if the spin resembles more the one of a single molecular magnet (in
Ref. [157] the authors obtained a DFT result for a Pt nanocontact of S ≈ 6).

In the following sections we will tackle the study of Pt from the spectroscopy mea-
surements that we have performed on them. We will discuss the special features that
appear around the zero bias (ZBA) and will perform an analysis based on the study of
the Fano parameters fit out of these resonances.

4.2 Zero bias anomalies in the differential conductance

We have performed spectroscopy measurements (dI/dV, see section 2.4.4) along the
stretching process of atomic-size contact and chains fabricated out of two electrodes
made of Pt 99.998% pure prepared in our STM following the methodology described
in section 2.2. Each pristine wire sample had a diameter of 0.25 mm and a length of
∼ 1 cm. We carry our measurements under cryogenic conditions, where we stop along
different points of the stretching process of the electrodes during chain formation and
perform a bias sweep of the sample by superimposing an alternating current (AC)
signal to the direct current (DC) voltage, where the resulting current out of the exper-
iment is processed with a lock-in amplifier (see section 2.4.3). As commented before,
Pt easily forms long atomic chains when stretched out. The conductance value for Pt
chains is found to be at (1.5± 0.3) 2e2

h . We have performed our measurements focusing
on mono-atomic chains of different lengths created by pulling apart the two Pt bulk
electrodes after having brought them into contact. We have recorded thousands of
dI/dV’s for hundreds of atomic-size contacts and chains, in Fig. 4.6 we show some of
the representative cases we have obtained (in appendix B we show the evolution of
the spectroscopy along the stretching for some chains).
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Figure 4.6: Set of different results of dI/dV measurements on atomic-chains made out of Pt,
which have been taken with STM technique when stretching contact under cryogenic condi-
tions.

In every studied case we detect a zero bias anomaly (ZBA) the shape of which is
not always the same. Normally, in a dI/dV one obtains a smooth evolution of the dif-
ferential current around zero bias, but when some visible features appear there with
a variety of shapes and sizes we call them ZBA. The possible origin of such spectro-
scopic signals like the ones that we show in Fig. 4.6 might come from the following.
Symmetric extended bumps around zero bias are used to be explained from inelastic
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mechanisms like phonon (propagation of lattice vibrations modes with thermal ori-
gin) or magnon (spin-waves propagation) [43], this could be the case for the bump in
Fig. 4.6.e that has its limits at ±30 mV, but the central dip with limits ±8 mV shows a
peaked shape normally attributed to a Kondo-Fano origin (elastic) as we will see be-
low. On the other side, elastic mechanisms from the convolution of the local density of
states (LDOS) of both contact electrodes often results in asymmetric features around
zero bias; this can be clearly seen in the case of the asymmetric evolution of the curve in
Fig. 4.6.l, where a difference of 0.025 2e2

h is encountered between the points at ±20 mV.
Finally we want to comment that, in our context, another usual elastic mechanism that
brings features with resonant peak, dip and asymmetric shapes at energies not greater
than ±10 mV and which also are centered around zero bias are known as Kondo-Fano
resonances, which have already been introduced above and also in chapter 1. In Fig.
4.6 we see in every subfigure cases of ZBA inside a window of ±10 mV, which will be
thoroughly studied in section 4.3 as Kondo-Fano resonances.

At a first glance, we distinguish the presence of single peaks (Figs. 4.6.a and 4.6.b;
also see plot 24 (green) in the second atomic-size contact showed in appendix B (page
tagged with “Part 2/4”)), single valleys (Figs. 4.6.c, 4.6.d and 4.6.e; also see plot 4
(blue) in the last atomic-size contact showed in appendix B), asymmetric resonances
(Fig. 4.6.f), double peaks (Figs. 4.6.g and 4.6.h; also see plot 14 (red) in the second
atomic-size contact showed in appendix B (page tagged with “Part 1/4”)), double val-
leys (Figs. 4.6.i and 4.6.j; also see plot 6 (blue) in the first chain showed in appendix B
(page tagged with “Part 1/6”)) or transitions between these four previous cases (Figs.
4.6.k and 4.6.l). As a first approximation in this qualitative description, we will con-
sider that single peaks and single valleys come from a same mechanism but for some
reasons (in a Kondo scenario this would be caused by a different Fano parameter (q),
see section 1.2.4) it can be manifested with different symmetries in the spectroscopic
result; the same would apply for double peaks and valleys. Therefore we will reduce
our discussion to the presence of a single or double peak in the ZBA. It claims our
attention those cases where we detect an alternation between single peak and double
peak as long as pull apart the electrodes and new atoms are introduced in the chain.

Assuming that the single peak is related to a Kondo resonance (this will be dis-
cussed in the next section) we can find different interpretations for the double peak,
the first one would essentially be related to a convolution between a Kondo resonance
and the resulting spectroscopy signal from electron-phonon interaction (EPI). Typi-
cal phonon modes energies for metals are in the range between 5 and 25 meV [165]
where stretched chains get phonon energies decreased. Then, the single peak at the
ZBA would convolute with the rising phonon signatures in the surrounding energies.
This mechanism would make both height and width of a Kondo resonance peak to be
underestimated because of the phonon bump in the dI/dV signature. Therefore, an
apparent double peak might be seen as a combination of a phonon bump and a single
Kondo resonance.

Another interpretation for the double peak would be the existence of an internal
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Figure 4.7: Suppression of the Zeeman splitting of the Kondo resonance by enhancement of
the Kondo temperature with decreasing of the contact size for internal magnetic field in spin
glass state for an alloy with a higher concentration of impurities. Reprinted from Fig. 4.b in
Ref. [166]

magnetic field due to spin glass ordering [166]. Spin glass is a random magnetic sys-
tem with mixed interactions characterized by a random but cooperative freezing of
spins at a well defined temperature below which a metastable frozen state appears
without the usual magnetic long-range ordering [153]. The widths of the valleys in
the double peaks that we have measured are greater than the ones showed in Fig.
4.7, which means that a higher internal magnetic field than the one attributed to the
CuMn alloy in Ref. [166] would be tentatively coming from the atomic pyramids at
the ending of the Pt electrodes.

Finally, the most interesting of the possible explanations for the single-double peak
comes from the following. In Ref. [167] Ribeiro et al. studied from a theoretical point of
view the case of two quantum dots connected to conducting leads, being these quan-
tum dots coupled between them by a finite chain of N non-interacting sites (i.e. with
no Coulomb repulsion), whose electrons can participate in the Kondo screening. They
found that for odd N and a small coupling between the chain and the quantum dots it
exists two coexisting Kondo regimes, one of them due to the Kondo effect of the quan-
tum dots connected to the reservoirs and the other because of the screening of the spins
of the quantum dots by the spin of the finite chain at the Fermi level. In contrast, for
even N only one Kondo temperature is detected because the physics is dominated by
the competition between Kondo and antiferromagnetism between the quantum dots.
The latter case can be recognized by a single Kondo resonance, while the two-stage
Kondo regime is characterized by a Kondo peak with a narrow dip at the Fermi level.
In our case, attending to the different single peak or double peak ZBA features of our
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dI/dV measurements in Pt, we could be talking about a small coupling between the
chain and the quantum dots in a similar way than the work from Ref. [167], where an
even/odd number of atoms in the chain would correspond to a single/double peak.
For an even number of atoms a single peak resonance would appear, which is the one
that would account for the Kondo screening between the apex atoms of the electrodes
and the electron reservoirs of the leads, but as there is an even number of atoms in
chain the number of electrons in the corresponding band is also even, therefore there
would be no screening of a single electron coming from the chain. However, for odd
number of atoms in chain there will be unpaired electrons which will contribute with
the screening of the magnetic moment of the electrodes tips and the one from chain,
giving rise to two different Kondo temperatures: one because of this screening be-
tween the magnetic moment in chain and the electrodes tips, and the other from the
screening between the magnetic moments of the electrodes tips with the electron reser-
voirs of the leads in the same way as the case of even number of atoms in chain. As
we will see in the following section, in our experiments we often see an alternating
behavior between single and double peaks what would confirm this interpretation.

4.3 Kondo-Fano resonances

Due to the lack of a definitive theory and theoretical calculations that would describe
the possible two different Kondo temperatures for the double peak cases, in the quan-
titative analysis of this section we will only consider those cases where a clear single
peak appears at the ZBA. In this way we apply a treatment to our data very similar
to the one applied by Calvo et al. in their works on ferromagnetic atomic-size con-
tacts ([34, 88, 87]). Due to the thermal drift of our STM in the sense that it is rather
impossible to follow a single dI/dV curve during its warming up or cooling down, we
proceed with a statistical study, which can be easily done with our technique rather
than with a MCBJ which offers higher stability but performs slower measurements.

Experimentally, Kondo effect is typically corroborated through Fano resonances in
the differential conductance in three ways, the first one is the splitting of the resonance
peak under the application of an external magnetic field to the experiment; the second
one is from a broadening of the resonance peaks as the sample is warmed up; and
the third one is through a logarithmic distribution of data parameters, such as the
Kondo temperature, under a statistical study of a large variety of cases under the same
conditions. In our case, due to experimental issues we only could study the two last
manifestations as we have not applied any external magnetic field to our samples,
what would have destroyed our chains due to magnetostrictive effects in our setup.

In order to change in a controlled way the temperature of the experiment we have
used the commercial insert described in section 2.1.6. We have used the 1K-pot to reach
temperatures below 4.2 K down to ≈ 2 K, and with the heater that is attached to the
thermal anchoring system close to the STM we have set constant temperatures helped
by the proportional-integral-derivative controller (PID controller) that is implemented
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in the temperature controller. The sample temperatures for which we have performed
our measurements are indicated in the horizontal axis of Fig. 4.9.b, which reach up to
40 K. For temperatures above 10 K it was rather difficult to get mono-atomic chains;
besides, above ≈ 14 K (hydrogen (H2) melting point) the risk of having some liquid
H2 along the atomic contact led us to take special care at these temperature regions.

4.3.1 Statistical analysis of Fano parameters

Figure 4.8 shows a set of some representative cases of dI/dV’s fit to the Fano func-
tion, which is shown in Eq. (4.5). All them contain a resonance peak centred at 0 V
approximately and different value of q parameter.

dI
dV

= goff +
A

1 + q2
(q + ε2)

1 + ε2 (4.5)

where goff represents an offset for the conductance (i.e. the one that would be mea-
sured if the ZBA was no present), A is the amplitude of the resonance peak, and ε is
defined by:

ε =
e(V −V0)

kBTK
(4.6)

where eV0 is the energy of the ZBA center and kBTK is the width of the resonance peak,
being kB the Boltzmann’s constant.

In Fig. 4.9 we show the evolution with sample temperature of the height (A) and
width (kBTK) of every ZBA fit to the Fano function (Eq. (4.5)). The conductance values
of the considered contacts are between 0.75 and 2.40 2e2

h . Only data below a value of
goodness of fit validity have been considered, where this value is low enough to ensure
that data is following the Fano function shape. Even though this may be a strong re-
striction for data, thousands of cases survive. In Fig. 4.9.a we show the obtained most
probable values of the amplitude parameter (A), which have been calculated from the
respective gauss fit to the square root of the amplitudes taken for the different sample
temperatures; in Fig. 4.9.c we show an example of this log-gauss fit (red thick line for
the fit and black line for the histogram data), which corresponds to a sample tempera-
ture of (10.5± 0.5)K. In this case, 372 events are taken for the histogram. In addition,
the most probable value of the amplitude is indicated with a green dashed line that
cuts the horizontal axis in Fig. 4.9.c which indicates the value in the vertical axis in
Fig. 4.9.a (green circle). The red curve in Fig. 4.9.a represents a rough estimation of
the evolution of data, which has an asymptotic behavior at the left part of the curve
while it goes down for warmer sample temperatures as it is expected for Kondo effect.
The inset in 4.9.c shows a sketch of the amplitude of a Kondo peak for different values
of the Fano symmetry parameter (q). Analogously, in Fig. 4.9.b we show the most
probable values of the Kondo temperature (TK), which have been calculated from the
respective gauss fit to the base 10 logarithm of the Kondo temperature taken for the
different sample temperatures; in Fig. 4.9.d we show an example of this gauss fit (red
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Figure 4.8: Set of examples of dI/dV measurements for atomic-size contacts and mono-atomic
chains obtained from Pt nanocontacts in the breaking-contact mode. The sample temperature
for a and d cases is (2.9± 0.1)K; for b and c cases is (2.3± 0.1)K. The red line stands for fit to
Fano function (Eq. (4.5)). This function has been fit to data inside a ±7.5 mV window. For a, b,
c and d cases, respectively, Kondo temperature (TK) fit result is 65, 56, 85, and 118 K; amplitude
(A) is 0.027, 0.024, 0.046 and 0.032 2e2

h ; and Fano symmetry parameter (q) is 2.2× 1011, −0.026,
0.35 and −0.32.

thick line for the fit and black line for the histogram data), which corresponds to a sam-
ple temperature of (2.4± 0.1)K. In this case, 683 events are taken for the histogram. In
addition, the most probable value of the Kondo temperature is indicated with a green
dashed line that cuts the horizontal axis in Fig. 4.9.d which indicates the value in the
vertical axis in Fig. 4.9.b (green circle). The red curve in Fig. 4.9.b represents a rough
estimation of the evolution of data, which goes up for warmer sample temperatures as
it would be expected for Kondo effect. The inset in 4.9.d shows a sketch of the width
of a Kondo peak (which is proportional to the Kondo temperature) for different values
of the Fano symmetry parameter (q).
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Figure 4.9: Evolution of amplitude (A) and Kondo temperature (TK) with sample temperature
for atomic-size contacts and atomic chains made out of Pt measured with STM under cryogenic
conditions. See main text for further details.

For the fit of Fig. 4.9.a (red thick line) we use the following empirical formula
adapted from Refs. [168, 169]:

G(T) = Gmax

(
T′2K

T2 + T′2K

)s

(4.7)

where T′K = TK/(21/s − 1)1/2 and Gmax is the conductance at the very low tempera-
tures limit. The slope s depends on the spin of the dot, i.e. the occupancy of the dot
level. Out of the fit we obtain the following results for the parameters shown in Eq.
(4.7): s = 1, TK = 35 K and Gmax = 0.0225 2e2

h .
Attending to the rough estimation of the evolution of data in Fig. 4.9.b, the cut of

the red curve with the vertical axis at a sample temperature of 0 K would give a value
of ≈ 70 K, which would correspond to the absolute Kondo temperature of Pt. This
value is to put in contrast with the most probable TK of Fe, Co, Ni in Ref. [34] at a



4.3 Kondo-Fano resonances 85

sample temperature of 4.2 K, which are 90, 120 and 280 K, respectively. The order of
magnitude of our TK results for Pt and the ones showed in Ref. [34] for ferromagnetic
atomic-size contacts is the same which means that these systems might be alike in the
sense of the interference mechanism of the s-d channels, but the fact that the TK is
slightly lower for Pt than the minimum obtained in Ref. [34] might indicate that, as
it seen in the scheme of Fig. 1.8.d, the coupling (Γ) between the bare d level and the
electron bath in Pt is not as high as in the case of Fe, Co, Ni. This is supported by
the fact that the amplitude of our ZBA results is five times lower than those measured
for Fe, Co, Ni [34, 88], which might also indicate that the coupling (Γ) is even lower
than what we meant some lines above but the Hubbard (U) energy between the bare d
levels balances the TK attending to the expression TK ∼

√
ΓU exp(πε0/2Γ) (shown in

Fig. 1.8.d).

4.3.2 Evolution of Fano parameters during chain stretching

The next step in our analysis consists in the study of the evolution of the Kondo res-
onances as a function of the chain length. In Fig. 4.10 we show the evolution of the
Kondo temperature for the stretching of three different chains. We can notice an os-
cillatory behavior of TK which is not correlated to the local variations of conductance
of the chain. As well we perceive that the global maxima and minima of the oscil-
latory evolution might be related to the number of atoms in chain as the period of
oscillation is about one atom long. However, we can also notice a phase shift since
we cannot completely establish the moment at which an atom is incorporated into the
chain. Then, in order to see if there is a general oscillatory trend all over the cases we
proceed with an statistical study as we explain in the following paragraphs.

Complementary to the analysis of TK, we will also make use of a parameter that
measures how good is the Fano function fit performed over the ZBA for every dI/dV.
The Fano function in our analysis (Eq. (4.5)) stands for a model from where we extract
one Kondo temperature in the simplest scenario worked so far in atomic sized-contacts
[34]. Therefore the parameter that measures the goodness of the fit will also account
for the goodness of the model, meaning that we might need to consider the interplay
between two Kondo temperatures as we have mentioned in section 4.2.

We characterize this dispersion of data (Fig. 4.11.b) with a parameter that we call
χ2 and is expressed in Eq. (4.8), this number estimates de deviation of the experimental
data (yk) with respect the fit function ( f (xk)) which in our case is the Fano function (Eq.
(4.5)). Even though the χ2 parameter in Fig. 4.11.b is a number and not a probability
distribution as those who are familiar with the χ2 distribution in statistics might have
supposed, we call it chi squared because it follows the χ2 distribution if we repeat the
experiment to get new measurements. Out of the theory of maximum likelihood, for a
least squares solution it is needed to maximize the probability that a measurement yk
with a given σk is in a small interval dyk around yk by minimizing the sum chi squared
[127], which is expressed as:
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Figure 4.10: Evolution of the Kondo temperature (red) along chain stretching for three differ-
ent cases. Every Kondo temperature plot is accompanied by its respective evolution of the
conductance (blue).

χ2 =
N−1

∑
k=0

(∆yk

σk

)2
=

N−1

∑
k=0

(yk − f (xk))
2

σ2
k

(4.8)

where N is the number of data points, yk the measured data at xk, σk is the standard
deviation of the measurement k, and f is the model for which we want to find the
best-fit parameters.

In Fig. 4.11 we show the evolution of two parameters out of the fit to the Fano
function which indicate the width of the resonance peaks (see TK in Fig. 4.11.a) and
the dispersion of data in the fit (see χ2 in Fig. 4.11.b), respectively. For every group of
points at the same temperature and in the same experiment we have performed a cal-
ibration from the individual analysis of every trace of conductance. Then an average
value for every group has been obtained, in this way we ensure a proper calibration
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Figure 4.11: (a) Evolution of the Kondo temperature with the chain length. (b) Dispersion
of the calculated data (see main text). In both curves every point represents a group of 200
measurements, meaning that for the case of (a) every point is obtained from the gauss fit to the
base 10 logarithm of 200 data points following the procedure explained above in this section;
for (b) we perform the arithmetic mean value of the minimum χ2 parameter, which is explained
in the main text. All the data points had been previously sorted according to the chain length
that they represent (from the shortest to the longest length). The spheres drawings at the
upper part of this figure indicate the relaxed atomic chains with different lengths after the
incorporation of a newcoming atom from the electrodes.

for the represented data. When we talk about different experiment we mean every
time we warm the STM up to room temperature and cool it down to liq-4He bath.

In order to get higher statistical significance, in this study (Fig. 4.11) we have
merged the results obtained for sample temperatures between 2 and 5 K; the reader
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Figure 4.12: TK of Co atoms in CoCunCo chains as a function of n (squares). The dashed
line indicates at 110 K the Kondo temperature of a single Co adatom attached to the end of a
Cu3 or Cu4 chain. Circles (red) indicate the calculated single-impurity Kondo temperatures,
which would be expected for CoCunCo chains in the absence of magnetic Co-Co interactions.
The sinusoidal line is a fit to data in the RKKY interaction regime with calculated periodicity.
Reprinted from Fig. 2 in Ref. [170]

can check in Fig. 4.9.b that due to the fluctuations of the mean TK in this range of
sample temperatures this merging of data can be valid as a first approximation.

In Fig. 4.11.b we see an oscillatory behavior of the error bars, which reminds us a
very nice work by Néel et al. [170] where they studied the Ruderman-Kittel-Kasuya-
Yosida (RKKY) coupling between two Co atoms connected by an array of copper (Cu)
atoms. In there, they show an oscillatory behavior of the Kondo temperature as a func-
tion of the number of Cu atoms in the array (see Fig. 2 in Ref. [170]), in our case the
oscillations are more clear for the χ2 parameter (and also the error bars of it) showed
in Fig. 4.11.b than for the TK showed Fig. 4.11.a. This oscillatory trend points that we
might have the Kondo impurity at the Pt electrodes apexes, where the Pt chain would
play the role of the Cu atomic array in Ref. [170]. This argument is also supported
by Rossier et al. [157] when they say that nanochains formed in Pt nanocontacts can
be stretched as to become magnetic before breaking with the magnetic moment be-
ing localized mainly on the atoms with small coordination. Besides, this would be in
agreement with the work of Ribeiro et al. [167] because they consider the Kondo effect
of the quantum dot (apex atoms) connected to the reservoirs.

The fact that the error bars in Fig. 4.11.b oscillate in that way gives an idea about
how reproducible is the detection of the same TK for odd/even number of atoms in
chain. In other words, if we recall the work by Ribeiro et al. [167], for odd number of
atoms in chain we would have two Kondo temperatures and then the fitting method
that we are using for the analysis of our data (which only considers one Kondo temper-
ature) would give more problems in the fit which is translated in a greater dispersion
of data, i.e. greater values of averaged minimum χ2 and greater error bars as we in-
deed have in Fig. 4.11.b.

In Ref. [170] they obtained a higher value of TK for those cases of odd number of
atoms in chain; however, in our case a complementary effect would occur. Attending
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to the evolution of individual examples of chains as the ones showed in Fig. 4.10, we
perceive that for odd number of atoms in chain a lower value of TK is obtained. This
can be explained from the fact that in Ref. [170] they fit their results to the wider reso-
nance peak; in contrast, we perform our fit to the smaller resonance peak in the double
peak cases, therefore we obtain the complementary evolution as we mentioned before.
In this context, the oscillatory evolution of TK in our results would also be explained
in the basis of a RKKY mechanism as in Ref. [170], meaning that the coupling between
the two atom apexes of the electrodes would be mediated by in-chain spins (in the
case of odd number of chain atoms) with opposite orientation with respect the ones
of the apexes, otherwise there would be a frustration of the RKKY if all spins share
the same orientation because it would be impossible to establish a Kondo quantum
entanglement between them. With these arguments, which are speculative and sub-
ject to verification, our analysis would be in agreement with the model of Ref. [167],
where the parity number of atoms in chain would determine the existence of a screen-
ing between the magnetic moment in chain with the one from the apex atoms in the
electrodes.

4.4 Conclusions

We have obtained a series of spectroscopic features around zero bias for atomic-chains
made of Pt under cryogenic conditions. We have recorded them for the stretching
process of the chains. Out of these results we interpret the resonance single peaks that
appear as a ZBA as an indirect detection of an emergence of the magnetic moment of
Pt, which leads to a Kondo screening of it by the conduction electrons. Besides, the
magnetic moment would find its maximum at the atom apex at the electrodes, which
connects the atomic-contact with the reservoirs, where the maximum stress would be
suffered also by these apex atoms.

We find the energy scale of the Kondo-Fano resonances measured for Pt very sim-
ilar to the one reported for Fe, Co, Ni [34], which indicates similarities in terms of the
mechanism in these metals. However, the lower amplitudes of the Kondo-Fano res-
onances would indicate that the coupling between the bare d-localized levels and the
conduction electrons (s-channel) is smaller for Pt.

We also have opened a discussion about the possibility of having two Kondo tem-
peratures when an odd number of atoms are in chain. On the other hand, we also have
discussed the existence of an RKKY coupling between the electrodes apex atoms which
would tune the Kondo temperature as a function of the distance between them, being
the Pt atomic-chain in between an “spectator” which would mediate the phenomena.

Our experimental work completes the magnetoconductance measurements reported
by Strigl et al. [124], which is in agreement with the existence of a transition to a fer-
romagnetic state when the atomic coordination and dimensionality of Pt is reduced.
However, a theoretical model is needed to fully understand the experimental results
obtained in this chapter, especially the existence of the double peak in the ZBA.
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Chapter 5
Role of f -electrons in the electronic
transport of atomic-size contacts

In the study of electronic transport through atomic-sized contacts, while atomic con-
tacts with s, p, and d electrons have been widely explored, systems with partially filled
f shells remain pretty much an uncharted territory (with a few exceptions [171, 172]).
On the other hand, there has been an interest to unveil the role of magnetism in these
systems. Later attempts in d materials have shown evidences of Kondo screening of
the magnetic moments at such scale [86, 34, 88]. Specifically, some years ago Calvo et
al. studied in our lab [34, 88, 87] through electronic transport measurements the screen-
ing by s-electrons of the d magnetic moment of iron (Fe), cobalt (Co) and nickel (Ni) at
the nanojunction created with electrodes out of the very same metals, being the elec-
tronic configuration of them [Ar]3d64s2, [Ar]3d74s2 and [Ar]3d84s2, respectively. In this
context, except spectroscopic features related to the Kondo screening, very little effect
on the atomic conductance of metals (from magnetization effects) has been observed
so far.

Stronger magnetoconductive effects may be found in rare-earth materials as f -
electrons in metals are more localized than the rest of the electrons in the other bands,
i.e. they are less hybridized and form quite flat bands. Then, the first question that
arises from this is: how is this going to influence in the electronic transport? In addi-
tion, due to the different nature of the f -electrons with respect the d ones, are we still
going to have Kondo screening when we consider metals with f -magnetic moment?

Concerning calculations on lanthanide materials, not much has been published for
atomic-scale contacts but their bulk properties have been widely studied. Calculations
of the magnetic moment [173, 174] of bulk gadolinium (Gd) compare well with the
measured 7.63 µB [175], where approximately 7 µB come from the 4 f 7 orbital. As a
result, the remaining 0.63 µB belong to the conduction electrons. Exchange interaction
studies on Gd can be found elsewhere [176]. Moreover, several groups have calculated
the electronic band structure [177] from where the electronic density of states (DOS) as

91
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well as its projection on different orbitals have been inferred [178, 179, 180].
In this regard, we want to explore what will happen to nanocontacts made out of

Gd, which is the fourth most known ferromagnetic element of the periodic table (pre-
ceded by Fe, Co and Ni) where its electronic configuration is [Xe]4 f 75d16s2. f materials
are therefore also good candidates to study the influence of the f decoupled magnetic
moments on the transport electrons, mainly of s− p, and in less, of d character.

The first stage of the exploration of Gd atomic-size contacts begins with the mea-
surement of traces of conductance under a constant direct current (DC) bias voltage.
As we will see below, interestingly, the conductance of the one atom contact is below
the quantum of conductance 2e2

h . Besides, with the help of our theoretician colleagues,
we will see how this can be explained from purely electronic causes out of the calcula-
tion of the transmission eigenchannels.

In the case of europium (Eu), the reason that has driven us to measure it yields on
its electronic configuration, which is [Xe]4 f 76s2 and is very similar to the one for Gd
except for the 5d1 electron.

Regarding experimental works on Eu, in the literature we can find the following:
superconductivity transition for Eu under pressure [181] (Tc ' 1.8 K at ≈ 80 GPa); or
synchrotron radiation measurements on Eu, that set 4 f core level at 2.1 eV below the
Fermi level [182].

Finally, we will discuss the results from our dI/dV measurements on Gd and Eu
nanocontacts. We will pose the possible Kondo screening in such systems, something
that we will infer from the zero bias anomaly (ZBA) detection inside a small (±15 mV)
energy window. Besides, we will discuss about the existence of a monotonically in-
crease of conductance for a rising bias voltage in a wider energy range.

5.1 One-atom conductance in gadolinium

Gd is known to have local magnetic moments mainly associated with f electrons coex-
isting with itinerant s and d bands that account for its metallic character. As well, it is a
rare earth metal that belongs to the lanthanide group with the electronic configuration
[Xe]4 f 75d16s2. It is a trivalent metal [183] that in bulk is a strong ferromagnet with
TC = 293.2 K [175] with hexagonal close-packed (hcp) structure. It presents interesting
properties, such as very high neutron absorption [184, 185] and a pronounced mag-
netocaloric effect [186]. Regarding other types of experimental measurements on rare
earths, studies of electron-magnon interaction (EMI) on point contacts made out of
Gd, holmium (Ho), and terbium (Tb) [84] as well as electronic structure measurements
with photo-electron spectroscopy [187] have been performed. There are few experi-
mental works about electronic transport on rare earth atomic-size contacts. Some of
them [171, 188, 172, 189] reported measurements on nanocontacts made out of metals
such as yttrium (Y), cerium (Ce), dysprosium (Dy), and Gd by using the notched-wire
mechanically controllable break junction (MCBJ) technique [26].

Here we explore whether and how the local moments influence electronic transport
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properties at the atomic scale. Using both scanning tunneling microscope (STM) and
lithographic MCBJ techniques under cryogenic conditions, we study the conductance
of Gd when only few atoms form the junction between bulk electrodes made out of the
very same material. Thousands of measurements show that Gd has an average lowest
conductance, attributed to single-atom contact, below 2e2

h . Our density functional the-
ory (DFT) calculations for monostrand chains anticipate that the f bands are fully spin
polarized and insulating, and that the conduction may be dominated by s, p, and d
bands. We also analyze the electronic transport for model nanocontacts using the non-
equilibrium Green’s function (NEGF) formalism in combination with DFT. We obtain
an overall good agreement with the experimental results for zero bias and show that
the contribution to the electronic transport from the f channels is negligible and that
from the d channels is marginal. The contents of this section have been published in
Ref. [190].

5.1.1 Experimental details

In order to study the electronic transport in Gd nanocontacts, we use STM [17] and
lithographic MCBJ [24, 25] techniques, independently. With both techniques we record
the electrical current through nanocontacts under fixed applied DC bias voltage when
changing the contact geometry.

We use the STM technique in contact mode and we read the current from a low-
noise amplifier with a gain factor of 5. With piezoelectric materials we control the dis-
tance between bulk electrodes with atomic precision (∼ 1 pm) under cryogenic condi-
tions (liq-4helium (He) bath). Samples consist of two Gd (99.9% pure) wires of 0.5 mm
diameter and cross-shaped arranged in order to avoid multi-contact locations. With
this technique we build atomic contacts in a straightforward way, that is bringing into
and out of contact the bulk wire-shaped electrodes by applying electrical DC sawtooth
pulses to the piezoelectric materials mentioned above.

Gd gets quickly oxidized in contact with air. In order to avoid contact with environ-
mental compounds and to preserve the purity of these materials we use the following
methods (which have been described in detail in chapter 2). For STM experiments,
we mount samples inside a custom-made controlled atmosphere chamber. We use
argon (Ar) gas (99.999% pure) as surrounding atmosphere before closing the STM un-
der high vacuum conditions (10−8 mbar reached with turbo-molecular pumping). Be-
sides, right before starting pumping, a ceramic (i.e. insulator and non-magnetic) knife
is used for scratching the outer layer of Gd wires that are afterwards brought into con-
tact. After pumping at room temperature, the STM is inserted into a bath cryostat
filled with liq-4He. Then, when samples reach equilibrium with the cryogenic liquid
temperature, we measure the conductance as a function of distance when approaching
or retracting the electrodes, so called conductance (creating/breaking) traces.

For comparison, we use the MCBJ technique [25] in which a motor moves the push-
ing rod of a three-point bending mechanism with micro-metric precision. This rod
bends the sample from the rear side of the substrate right below the nanojunction lo-
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cation. The fabrication process of the latter has been explained in section 2.3. The
movement of the rod is reversible, so that atomic contacts can be created and broken
repeatedly and the electronic transport through them is measured in the same way as
with the STM technique.

In MCBJ experiments, we ensure the purity of Gd samples from the technique prin-
ciple itself. We used Gd pellets with 99.9% purity that were afterwards evaporated. We
have chosen tungsten (W) as boat material for thermal evaporation in order to prevent
alloy formation with Gd. The MCBJ contact is broken for the first time when 4.2 K are
reached. By this way, the few nanometres thick outer layer of Gd oxide at the sample
protects the pure Gd nanojunction before MCBJ measurements start.

For both techniques, we record the electrical conductance as a function of distance
between bulk electrodes [29], obtaining the conductance traces (see Fig. 5.1). We focus
on the last stages before breaking the contacts into the vacuum tunnel regime and the
first ones when establishing metallic atomic-size contacts. The conductance of the last
(first) plateau is in the order of 2e2

h , as expected for a quantum conductor with a few
channels, and shows abrupt changes as a function of the electrode distance that reflect
variations in the atomic configuration of the nanocontact (see Fig. 5.1).

5.1.2 Experimental one atom conductance in gadolinium

In Fig. 5.1 we show typical conductance traces. For the STM technique (left-sided
plot), we show a series of measurements few seconds spaced between them where
deep indentations are performed. We observe that the last plateau always falls at con-
ductance values visibly smaller than 2e2

h . The same observation applies for MCBJ mea-
surements (right-sided plot). We see that the plateau shapes are negatively inclined,
i.e. revealing lower conductance upon further stretching, as previously observed for
some materials such as lead (Pb) [37], but different from the observations of other soft
metals, like gold (Au). However, some of the last plateaus reveal rising conductance
upon stretching, as systematically observed for example in the case of aluminum (Al)
[31, 32, 37]. Both effects, the falling and the rising last plateaus, are observed with both
measurement techniques and are therefore attributed to intrinsic properties of Gd con-
tacts. Another observation that appears in the traces recorded with both techniques is
that upon creating the contact in most cases the conductance of the first contacts is
higher than the conductance of the last contact before breaking in the preceding trace.
Furthermore, the backlash between breaking and creating the next contacts is some-
what larger in MCBJ technique, presumably because of the elastic deformation of the
suspended nanobridge. As a final remark, we have checked that these materials do
not form long atomic chains when stretching. Besides, we invite the reader to check
appendix C in order to get an extended overview of the looking of the Gd traces of
conductance.

With STM technique we manage to create stable low-noise traces of conductance
at a rate of about 10 traces per second. This allows us to obtain significant statistical
data in a relatively brief period of time. The MCBJ technique enables mechanically
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Figure 5.1: Typical conductance traces for atomic-size contacts made out of Gd. Bright/dark
curves stand for breaking/creating contacts as arrows indicate. Left-sided plot: Measurements
taken with STM technique in equilibrium with liq-4He bath and at 10−8 mbar. All traces have
been taken at 100 mV bias voltage. Inset: artistic representation of nanocontacts; hcp ball-
stacking is pictured, where balls represent atoms. Right-sided plot: Measurements taken with
lithographic MCBJ technique in equilibrium with liq-4He bath and at 10−5 mbar. Red and
green traces and their return traces have been taken at 5 mV bias voltage, yellow curve has
been taken at 10 mV.

more stable contacts than with the STM, but its rate of recording conductance traces is
limited to about one trace per minute. We make histograms of conductance [112] out
of the measured traces with STM and MCBJ (see Fig. 5.2).

Thousands of conductance traces with deep indentations (i.e. beyond 100 2e2

h ) are
recorded along with electro-migrative fast (≈ 0.5 s) DC pulses of 10 V that are applied
to randomly chosen atomic-size contacts. 2e2

h is the conductance quantum where e
is the elementary charge and h is Planck’s constant. A conductance of 100 2e2

h corre-
sponds to a nanoconstriction with more than 100 atoms in cross section.

We have recorded conductance traces for different electrode configurations. Every
configuration comes from geometrical reconstruction of bulk electrodes by strong in-
dentation of electrodes with STM technique (beyond 100 2e2

h ). With MCBJ, a smaller
amount of data is obtained (see caption in Fig. 5.2), therefore less variety of traces of
conductance is achieved. Different families of conductance traces for this last tech-
nique are obtained moving back the pushing rod until reaching conductances beyond
50 2e2

h .
Our results agree with those of Berg et al. [188] who reported values of (0.60 ±

0.23) 2e2

h and (0.83± 0.32) 2e2

h for the last plateau right before breaking (746 curves) and
the first one after creating (568 curves) the contact, respectively, of Gd notched-wire
MCBJs recorded at 4.2 K. Similarly, low conductance values were also observed for Dy
((0.87± 0.27) 2e2

h from 528 breaking traces). Reported measurements on nanocontacts
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Figure 5.2: Histograms of conductance calculated from conductance traces for Gd atomic-size
contacts. Upper/lower plot stands for breaking/closing contact mode. Same colors for upper
and lower plot stand for a set of traces with electrodes that have not been modified with deep
indentations (i.e. less than ≈ 20 2e2

h ). The different colors (red, purple, yellow, black, green)
illustrate the variability in the histograms between contacts, or for different choices of depth of
indentations. All measurements have been taken with STM technique at 100 mV bias voltage
in equilibrium with liq-4He bath and 10−8 mbar, except the purple curve, that has been taken
with MCBJ technique, where a bias voltage of 10 mV has been applied. For STM histograms
few (from 1 to 10) thousands of traces are considered. For MCBJ ≈ 500 traces are included.

made out of Dy [171] showed a non-trivial change of conductance as a function of the
value of the external magnetic field. We observe similar but weaker magnetostrictive
effect for some lithographic Gd MCBJ samples, in our case changing from sample to
sample (see section 5.1.4).

From every set of traces with electrode indentations that have not reached conduc-
tance values above ≈ 20 2e2

h , we build up histograms. Some of them are shown in Fig.
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5.2. For most well-studied metals (Au, platinum (Pt), Ni. . . ) the position of the low-
est maximum in the conductance histograms is very reproducible from experiment to
experiment, although slight differences in the relative height and shape of the peaks
have been reported [29, 30, 34]. In the case of Gd the position of such histogram peaks
shows a lower reproducibility, which we attribute to different configurations of the
electrodes. In Fig. 5.2 we show five independent histograms (solid line, full color and
vertical striped line patterns facilitate the identification of each one of them). We want
to remark the strong resemblance between red (STM) and purple (MCBJ) breaking his-
tograms. On the other hand, for MCBJ closing histograms, the first peak is located at
higher conductance values suggesting that the first MCBJ contacts are thicker than the
first contacts created with the STM. The yellow curve shows a very wide histogram, its
corresponding traces were obtained with deeper indentations, meaning that a greater
random rearrangement of the electrode tips was achieved. The black curve shows
higher conductance values for both breaking and creating histograms. The contacts
that account for this result were poorly sharpened, as could be noticed from the high
slope of the conductance vs displacement curves [135], meaning therefore that thicker
tips are considered.

In addition, the last value of conductance before breaking contacts is well below
than the one observed for other magnetic metals such as, e.g., Ni [34] where a mean
value of conductance of ≈ 1.5 2e2

h is found.
In order to gain further insight into the evolution of conductance traces, we have

constructed intensity maps as a function of both the conductance and the displacement
of the electrodes for our measured data, shown in Fig. 5.3. This time, we collect all the
conductance traces that we have measured with STM with indentations mostly up to
20 2e2

h and plot them in a two-dimensional histogram. In order to highlight the atomic-
size contact area, we center the traces at the same value of piezo displacement for a
chosen conductance value (see figure caption). This way of representing data permits
to check the dispersion of data at the low conductance stages unveiling the depen-
dence of the most probable conductance on the applied strain. At the right-sided edge
of the represented cloud of data a dispersion of ≈ 0.25 2e2

h is clearly apparent, one
quarter less than in the case of the conductance histograms in Fig. 5.2. For the closing
curves the highest density is observed for the conductance (0.9± 0.3) 2e2

h , while for the
opening traces the distribution splits up into two branches, one ending with a conduc-
tance of (0.9± 0.3) 2e2

h at slightly shorter distance and one ending at (0.65± 0.20) 2e2

h at
the rightmost extremity of the cloud. This finding indicates that longer contacts with
lower conductance are formed when opening. Backed up by the calculations presented
in the next section we will interpret the longer constrictions as dimeric configurations
where two atoms in series form the constriction, while the shorter ones are single-atom
or monomeric atomic configurations in which a single atom is surrounded by thicker
electrodes to both sides. As we will discuss below, this may be unexpected, because of
the presence of a s band at the Fermi energy, that normally contributes with one open
channel per spin.
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Figure 5.3: (Linear color scale) Overlapped Gd conductance traces measured with STM. Break-
ing contact (left-sided plot) and creating contact (right-sided plot) situations are shown. Traces
are centered to 1 nm when 0.01 2e2

h is reached from higher/lower to lower/higher conductance
values for breaking/creating contacts. Total number of traces are 2524 and 2511 for breaking
and creating contact cases, respectively.

5.1.3 An analysis from DFT calculations

The theoretical part and calculations of this work have been carried out on the one
side by J. L. Lado in collaboration with J. Fernández-Rossier (DFT calculations with
Elk) and on the other side by C. Salgado supervised by J. J. Palacios (DFT calculations
with CRYSTAL14). We are very thankful to them all.

DFT calculations are initially carried out with the linearised augmented-plane wave
(LAPW) code Elk. For those who are not familiar with this terminology, DFT is a com-
putational quantum mechanical modelling method where the properties of a many-
electron system can be determined by using functions of another function which is the
spatially dependent electron density. Correlations in the f orbitals are treated using
the DFT+U method in the Yukawa scheme [191] in the fully localized limit, to account
for the strong correlations within the f orbitals. The basic idea behind DFT+U is to
treat the strong on-site Coulomb interaction of localized electrons with an additional
Hubbard-like term (the on-site Coulomb interactions are particularly strong for local-
ized f -electrons). No correlations are introduced in the s, p, and d orbitals due to their
delocalized nature, well accounted for by more conventional functionals. The bulk
lattice constant matches the experimental one within 3% deviation. To gain insight
into the electronic structure in the constriction, we calculate the electronic structure
of one-dimensional Gd chains and compare the differences driven by the reduced di-
mensionality. Chain structures are optimized in the lattice parameter.

The magnetic structure strongly changes upon reducing the dimensionality from
bulk to a one-dimensional chain (Fig. 5.4). Whereas the bulk structures yield a total
magnetic moment of µbulk

Gd = 7.61 µB, one-dimensional chains show larger moments



5.1 One-atom conductance in gadolinium 99

of µchain
Gd = 8.9 µB. The projected DOS reveals that, whereas bulk structures have spin

polarization mainly coming from the f levels plus a small contribution from s ones
(not shown), chains show a stronger polarization in the d-band manifold arising from
a stronger Stoner instability (see Fig. 5.4). This translates into energy differences be-
tween antiferromagnetic and ferromagnetic configurations, J = EAF − EFE, in chain
structures which are much larger than the ones expected for bulk. Specifically we get
J = 0.5 eV, favoring a fairly stable ferromagnetic configuration. Notice that the strong
exchange coupling in chains can be understood as a consequence of the direct d − d
exchange coupling, whereas in bulk d magnetism barely appears in our calculations.

Figure 5.4: Sketch of the projected DOS onto the d and f manifold for Gd in chain (a) and bulk
(b). The d manifold acquires a large spin splitting only in the chain case, while the f manifold
is spin polarized in both cases. Panels (c,d) show the DOS projected onto the d manifold as cal-
culated by first principles full potential method, for the chain (c) and bulk (d) Gd, in agreement
with the sketch (a,b).

Transport calculations for Gd atomic contacts are also carried out. We have cho-
sen simplified models with pyramidal forms growing along the <111> direction for
both sides of the nanocontacts (see inset in Fig. 5.1). The electron reservoirs, which
make the nanocontact an open quantum system, are chosen to be Au electrodes. Au
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electrodes reduce the computational cost without introducing artifacts in the actual
conductance of the model nanocontacts when these contain a large enough number
of Gd atoms. The results presented in Figs. 5.6 and 5.7 correspond to the minimum
number of Gd atoms that needs to be considered (contacts with a larger number of Gd
atoms have been studied, not finding significant differences). The transport method-
ology is the well-known DFT-based NEGF formalism as implemented in the package
Atomistic NanoTransport (ANT).G [192, 193, 194, 195, 196]. This software uses the
DFT functionality of Gaussian09 [197] to construct the one-particle Hamiltonian of the
system, which is allowed for the simulation of open quantum systems connected to
electron reservoirs.

The NEGF-DFT method implemented in ANT.G operates in the framework of
linear combination of atomic orbitals (LCAO). LCAO is a technique for calculating
molecular orbitals in quantum chemistry, which provides transport calculations but
the implementation with rare-earth metals is not well established. Therefore, as a
necessary first check, we need to compare the DOS obtained with LCAO with the
well-grounded results of Elk. The basis “Stuttgart RSC 1997 energy-consistent pseu-
dopotentials (ECP)” has been used for Gd [198, 199, 200] in the LCAO-DFT calcula-
tions for chain and nanocontact structures. This basis set includes ECP to describe the
interaction with the core-electrons. Due to the lack of a DFT+U implementation in
the LCAO codes used, instead we make use of the hybrid functional Heyd-Scuseria-
Ernzerhof (HSE)06 [201] which also captures the strongly correlated nature of the f -
levels.

Figure 5.5: Spin resolved density of states of Gd in chain structures calculated with Elk (LAPW)
projected onto the manifolds s (a), p (b), d (c) and f (d). Same cases calculated with CRYSTAL14
(LCAO) (s (e), p (f), d (g) and f (h)).

We compare the results obtained in two schemes for the DOS of the one-dimensional
infinite chain (see Fig. 5.5). The LCAO calculations are performed with the code CRYS-
TAL14 [202] using the same basis set and functional as for the transport calculations
shown below. We note that the spin splitting cases are slightly bigger in the LCAO
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method (around 20%) which also leads a more peaked resonance structure in the DOS.
These differences can be traced back to the exact exchange present in the HSE06 func-
tional calculations, which affect the four s, p, d and f manifolds. In comparison, in the
LAPW method, correlations included with the DFT+U scheme are introduced in the
localized f manifold but not in the delocalized s, p and d manifolds. In spite of these
spectral differences, the magnetic moment calculated with both methods yields a sim-
ilar value. Nevertheless, differences in the character of the electrons around the Fermi
energy, which dominate the electronic transport, may yield different conductance val-
ues. By considering different functionals (with and without exact exchange) we have
concluded that these differences are not significant in this regard.

For Gd nanocontacts the population analysis yields a total magnetic moment of
µGd = 8.0 µB in the tip apex atom. This value is smaller than the one obtained for
the Gd chain with LAPW-Elk µGd = 8.9 µB, as expected due to the more delocalized
character of the d orbitals and the higher atomic coordination at the tip.

In the following we present the results obtained for the conductance in the LCAO
scheme using the HSE06 functional. The calculated conductance-distance characteris-
tics for Gd nanocontacts are shown in Fig. 5.6 for both monomer and dimer config-
urations (see insets in Fig. 5.6). As anticipated in the discussion of the experimental
results, monomer and dimer configurations are expected to form when breaking the
contacts while in most of the cases only monomers are expected to appear when form-
ing the contacts. The piezo displacement is simulated by opposite displacement of
the two tips, while keeping their atomic structure intact. Thus, we do not make any
distinction between breaking and creating contacts, although a small difference in the
average atomic bond distance is expected between the two processes if relaxation will
be allowed. Relaxation would also permit to simulate the plasticity effects (jumps in
conductance), as seen in this type of experiments. This is, however, computationally
too costly since a large number of Gd atoms are required and beyond the scope of our
discussion here.

As their periodic counterparts (bulk and chains), Gd nanocontacts show a purely
ferromagnetic behavior all along the breaking process. Anti-parallel magnetic con-
figurations (between the two tips) show smaller conductance values, but these mag-
netic states have a higher energy and tend to relax into the ferromagnetic ones. The
current is spin-polarized with a dominant contribution from the minority channel
(spin-up here in red) for stretched dimeric contacts and from the majority one (spin-
down in blue) for monomeric contacts. The calculated total conductance at bulk near-
neighbor distance between tip apex atoms (or zero displacement, ∆z = 0) is 0.80 2e2

h
for the dimer and 1.15 2e2

h for the monomer contacts. Both values, along with the ones
nearby for small displacements (representing actual stretched contacts) fall within
their tentatively assigned experimental bright spots seen in Fig. 5.3. Notice that, due
to lack of relaxation in our calculations, longer displacements may not represent actual
atomic configurations since sudden plastic deformations must occur. Even so, for the
monomer configuration we obtain an increase of conductance as the tip-tip distance
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Figure 5.6: Gd <111> nanocontact calculated conductance-distance characteristic. Left-sided
plot: two atomically-sharp tips in the <111> direction forming a dimeric contact. The distance
∆z equals 0 when the distance between both tip apex atoms equals the nearest neighbor dis-
tance in bulk. Right-sided plot: an atomically-sharp tip in the <111> direction against a blunt
<111> one. Both tips touch to form a monomeric contact. The distance ∆z equals 0 when the
distance between the tip apex atom in the atomically-sharp tip and each tip apex atom in the
blunt one equals the nearest neighbor distance in bulk.

increases which is of purely electronic origin and could be tentatively related to the
one often observed in the experiments (see right-sided plot in Fig. 5.6).

A deeper insight into the electronic nature of transport can be revealed by ana-
lyzing the nature of the eigenchannels [196] involved in the conductance. In Fig. 5.7
we plot the conductance of the spin up and spin down dominant eigenchannels for
three representative examples. We have chosen: (a) a dimer contact at a displacement
of ∆z = 1.0 Å and (b) a monomer contact at a displacement of ∆z = 1.0 Å and (c)
∆z = 2.2 Å. In general, the eigenchannels do not show a dominant s character. For the
case (a) they display mostly a pz character (minority) or spz character (majority). In the
monomer case, in addition to the spz hybridization [37, 31], the transition from spz-like
eigenchannels at smaller displacements (Fig. 5.7.b) to an eigenchannel with a strong
d character for majority spins (Fig. 5.7.c) at larger displacements seems to also play
a role in the change of the slope of the conductance traces, as seen in Fig. 5.6 (right-
sided plot). No direct contribution from f orbitals appears in transport, apart from
enhancing the spin polarization in the other subshells, as expected from their localized
nature. We finally emphasize that the previous analysis relies on the assumption that
the LCAO+HSE method properly captures the electronic structure around the Fermi
energy for the rare earth compound, which could change using other DFT schemes.
Therefore the accuracy of our method is subject to verification by more sophisticated
ones, capable of capturing simultaneously the metallic behaviour and strongly local-
ized states in these rare earth chains.
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(a)

(b)

(c)

Figure 5.7: (a) Spin resolved principal eigenchannel projected onto all the magnetic shells of
a Gd dimeric nanocontact at a tip-tip displacement of 1.0 Å; (b) and (c) the same but for a
monomeric contact at tip-tip displacement of ∆z = 1.0 Å and ∆z = 2.2 Å, respectively. “Up”
electrons correspond to the “minority” spin component while “down” electrons to the “major-
ity” one.
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5.1.4 Magnetostriction

In the case of the MCBJ experiments we were able to perform magnetoconductance
measurements for different samples. In Fig. 5.8 we show our main results. We find
that the two studied samples (see figure caption) show very different magnetostric-
tive behaviour. The pristine Gd pellets for each sample come from different batches,
respectively. Moreover, evaporation parameters are slightly different for each case.

Figure 5.8: Magneto-conductance measurements for atomic-size contacts made out of Gd.
Measurements have been taken with MCBJ under cryogenic conditions (vacuum below
10−5 mbar and temperature in equilibrium with liq-4He). Both plots at the upper part of this
figure correspond to different contacts of the same sample, whereas the other two at the lower
part correspond to another one. Coloured arrows and numbers indicate the sweeping order
for every run. Magnetic field direction is always the same, that is pointing out of plane of the
substrate (the sign indicates the sense of the field). Sweeping speed is 0.2 T/min, except for
cases shown at upper-left plot, where speed is 0.1 T/min.

We see that for one sample (upper plots) conductance changes with a rate of ≈
0.01 2e2

h·T , even less. At variance, the magnetostriction of the other sample (lower plots)



5.2 Removing the d-electron from gadolinium, the case of europium 105

changes with a rate up to ≈ 0.7 2e2

h·T , that is much higher than the other one. It is inter-
esting to see how the magnetoconductance traces shown in the lower plots resemble
the conductance-distance traces shown in Fig. 5.1. We thus interpret the observation
as being caused by magnetostriction as observed earlier for Dy [171]. This means that
the mechanical displacement of the electrodes is provoked by the external magnetic
field and not by the pushing rod of the MCBJ. While Dy reveals a strong magnetostric-
tion in all crystalline directions, in Gd the bulk magnetostriction is much smaller and
in addition direction dependent with opposite sign in different directions [175, 203].
We argue that depending on the evaporation rate the crystallinity of the films varies re-
sulting in a strong variation of the magnetostriction of the nanobridge. Further studies
are necessary to verify this suggestion.

5.2 Removing the d-electron from gadolinium, the case of eu-
ropium

One of our main interests on studying Eu lies on its close but significantly different
electronic configuration with respect Gd. The difference, regarding electronic states
filling, for the ground state of Eu ([Xe]4 f 76s2) and Gd ([Xe]4 f 75d16s2) is the 5d1 orbital.
Because Eu is divalent, a correspondingly lower indirect exchange interaction is man-
ifested in a magnetic ordering temperature for Eu much lower than for Gd, which is a
trivalent metal [183].

For Eu bulk structures, the d-bands strongly influence the resultant body-centered
cubic (bcc) crystal structure and Fermi surface [183]. Besides, it is an anti-ferromagnet
with an ordering transition temperature at TN = 90.5 K. Its moments form a spiral
structure described by a wave vector along the <100> direction, being the inter-planar
turn angle of that structure close to 50◦ [183].

5.2.1 Experimental details

By the handling of Eu for our experiments we have experienced some difficulties that
we have overcome as we explain in the following paragraphs. We build up nanocon-
tacts made out of pure metallic Eu. In order to study electronic transport in nanocon-
tacts we use the STM [17] technique as explained for the case of Gd. Our samples
consist of two Eu wire-shaped samples that have 99.95% purity and 1.0 mm diameter
cross-shaped disposed in order to avoid multi-contact locations.

Eu gets quickly oxidized in contact with air, specially this metal is highly reactive
with water. In order to avoid contact with environmental compounds and keep the
purity of this material we have mounted the samples inside a home-made controlled
atmosphere chamber. We use Ar gas (99.999% pure) as surrounding atmosphere of
the STM and samples before closing them under high vacuum conditions (10−8 mbar
reached with turbo-molecular pumping). Besides, right before pumping starts, a ce-
ramic (i.e. insulator and non-magnetic) knife has been used for scratching the last
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layer of the electrodes that are, afterwards, brought into contact. Eu, which has a bcc
structure, is very soft and easy to cut and manipulate; however, for Gd (hcp structure)
the contrary is experienced, i.e. it is very difficult to scratch and cut it, even when we
tried with a stone of 1 cm3 it was really difficult to break with chisel and hammer.

After mounting the samples, once they reach equilibrium with liq-4He tempera-
ture, and in order to ensure clean electrodes, thousands of traces of conductance with
deep indentations (beyond 100 2e2

h ) are performed along with electro-migrative fast
(≈ 0.5 s) DC pulses of 10 V applied to randomly chosen atomic-size contacts.

Figure 5.9: Traces of conductance for Eu. Bright/dark curves stand for breaking/creating
contact cases. Measurements taken with STM technique in equilibrium with liq-4He bath, at
10−8 mbar and 100 mV bias voltage.

5.2.2 Experimental one atom conductance in europium

Experimentally, we study electronic transport recording electrical conductance as a
function of distance between the bulky electrodes [29] (the so-known traces of con-
ductance). We focus on the last stages before breaking contacts and the first ones when
creating them. In this way, conductance highlights in a stepwise manner (see Fig. 5.9)
due to the mechanical reorganization of the atoms at the narrowest cross section of the
contact. We make histograms of conductance [112] out of the measured traces men-
tioned above (see Fig. 5.10). In order to study the conductance of atomic-size contacts,
only a window of few 2e2

h (starting from zero) is considered.
We record traces of conductance for different electrodes configurations of Eu nanocon-

tacts. Every configuration comes from a geometrical reconstruction of the bulky elec-
trodes by strong indentation of them with STM technique (beyond 100 2e2

h ).
In Fig. 5.9 we show some traces of conductance for Eu. We intentionally show

a series of measurements few seconds spaced between them. Every case is achieved
after breaking a contact of more than one hundred atoms at the minimal cross section.
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Figure 5.10: Histograms of conductance out of thousands of traces (Fig. 5.9) for Eu atomic-size
contacts. Upper/lower plot stands for breaking/closing contact mode. Every color at ev-
ery plot represents different configuration of bulk electrodes achieved after deep indentations
(contacts of more than 100 atoms), respectively. Measurements taken with STM technique in
equilibrium with liq-4He bath, at 10−8 mbar and 100 mV bias voltage (except the yellow his-
togram, which has been recorded at 11 mV bias).

We observe a similar fact that happens also with Gd, which is that the last plateau
always falls at values of conductance visibly smaller than 2e2

h . Also we want to stress
how some plateaus remind us of those seen for nanocontacts made out of metals with
sp-hybridized orbitals such as Al [32]; namely, the rising conductance when stretching
out contacts. As a final remark, we have checked that these materials do not form long
atomic chains when stretching. These characteristics are also shared with Gd. Besides,
we invite the reader to check appendix C in order to get an extended overview of the
looking of the Eu traces of conductance.

From every family of similar traces of conductance, we build up histograms. Some
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Figure 5.11: (Linear color scale) Overlapped Eu conductance traces out of thousands of cases
measured with STM. Breaking contact (left-sided plot) and creating contact (right-sided plot)
situations are shown. Traces are centered to 1 nm when 0.01 2e2

h is reached from higher/lower
to lower/higher conductance values for breaking/creating contacts.

of them are shown in Fig. 5.10. As we said in section 5.1, many well-studied atomic-
size contacts made out of metals like Au [29], Pt [30], or ferromagnetic Fe, Co and Ni
[34] and even the case of Gd showed fingerprinted histograms of conductance of the
last plateau before breaking as well as after forming the contact. In these cases, the
lowest conductance peak in histograms is always at the same value of conductance
for each material. However, in Eu case we show how different configurations of elec-
trodes do not show the same average lowest conductance value. The lowest peak of
conductance for different electrode configuration histograms has a dispersion of about
0.5 2e2

h . This is considerably higher than the obtained for instance for Ni [34]. In ad-
dition, it is also important to stress that most of the lowest conductance peaks in the
recorded histograms are below 2e2

h .
In Fig. 5.11 we represent histograms of conductance in a different manner. This

way of representing data is very useful to check the dispersion of data at the low
conductance stages of the different traces of conductance. It is remarkable how at
the right-sided edge of the represented cloud of data a big vertical dispersion takes
place. This is put in contrast with Gd, where we obtained a reproducible conductance
value for the last/first plateau before/after breaking/creating contact. In Eu case we
find a scattered conductance of more than 0.5 2e2

h for the last/first junction formed
before/after breaking/creating contact. We attribute this to magnetic causes, which
will be better clarified with the help of the calculations that we will show in section
5.2.3.

In Fig. 5.12 we show a histogram of the last conductance right before breaking con-
tacts for both Eu and Gd. In there we can see for Gd a peak centered around 0.6 2e2

h .
However, for the case of Eu the histogram looks rather extended from 0.2 to 0.8 2e2

h ,



5.2 Removing the d-electron from gadolinium, the case of europium 109

without a clear central peak being showed. This representation provides additional
information to the ones showed before, but we should stress that in Fig. 5.12 we are
not showing histograms of traces of conductance as in these cases only one conduc-
tance per trace is added to the histogram. Our main highlight in here would be the
contrast between the results of Eu and Gd in regard the reproducibility of histograms
of conductance, which for Gd is much better than in the case of Eu.

Figure 5.12: Histogram of last conductance right before breaking the atomic contact. 150 bins
smoothed 5 times. 2016 points for Eu, taken with STM technique in equilibrium with liq-
4He bath and 10−8 mbar. 2531 points for Gd, taken with lithographed MCBJ technique in
equilibrium with liq-4He bath as well and 10−5 mbar. All measurements were taken at different
bias voltage values. Specifically, from 12 to 300 mV for Eu (mainly at 96 mV), and from 5 to
70 mV for Gd (mainly at 5 mV).

5.2.3 Modelling and DFT calculations

The methodology followed to make the calculations for Eu is also very similar to
the one carried for Gd. DFT calculations were initially carried out with the LAPW
code Elk. Correlations in the f orbitals where treated using the DFT+U method with
Yukawa scheme [191] in the fully localized limit. This part of the calculations has been
performed by J. L. Lado in collaboration with J. Fernández-Rossier, to whom we are
very grateful.

The magnetic structure of Eu compounds strongly change upon reducing the di-
mensionality from bulk to a one-dimensional chain. Whereas the bulk structures yield
a total magnetic moment of µbulk

Eu = 7.11µB, one dimensional chains show larger mo-
ments of µchain

Eu = 7.57µB, even though the difference is not as large as in the case of
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Gd. The excess magnetization in the chains comes from magnetic ordering of conduc-
tion states in the d-manifold. Projected DOS reveal that whereas bulk structures have
spin polarization mainly from the f levels plus a small exchange contribution from
s, chains show a strong polarization in the d manifold (see Fig. 5.13). This translates
into energy differences between antiferromagnet and ferromagnetic configurations,
J = EAF − EFE, in chain structures which are much larger than the ones expected for
f elements. Specifically we get JEu = 0.36 eV, favouring a ferromagnetic configuration
arising from a Stoner instability of the low filled d-band. The latter is a consequence
of the direct d− d exchange in chains, whereas in bulk no d magnetism appears, being
the only contribution the one mediated by s orbitals between localized f .

Figure 5.13: Spin resolved projected DOS onto the d-levels of Eu, in chain (a) and bulk (b)
structures. Chain structures show net spin polarization in the d-manifold, apart from the one
due to f -electrons. In comparison, bulk structures do not show polarization in the d-manifold,
being the magnetism almost entirely due to localized f -levels.

Transport calculations for Eu (along the <100> direction) nanocontacts are also
carried out. This part of the calculations has been performed by C. Salgado supervised
by J. J. Palacios, to whom we are very grateful. We choose a pyramidal form for both
sides of the nanocontact, as expected in this type of experiments. The electron reser-
voirs, which make the nanocontact an open quantum system, are chosen to be Au elec-
trodes. Au electrodes reduce the computational cost and introduce no artifact in the ac-
tual conductance of our Eu model for nanocontacts when they contain a large enough
number of atoms. The results presented below correspond to the minimum number
of Eu atoms that needs to be considered. The transport methodology is the DFT-based
NEGF formalism as implemented in the package ANT.G [192, 193, 194, 195, 196].

The NEGF-DFT method implemented in ANT.G operates in the framework of
LCAO. Therefore, as a necessary first check, we need to compare with the well-
grounded results of Elk as we did with Gd.

The basis “Stuttgart RSC 1997 ECP” has been also used for Eu [198, 199, 200], in
the LCAO-DFT calculations for chain, bulk, and nanocontact structures. This basis
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.14: Spin resolved density of states of Eu in chain structures calculated with Elk LAPW
projected onto the manifolds s (a), p (b), d (c) and f (d). Same cases calculated with CRYSTAL14
LCAO (s (e), p (f), d (g) and f (h)).

set includes ECP to describe the interaction with the core-electrons. Also, instead of
using DFT+U to account for correlations in the f -orbitals, we make use of the hybrid
functional HSE06 [201].

The suitability of our LCAO framework is justified, for instance, by comparing the
DOS obtained for one-dimensional chains with the ones obtained with Elk (see Fig.
5.14). The LCAO calculations for infinite perfect chains were actually performed with
the code CRYSTAL14 [202] using the same basis set and functional as for the transport
calculations. There we can see that, apart from a slight increase in the s (and maybe d)
band widths, the DOS for all s, p and d manifolds share most important features near
the Fermi level. The splitting of the f bands is of the same order in both approaches as
well (≈ 9 eV) and the positioning of the peaks with respect to the Fermi level is similar.

The population analysis for nanocontacts described in the LCAO method reveals
a total magnetic moment in the tip apex Eu atom of µEu = 7.72µB. This value almost
matches the one obtained for the chain with LAPW-Elk µEu = 7.57µB per unit cell,
which is expected due to the strongly localized character of the f orbitals.

Calculated conductance-distance characteristics for Eu nanocontacts are shown in
Fig. 5.15. The breaking of nanocontacts is simulated by opposite displacement of the
two sides of symmetric Eu tips (see inset in Fig. 5.15). Simultaneous relaxation of the
atoms has also been performed for some distances, but it did not change significantly
the conductance results and therefore are not shown here. As their periodic counter-
parts (bulk and chains), Eu nanocontacts show a purely ferromagnetic behaviour all
along the breaking process. Antiparallel magnetic configurations (between the two
tips) show smaller conductance values, but these magnetic states have a higher en-
ergy and tend to relax into the ferromagnetic ones. In both materials the current is
spin-polarized with a dominant contribution from the minority (spin-up here) chan-
nel for stretched contacts.

The calculated total conductance for the Eu nanocontact in equilibrium is GEu =

0.62 2e2

h . Despite of the fact that we have obtained a calculated value for the conduc-
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Figure 5.15: Eu <100> nanocontact calculated conductance-distance characteristic.

tance, this does not mean that it is a reproducible value in reality (i.e. experiments).
In fact, in the case of Eu experimentally there is no a reproducible value of the con-
ductance for the last/first junction formed before/after breaking/creating contact, the
origin of which is attributed to a magnetic disorder from the f magnetic moment that
highly scatters the conduction electrons.

The conductance distance characteristic of simulated Eu nanocontacts shows an in-
teresting peak upon retraction (see Fig. 5.15), which also appears in the experiments.
This increase of the conductance is not motivated by a rearrangement of the tip apex
atoms in each tip. It also appears when the tip apex atoms conserve its relative po-
sition and coordination with respect to the apex. Therefore, this phenomenon is not
mechanical, but purely electronic.

A deeper insight into the electronic nature of transport can be revealed by ana-
lyzing the eigenchannels involved in the conductance for a certain geometry (see Fig.
5.16). We have chosen ∆z = 1.0 Å in a dimeric configuration (see inset in Fig. 5.15) for
the analysis which coincides with the maximum conductance for Eu. In the relevant
ferromagnetic state, Eu nanocontacts carry current mostly through the s-pz minority
channel (red spin-up) which provides the most significant contribution to the trans-
mission, other channels having substantially smaller eigenvalues. The fact that the
minority channel dominates over the majority one can be rationalized in terms of an
interference phenomenon. The majority s channel coexists with a finite DOS at the
Fermi level that comes from the d-manifold (see Fig. 5.14) which likely reduces its mo-
bility. In contrast, the minority s channel is basically the only one at the Fermi energy.
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Figure 5.16: Spin resolved principal eigenchannel projected onto all the magnetic shells of an
Eu <100> nanocontact in the conductance peak. “Up” electrons occupy the “minority” spin
component while “down” electrons occupy the “majority” one.

5.2.4 Evidences of magnetic disorder

The strongly localized magnetic moments in the f shell are subject to fluctuations,
both from reduced dimensionality as well as for the small exchange coupling between
them. This is in contrast with 3d chains, where the exchange coupling between the
d-electrons is much stronger, quenching fluctuations. In addition, spin-orbit coupling
will also introduce an easy axis strongly dependent on the local environment, turning
the magnetism dependent of the structure of the nanojunction. This last mechanism
is also much more important in rare earths than in 3d metals, where the magnetic
anisotropy is smaller due to the weaker spin-orbit coupling.

Since a fully ab initio (a computational method which roots in first principles of
quantum mechanics) study of such behaviour will be extremely demanding, we dis-
cuss the effect of the localized disordered moments in the electronic transport in terms
of a simpler toy model. We consider transport in a linear chain, where the conduc-
tion electrons in the leads are non-magnetic, whereas in the scattering region they are
subject to random magnetic moments. The full hamiltonian is therefore

H = t ∑
i
[c†

i ci+1 + c†
i+1ci] + W ∑

i∈C
~mi ·~σc†

i,sci,s′ (5.1)

where t is the hopping and ~mi is a random unit vector in each scattering site, and
W the size of the exchange, whose physical origin is the exchange coupling between
the conduction electrons and the fluctuating localized f moments. The sum C runs
over the sites in the scattering region. The scattering problem is solved using the Lan-
dauer formalism, with the subdivision as shown in Fig. 5.17.a. As the strength of the
exchange coupling of the fluctuating moments increases, the conductance decreases
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from the perfect value. In the real junction, the orientation of the magnetic moments
will depend on the one hand on the local geometrical environment which defines the
easy axis of the f moments, and on the other hand on the thermal fluctuations.

Figure 5.17: (a) Sketch of the toy model used to model effect of magnetic disorder in the con-
striction, showing 4 sites with magnetic disorder. (b,c) Evolution of the conductance with
increasing exchange coupling, averaged over 30 random configurations. Band structure of the
electrodes (d), showing the different energies at which the conductance is calculated (e).

Apart from the previous elastic mechanism, inelastic scattering events involving
the excitation of spin waves will also appear upon backscattering channels decreasing
further the conductance. The exact contribution of the elastic and inelastic channels
will require ab initio calculation of the different couplings between the conduction and
localized electrons, so that the previous picture only aims to give a qualitative picture.

5.3 Conductance spectroscopy in gadolinium and europium

In this section we present our results on the spectroscopy measurements of atomic-
sized contacts made of Gd and Eu, respectively. In other materials with magnetic prop-
erties, signals of Kondo screening have been detected out of the ZBA in the dI/dV’s.
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For instance the resonant peaks discussed for Pt in chapter 4 or the Kondo effect stud-
ied in nanocontacts made of Fe, Co and Ni which was reported in Refs. [34, 88]. Be-
cause Gd and Eu present interesting magnetic properties we want to also see if they
present ZBA which may indicate the existence Kondo effect in nanocontacts made out
of them. As we will discuss in section 5.3.2, out of the analysis of the ZBA in an energy
window below ≈ 15 mV we find that these respond to Fano signals, which is the case
of the resonant peaks of the curves shown for instance in Figs. 5.18.a or 5.19.c. In addi-
tion, in the following paragraphs we will give an overview of the dI/dV’s in a wider
energy range than the ZBA commented above. The conductance spectroscopy in Gd
and Eu atomic-size contacts present interesting features that in some of the cases can
be studied as a general trend as we will see in section 5.3.1.

In Fig. 5.18 we show a series of different spectroscopic results for Gd. From Fig.
5.18.a to Fig. 5.18.j a window of±100 mV is shown, while for Fig. 5.18.k and Fig. 5.18.l
a wider window of ±300 mV is considered. From Fig. 5.18.a to Fig. 5.18.d resonant
peaks are shown around zero bias which have a full width at half maximum (FWHM)
ranging from ≈ 10 mV to ≈ 40 mV. In general, all cases consist of a decreasing of
conductance from high DC bias energies to zero bias, where around this value we
see spectroscopy anomaly features, sometimes appearing as a resonant peak, while
for other cases a more complex symmetry or even a simple dip is found. The later
is the case of Fig. 5.18.g and Fig. 5.18.k, which correspond to similar spectroscopic
features but the Fig. 5.18.g is enclosed in a smaller bias voltage range than Fig. 5.18.k;
moreover, the conductances of them are quite alike which indicates that the geometry
and channels of conductance of the nanocontacts might be very similar for both cases.
Another couple of plots that also share very similar features are in Fig. 5.18.h and Fig.
5.18.l, which in these cases show rather complex spectroscopic features around zero
bias.

Following the same experimental procedure, in Fig. 5.19 we show a series of dif-
ferent spectroscopic results for Eu. One of the main differences of these compared to
Gd is that in Eu dI/dV’s we have not seen any single pointing up peak around zero
bias, which in principle could indicate an absence of Fano-Kondo resonances, how-
ever in section 5.3.2 we will show that this is not necessarily true. Besides, it claims
our attention the V-shape that in some cases appear as linearly dependent on the bias
energy, as can be the case of Fig. 5.19.a, 5.19.b or 5.19.l. We show different cases of
spectroscopy results in different energy windows in order to give the reader a more
general overview of them. From Fig. 5.19.a to Fig. 5.19.d the bias voltage ranges from
−100 to 100 mV, while from Fig. 5.19.e to Fig. 5.19.h it ranges from−150 to 150 mV. In
some cases, the spectroscopic features around zero bias seem like a split single peak,
which is the case of Fig. 5.19.f, Fig. 5.19.g, Fig. 5.19.j and Fig. 5.19.k. In Fig. 5.19.j we
have considered a wider bias energy range, where this measurement has an amplitude
of more than 2e2

h for the whole curve.
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Figure 5.18: Set of different results of dI/dV measurements on atomic-sized contacts made out
of Gd, which have been taken with STM technique when stretching contact under cryogenic
conditions.
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Figure 5.19: Set of different results of dI/dV measurements on atomic-sized contacts made out
of Eu, which have been taken with STM technique when stretching contact under cryogenic
conditions.
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As a matter of completeness with the previous sections where we talked about the
direct conductance of Gd and Eu as a function of the contact geometry, in Fig. 5.20 we
show an experimental histogram of conductance for the zero bias case for Gd and Eu,
respectively. These points are obtained out of the dI/dV’s measured when stretching
contacts with STM technique, and they do not represent the visited conductance of
whole traces as we have seen in Figs. 5.2 and 5.10 but stable points where we could
perform successful measurements of dI/dV’s. We consider useful to show an experi-
mental histogram at zero bias, which is the condition considered when our colleagues
made their calculations.
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Figure 5.20: Histogram of conductance at zero bias voltage for atomic contacts made out of Eu
(red) and Gd (blue), respectively. 50 bins smoothed 3 times. 690 and 3506 points for Eu and
Gd, respectively. All measurement have been taken with STM technique in equilibrium with
liq-4He bath and 10−8 mbar. Zero bias data are taken from spectroscopy dI/dV measurements
for breaking contact mode.
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5.3.1 Effect of the f -electrons in the differential conductance

Apart from the ZBA which might indicate the presence of a Kondo effect we see a
prominent variation of the conductance with the DC applied bias voltage in a window
of at least ±75 mV. In order to study this general trend we have performed density
plot histograms out of thousands of dI/dV’s, the results of which are shown in Fig.
5.21. The overlapping of the curves show how a V-shape is predominant in the DC
bias range considered. It is remarkable the evolution of the amplitude of the curves as
we go to thinner contacts, reaching an increase of the signal up 2.2 times the one at zero
bias for the case shown in Fig. 5.21.e. We see that the thinner the contact the higher the
amplitude of the dI/dV’s; as well, between Eu and Gd we see some differences, where
for Eu a greater amplitude is found. Moreover, the shape of the result shown in Fig.
5.21.f, which resembles to a “butterfly” and belongs to the Gd case, is different from the
case shown in Fig. 5.21.e which belongs to a Eu one, meaning that this one does not
show significant cases of normalized differential conductance below 1 a.u.. Besides,
for the case shown in Fig. 5.21.e we can see how for voltages above ≈ 75 mV the
spectroscopic curve decreases in conductance. Such effects have never been reported
before for this kind of experiments in d materials, which suggests that f -electrons play
a crucial role in this phenomena.

In order to explain the prominent evolution of the differential conductance with
bias voltage in what we could call a V-shape as it is perceived in Fig. 5.21, we think that
the following phenomena might shed some light on this issue. First, the f -electrons
could give rise to a strong suppression of the conductance due to magnetoresistive
effects, which would be less important as the energy of the electrons is increased. Be-
sides, this kind of effect could be mediated by magnons. For higher electrical current
densities (i.e. thinner contacts) this magnetoresistive effect would become more im-
portant as we commented in the previous paragraph and it is shown in Fig. 5.21. As
we discussed in section 5.2, in the case of Eu a greater magnetic disorder would be
present, therefore the magnetoresistive effects would also turn to a steeper evolution
with energy as we also show in Fig. 5.21.

The second possible phenomena that could explain the V-shape of the curves in
our dI/dV measurements would be related to the magnetic inductance inherent in
the material itself. The high electrical currents that pass through the material would
inductively interfere with the f -electrons, which depending on how strong the are
pinned this effect would become more or less important.
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Figure 5.21: Overlapped dI/dV’s for Eu (a,c,e) and Gd (b,d,f) out of thousands of spectroscopic
measurements on atomic-sized contacts made of these metals. The differential conductance
has been normalized (see vertical axis) to the conductance at zero bias, which has been sepa-
rated into three groups: cases where conductance at zero bias is between 1.0 and 1.5 2e2

h (a,b),

between 0.5 and 1.0 2e2

h (c,d), and between 0.1 and 0.5 2e2

h (e,f). We thank N. A. Garcı́a-Martı́nez
for his help on the optimization of the algorithm programmed with Python used for plotting
this figure.
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There are very interesting works with results that look very similar to the V-shape
that we see in our curves that could shed some light to our discussion. The phenomena
that they show is closely related to the ones that we have just introduced as possible
interpretation of our results.

In relation with the first of our interpretations, i.e. the one about magnetoresistive
effects, in Ref. [204] the authors of this work study the ZBA out of their conductance
measurements on MgO-based magnetic tunnel junctions (MTJs). Their curves (Fig.
5.22) resemble to our dI/dV’s for Gd and Eu, specially in Eu for example in Figs.
5.19.b, 5.19.c, 5.19.i and 5.19.l. The evolution of the curves in Fig. 5.22 is explained
from electron-electron interaction (EEI), which is just the Coulomb interaction between
electrons where the exchange interaction between electrons can cause quantum correc-
tions to the conductivity as well as DOS. Besides, in the experiments of Ref. [204] they
put importance on having a symmetry of the Bloch states tunneling through the bar-
rier, meaning that the parallel or anti-parallel polarization of the electrons matching
the spin polarized ferromagnetic electrodes is decisive for the magnetoresistance ratio,
which is detected in the curves they provide in Fig. 5.22. In our case, our results show
a stronger effect that reach higher energies compared to the results shown in Fig. 5.22,
which would indicate that the magnetization of the Gd and Eu electrodes are much
stronger being the f -electrons the responsible of this enhanced effect. However, in or-
der to figure out if EEI can explain the V-shape of our results, additional theoretical
research and further precise experiments down to lower temperatures together with
the application of controlled external magnetic fields are required.

Figure 5.22: Differential conductance vs bias measurements on MgO-based magnetic tunnel
junctions (MTJs) for the parallel state (left-sided plot) and anti-parallel state (right-sided plot).
Reprinted from Fig. 2 in Ref. [204]
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For the second of our interpretations, there is another work that helps us to think
about our results in the framework of the dynamical Coulomb blockade (DCB). At the
nanoscale the localization of charges of a device plays an important role and charging
effects start to dominate the electron transport. DCB is a prominent charging mecha-
nism effect where single electrons tunneling through a barrier exchange energy with
the electromagnetic environment. This is manifested in the current-voltage measure-
ments of the device under study and contains information about the impedance of the
electrical circuit in which the tunnel barrier is embedded. DCB is better observed in
those systems designed with high impedance components close to the tunnel barrier.
In Ref. [205] the authors of this work use a STM to measure dI/dV’s when the STM
is located over Pb nano-islands which in turn are located onto substrates with high
impedance. In Fig. 5.23 we see how at low voltages there is a suppression of the differ-
ential tunnel conductance due to DCB, which becomes increasingly prominent as the
island size is decreased. The normalized differential conductance showed in Fig. 5.23
is reduced below unity when the applied DC bias voltage is smaller than the charg-
ing energy, which is inversely proportional to the capacitance of the system. Thus,
both the suppression of conductance and the charging energy increase as the islands
become smaller (remember that as a first approximation capacitance would be propor-
tional to the area of the islands). In our context of Gd and Eu, we think that if DCB
effect is the cause of the suppression of conductance of for example the cases shown
in Figs. 5.18.g, 5.19.a, 5.19.b, 5.19.e or 5.19.l, then the charging energy would be more
related to inductance effects than capacitance because of the magnetic properties that
these metals have, therefore the high impedance would come from the electrodes that
touch the atomic-contacts.

Anyhow, in order to clearly see the effects that would explain our results, further
calculations and modelling are required. However, even though we do not know the
exact role that the conduction electrons play here, we can ensure that the observed
suppression of conductance in our results is closely related to the existence of unpaired
f -electrons in the systems that we have studied.
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Figure 5.23: Differential tunnel conductance spectra between a STM tip and nano-islands made
out of Pb. Experimental (thick lines) and theoretical (thin lines) results for flat Pb islands of
various sizes (see legend) on one mono-layer of h-BN on Ni(111). The tip-island junction is
characterized by the tunneling resistance RT and the capacitance CT (not shown). The island-
substrate contact is modeled as an ohmic resistor R in parallel with a capacitor C. Reprinted
from Fig. 2 in Ref. [205]
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5.3.2 Kondo-Fano resonances from d and f states

As we have seen before, at low bias voltage in the differential conductance results we
find ZBA. We will proceed with our analysis by fitting these ZBA of both Gd and Eu
atomic-sized contacts to the Fano function in order to make a comparative study of the
spectroscopic features of them around zero bias inside a small bias voltage range. The
Fano function is expressed as follows:

dI
dV

= goff +
A

1 + q2
(q + ε2)

1 + ε2 (5.2)

where goff represents an offset for the conductance (i.e. the one that would be mea-
sured if the ZBA was no present), A is the amplitude of the resonance peak, and ε is
defined by:

ε =
e(V −V0)

kBTK
(5.3)

where eV0 is the energy of the ZBA center and kBTK is the width of the resonance peak,
being kB the Boltzmann’s constant.

In Fig. 5.24 we show some examples of the resulting fit of the Fano function (red
line) to dI/dV measurements of Gd and Eu atomic-sized contacts performed with STM
technique (blue points). The DC bias range that we have chosen to perform the fit goes
from−15 to 15 mV. As we can see, in the case of Gd we have the different symmetries,
which are represented with different values of the Fano parameter (q), and it gets the
following numbers: ≈ 0.90 (Fig. 5.24.a), ≈ −0.85 (Fig. 5.24.b), ≈ 4.47 × 1010 (Fig.
5.24.c) and ≈ 0.09 (Fig. 5.24.d). About the Kondo temperature, the values that we get
in the cases shown for Gd in Fig. 5.24 are ≈ 218 K (Fig. 5.24.a), ≈ 228 K (Fig. 5.24.b),
≈ 250 K (Fig. 5.24.c) and ≈ 135 K (Fig. 5.24.d). However, for Eu all measured cases
show a very similar Fano parameter q, which is close to zero because the shape of the
ZBA is pointing down. The values of the Kondo temperature for the cases shown for
Eu in Fig. 5.24 are ≈ 152 K (Fig. 5.24.e), ≈ 183 K (Fig. 5.24.f), ≈ 149 K (Fig. 5.24.g) and
≈ 201 K (Fig. 5.24.h).
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Figure 5.24: Examples of Fano function fit to ZBA. Spectroscopy dI/dV measurements on
atomic size contacts made out of Gd ((a)-(d)) and Eu ((e)-(h)). Measurements taken with STM
at (6.6± 0.4)K and 10−8 mbar at breaking contact mode.
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Now we can perform a series of statistical studies out of the Fano fit parameters.
In Fig. 5.25 we show a histogram of the Kondo temperature (TK) for both Gd and Eu.
The Kondo temperature is calculated from the width of the resonant peaks around
zero bias. We have considered only those cases with TK ≤ 650 K, being the rest of data
marginal cases. We fit this histogram to a log-gauss function, from where we extract
the mean value. In the case of Eu the mean value of TK is (167pm2)K. For Gd the
histogram looks rather a superposition of two of them from which we extract a mean
value, being the mean Kondo temperature (182± 6)K and (310± 10)K, respectively.

Eu

Gd

Figure 5.25: Kondo temperature histograms for atomic contacts made out of Eu (red) and
Gd (blue), respectively. All measurements have been taken with STM at (6.6 ± 0.4)K and
10−8 mbar. The Kondo peak amplitude is between 0 and 1 2e2

h for both Eu and Gd cases. His-
tograms with 100 bins. 759 and 3494 points for Eu and Gd histograms, respectively. Data fit to
base 10 logarithm of gauss function.

In Fig. 5.26 we show density plots that complete the information showed in Fig.
5.25. We represent TK as a function of the offset (goff in (5.2)) of the atomic size-contact
(which is correlated with the zero bias histogram showed in Fig. 5.20). The upper
plots (Eu) in Fig. 5.26 show a rather constant fringe around the value indicated above
for the mean value of TK in the histogram. However, in the lower plots (Gd) we see
a cloud that is vertically more extended than in the Eu case. Specifically, for Gd we
see a cloud with two regions along 0.9 2e2

h which would account for the double peak
histogram showed in Fig. 5.25.
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Figure 5.26: Density plot histograms of Kondo temperature. Upper plots stand for Eu case.
Lower plots stand for Gd case. Selected data with sample temperature = (6.6 ± 0.4)K and
Kondo peak amplitude between 0 and 1 2e2

h for both Eu and Gd cases.
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In Fig. 5.27 we show a histogram of the amplitude of the Kondo peak for both
Gd and Eu. The amplitude is calculated from the height of the resonant peaks around
zero bias. We have considered only those cases with A ≤ 0.6 2e2

h , being the rest of data
marginal cases. We fit this histogram to a square root-gauss function, from where
we extract the mean value. In the case of Eu the mean value of the amplitude is
(0.155± 0.006) 2e2

h . For Gd the histogram looks rather a superposition of two of them
from which we extract a mean value, being the mean amplitude (0.060± 0.009) 2e2

h and
(0.15± 0.02) 2e2

h , respectively.

Eu

Gd

Figure 5.27: Histograms of the amplitude of ZBA for atomic contacts made out of Eu (red)
and Gd (blue), respectively. All measurements have been taken with STM at (6.6± 0.4)K and
10−8 mbar. The Kondo temperature is below 800 K and the offset higher than 0.1 2e2

h for both
Eu and Gd cases. Histograms with 100 bins. 712 and 3196 points for Eu and Gd histograms,
respectively. Data fit to square root of gauss function.

In Fig. 5.28 we show density plots that complete the information showed in Fig.
5.27. We represent the amplitude of the resonant peak as a function of the offset (goff
in (5.2)) of the atomic size-contact. The upper-left plot (Eu) in Fig. 5.28 shows a spot
around an offset and amplitude value of 0.15 2e2

h , respectively, which has an extension
of 0.05 2e2

h ; however, in the upper-right plot (Eu) in Fig. 5.28 the data gets more spread.
In the lower-left plot (Gd) of Fig. 5.28 we see an increasing of the amplitude with
the offset, in the lower-right plot a clear doubled spotted cloud is visible, which is
centered to an offset value of 0.9 2e2

h and the corresponding central amplitude values
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Figure 5.28: Density plot histograms of Kondo peak amplitude. Upper plots stand for Eu case.
Lower plots stand for Gd case. Selected data with sample temperature = (6.6 ± 0.4)K and
Kondo temperature between 50 and 400 K for both Eu and Gd cases.

of each spot are the mean amplitudes indicated in Fig. 5.27.
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In Fig. 5.29 we show a histogram of the DC bias voltage at which the resonant
peak is centered (V0) for Gd and Eu. We fit this histogram to a gauss function, where
we extract the mean value. In the case of Eu the mean value of V0 is (0.19± 0.15)mV
and for Gd is (−0.3± 0.2)mV.

Figure 5.29: V0 histograms for atomic contacts made out of Eu (red) and Gd (blue), respectively.
All measurements have been taken with STM at (6.6± 0.4)K and 10−8 mbar. The Kondo tem-
perature and the amplitude of the resonant peak are below 800 K and 1 2e2

h , respectively, for
both Eu and Gd cases. Histograms with 50 bins. 755 and 3477 points for Eu and Gd his-
tograms, respectively. Data fit to gauss function.

In Fig. 5.30 we show density plots that complete the information showed in Fig.
5.29. We represent the above mentioned V0 parameter of the resonant peak as a func-
tion of the offset (goff in Eq. (5.2)) of the atomic size-contact. We see that the dispersion
of data is greater for Gd (lower plots) than for Eu (upper plots), having the clouds of
data an extension of 5 mV for Eu and roughly twice this value for Gd.
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Figure 5.30: Density plot histograms of V0. Upper plots stand for Eu case. Lower plots stand
for Gd case. Selected data with sample temperature = (6.6± 0.4)K; Kondo temperature be-
tween 50 and 400 K; and Kondo peak amplitude between 0 and 0.3 2e2

h for both Eu and Gd
cases.
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Finally, to conclude the description of the Fano function parameters results we
show the Fano parameter (q in Eq. (5.2)) represented in a polar histogram in Fig. 5.31.
The Fano parameter indicates the symmetry of the resonance peak, which is depicted
at the sides of the largest circle in Fig. 5.31. We see that in most of the cases and for
both metals the Kondo resonance is a dip (q = 0) with slight tendencies to change its
symmetry (i.e. to go to higher values of q). Nevertheless, for Gd we see some cases of
pointing up peaks around zero bias, where some examples have already been shown
in Fig. 5.18.

Figure 5.31: Fano parameter polar histograms for atomic contacts made out of Eu (red) and
Gd (blue), respectively. All measurements have been taken with STM at (6.6 ± 0.4)K and
10−8 mbar. The amplitude of the resonant peak is below 2e2

h for both Eu and Gd cases.
Histograms with 100 bins. 759 and 3506 points for Eu and Gd histograms, respectively.
α = arctan(q).

In Fig. 5.32 we show density plots that complete the information showed in Fig.
5.31. We represent the Fano parameter of the resonant peak as a function of the offset
(goff in Eq. (5.2)) of the atomic size-contact. We see that the dispersion of data is greater
for Gd (lower plots) than for Eu (upper plots), having the clouds of data for Gd twice
the extension (vertically) of Eu.
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Figure 5.32: Density plot histograms of Fano parameter. Upper plots stand for Eu case. Lower
plots stand for Gd case. Selected data with sample temperature = (6.6± 0.4)K; Kondo tem-
perature between 50 and 400 K; Kondo peak amplitude between 0 and 0.3 2e2

h ; and V0 between
−15 and 15 mV for both Eu and Gd cases.
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External magnetic field and temperature sweep for gadolinium

In order to complete the statistical study of the Kondo-Fano resonances, here we
show some temperature and magnetic field dependent measurements on Gd nanocon-
tacts. According to a Kondo scenario the resonant peak splits when a strong enough
magnetic field is applied to the sample, in our case this can be perceived in Fig. 5.33.

In Fig. 5.33 we show an external magnetic field dependent measurement of a Gd
nanocontact. For 0.0 T we see a dip around zero bias which changes its shape upon
increasing the magnetic field strength, for the maximum value of magnetic field (8.0 T)
the dip reaches a situation where an apparent splitting of the dip is achieved. This re-
sult has been obtained thanks to the study of those samples that did not show a strong
magnetostriction (upper plots in Fig. 5.8). We tried to perform external magnetic field
dependent dI/dV measurements on the rest of samples, but the strong magnetostric-
tion made it a rather impossible task because the contact dramatically changed as we
varied the field strength.
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Figure 5.33: Evolution of a ZBA of a Gd nanocontact under an increasing external magnetic
field. Measurement taken with MCBJ technique under cryogenic conditions. The direction of
the field is perpendicular to the substrate plane.

In Fig. 5.34 we show two cases of how the Gd dI/dV’s change with the sample tem-
perature. Specially, we see how the ZBA width and amplitude evolves with warming
up (left-sided plot) and cooling down (right-sided plot) processes. In both cases the
warmer the sample the smaller the amplitude but the larger the width of the peak
around zero bias; in the right-sided plot case there is no a single peak around zero bias
but it rather looks like a split single peak.

In Fig. 5.35 we show the evolution of the amplitude of a resonant peak with sample
temperature, where out of the fit shown in the right-sided plot of this figure we see
how it changes in a logarithmic way, which is also a manifestation feature of the Kondo
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Figure 5.34: Sample temperature dependent measurements of Gd atomic-sized contacts cre-
ated with MCBJ technique. (Left-sided plot) Warming up process where a single peak gets
broaden with increasing temperature. (Right-sided plot) Cooling down of a sample that has a
rather complex ZBA where the surrounding shape width is reduced upon decreasing temper-
ature. There is no an external magnetic field applied in all cases.

effect. The measurements shown in this figure correspond to the ones showed in the
left-sided plot in Fig. 5.34.
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Figure 5.35: Evolution of the amplitude of the resonant peak with sample temperature. (Left-
sided plot) The same results shown in the left-sided plot of Fig. 5.34 where the resonant peaks
have been fit to the Fano expression (Eq. (5.2)), see thick continuous line on every curve around
zero bias. (Right-sided plot) Representation of the parameter that indicates the height of the
resonant peaks (i.e. amplitude) as a function of the sample temperature. The amplitude of the
resonance peak decreases logarithmically with temperature.
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Discussion about the coexistence of d and f Fano resonances

Along this subsection we have shown our results of the fit of the Fano function (Eq.
5.2) to the ZBA observed in our dI/dV measurements for both Gd and Eu. As we have
commented above, in the case of Gd we see resonant peaks with different symmetries
(i.e. very different values of q in Eq. 5.2), however for Eu we have not seen any case
of point up peak around zero bias (we showed some examples in Fig. 5.24). This also
can be checked with the results showed in Fig. 5.31, where we can see the differences
commented above regarding the number of cases where the different symmetries are
encountered for the measured resonant peaks. Besides, in Fig. 5.32 we have seen that
the dispersion of the symmetry parameter is greater for the case of Gd than for the
case of Eu, which agrees with all the stated above.

The diverse symmetry population in Gd Fano resonances contrasts with the mainly
pointing down resonant peaks observed for Eu. This finding reminds us some nice
works that would help us to interpret these results. The quantization of conductance
observed for 2-dimension electron gases [206] started the study of these systems un-
der different conditions. These systems consist of the confinement of electrons over
a semiconductor material, which is controlled with a gate voltage that tunes the sin-
gle levels of the electron gas. This leads to the possibility of creating quantum dots
which interfere with electron reservoirs in a controlled way. Goldhaber-Gordon et al.
[207, 168] observed Fano resonance peaks when they coupled a quantum dot to two
electron reservoirs following the idea that we depict in Fig. 5.36.a. This kind of inter-
ference resulted in pointing up resonant peaks centered at zero bias in the conductance
spectroscopy. However, when a side-attached quantum dot is coupled to the quantum
wire the resulting ZBA appears as a pointing down peak or antiresonance [208, 209]
as we depict in Fig. 5.36.b.

In our context, the quantum dots of the experiments mentioned above can be in-
terpreted as the localized bands which interfere with the conduction ones. In Fig. 5.37
we sketch the interference of the conduction (s) electrons with the d (Fig. 5.37.a) and
f (Fig. 5.37.b) localized ones. The fact that the d bands are more hybridized with the
conduction ones than the f bands causes a wider interference path which results in a
richer variety of Fano resonance shapes, including pointing up resonant peaks. In the
case of the f electrons, these poorly interfere with their surrounding bands, which in
most of the cases strongly limits the resulting ZBA shapes to cases like the one shown
in Fig. 5.36.b, i.e. pointing down peaks. This phenomena would be in agreement with
our results for Eu and Gd, where in the case of Eu the conduction bands would in-
terfere with the strongly localized f electrons. In the case of Gd not only f but the d
incomplete bands coexist and interfere with the conduction electrons, which points to
the existence of two different Kondo temperatures, being each of them the correspond-
ing to the screening of d and f electrons by the conduction ones, respectively.

Our interpretation is also supported by our statistical results out of the parameters
of the Fano function. As we have shown in Fig. 5.25, in the case of Eu we find one value
for the most probable Kondo temperature while for Gd we find two of them. This can
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Figure 5.37: Sketch of the interference paths of the d and f bands with their surrounding ones.
The green path (s) represents the conduction band.
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be also seen in Fig. 5.26, where we see a dispersion cloud which presents two distinct
main regions in the case of Gd along an offset value of ≈ 0.9 2e2

h but not in the case of
Eu. The value of the lowest most probable TK for Gd is almost the same than the most
probable value of TK for Eu, which is around 170 K and we attribute it to the screening
of the f -electrons by the conduction ones. The second most probable TK encountered
for Gd is around 300 K, which we attribute to the screening of the d-electrons by the
conduction ones.

Our statistical results on the most probable value of the amplitude of the resonant
peaks, which we showed in Fig. 5.27, are in agreement with the results described in
the previous paragraph, meaning that for Gd we find two values of the most probable
value of A, while for Eu we only find one. This also can be seen in Fig. 5.28, where
a double spotted cloud is found in the case of Gd along an offset value of ≈ 0.9 2e2

h
but not in the case of Eu. In this case the value of the most probable value of A for
Eu is similar to the highest most probable value encountered for Gd, which is around
0.15 2e2

h and we attribute it to the screening of the f -electrons by the conduction ones.
The other value of the most probable A for Gd is around 0.06 2e2

h , which we attribute
to the screening of the d-electrons by the conduction ones.

The histograms of the parameter that measures the energy at which the resonant
peaks are centered (V0) also provides information about the localization and occupa-
tion level of the screened magnetic moments. In Figs. 5.29 and 5.30 we see that the
dispersion of data is greater for Gd than for Eu, which would indicate that the un-
paired electrons of the magnetic orbitals that are screened by the conduction ones get
more localized in the case of Eu because they only f nature, while for Gd the presence
of the d-electrons would make the histogram wider.

5.4 Conclusions

We have carried out electrical current transport measurements on atomic-size contacts
made out of Gd under cryogenic conditions. Unlike the case of 3d ferromagnetic ma-
terials and despite the d1 valence of Gd, their single atom conductance is typically
smaller than 2e2

h . This might be at first sight surprising, because in both cases there
is a wide s-band at the Fermi energy, which normally provides a highly transmissive
channel and which, along with an additional contribution coming from the d channels,
may give conductance values above 2e2

h . However, in the case of Gd the transmission
of all channels is reduced presumably to the position of the Fermi energy close to the
edges of the respective bands. The results are reproducible for both STM and MCBJ
measurements in many details: lengths of plateaus, shapes of plateaus, position and
height of histogram maxima, differences between creating and breaking curves. . .

Our DFT calculations show that, apart from the f -magnetism, the dimensionality
reduction of the nanocontacts creates a spin splitting in the d-band manifold, in com-
parison with bulk structures where the d-band manifold remains nearly unpolarized.
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Using the NEGF formalism within the LCAO+HSE06 scheme we generically obtain
conductance values smaller than 2e2

h , with differences between monomer and dimer
configurations. The analysis of the eigenchannels shows that this is due to a hybridiza-
tion of the s and pz channels, which apparently reduces the conductance of a pure s
channel. This is also in line with the increasing conductance on the last plateau as the
electrodes are pulled apart, which has also been observed in Al atomic contacts and for
which the spz hybridization is also known to play a role. In the case of Gd, the d orbitals
also seem to play a role in this conductance rise. Finally, our zero-bias measurements
do not seem to be strongly influenced by the large f local magnetic moments, mainly
because f electrons do not participate in conduction. At finite bias, inelastic excitation
of spin waves, that certainly involve the f magnetic moments, might play a role.

On the other hand, we also have carried out measurements on atomic-sized con-
tacts made of Eu under cryogenic conditions. Despite sharing some similarities with
Gd as can be the shape of some pleateus Al-like behaviour and that the one atom
contact has a conductance value below 2e2

h , for Eu we do not have reproducible his-
tograms of conductance the origin of which we attribute to a magnetic disorder from
the f -electrons (elastic scattering). Besides we also have to bare in mind the inelas-
tic contribution of spin waves, which might be the main reason for backscattering in
transport.

Furthermore, there is a recent work by Kuntz et al. [189] where they study with
notch-wire MCBJ different crystal phases of nanocontacts made out of pure Ce. They
find that those phases where f -electrons are delocalized conduct more than those
where f -electrons are localized, this argument would strengthen our results on Eu
and Gd.

Finally, we have carried out some spectroscopy measurements on nanocontacts
made of Gd and Eu. We have found a rich zoo of features, specially the V-shape which
in turn surrounds anomalous features around zero bias inside a smaller bias voltage
range. We have fit these ZBAs to the Fano function which is used to explain the screen-
ing of the magnetic moment by the conduction electrons. We have found two Kondo
temperatures for Gd, which might be related to the screening of d and f magnetic mo-
ments, respectively; meanwhile, for Eu the calculated Kondo temperature would be
attributed to the screening of the f one. The order of magnitude of the Kondo temper-
ature values are in line with the results obtained for Fe, Co and Ni [34, 87, 88]. Besides,
we find remarkable the lack of single peaks in the spectroscopy of Eu, which could be
interpreted as a manifestation of the Fano-interference effect which takes place when
there is a small transmission probability to/from f symmetry states [210]. In compari-
son and in a naive picture, the presence of single peaks in some cases in our Gd results
would indicate that these features are related to the screening of the d magnetic mo-
ment if we attend to the electronic configuration of these materials. However, further
theoretical research must be done in order to understand our experimental results.

Along the project involved in this chapter we have learned that the d-band is de-
cisive because it bridges the exchange between the f -electrons, being the lack of an
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incomplete d-band the responsible of the highly scattered conductance in the Eu traces
while in Gd the existence of which allows to get reproducible traces of conductance.
Even though our argument that the d-electrons make the difference between Eu and
Gd might seem naive as we mentioned some lines above, this is clearly consistent with
our experiments and calculations.



Chapter 6
Summary and perspectives

To summarize the contents of this Ph.D. thesis, we have studied electronic transport in
metallic atomic-size contacts, where we have developed a measuring technique to ob-
tain the capacitance between the scanning tunneling microscope (STM) electrodes with
the aim of investigate the full impedance of these systems. We have performed these
measurements in the tunneling regime, where the manifestation of quantum phenom-
ena appeared not only in the conductance but in the capacitance signal. We have also
studied the emerging magnetic properties of two electrodes made of platinum (Pt)
bridged by atomic-chains made out of this very same metal. Keeping magnetism as
the main topic we have also investigated the influence of f unpaired electrons in the
transport of atomic-size contacts, where gadolinium (Gd) and europium (Eu) have
been measured and compared due to the adequate properties they present for this en-
quiry. We will briefly comment the main results and discussions that we have taken
along the different studied systems:

Capacitance of the electrodes of a scanning tunneling microsocope

Electronic transport measurements had been focused on the acquisition of the con-
ductance out of the electrical current in order to study the different phenomena that
occur in atomic systems. The study of the full impedance of these systems would pro-
vide greater understanding and new phenomena to be explored. The alternating cur-
rent (AC) 4-probe lock-in technique that we have developed enables the simultaneous
obtainment of conductance and capacitance between the electrodes of an STM from
the tunneling regime to very long distances between them (hundreds of nanometer).

Regarding our measurements of the evolution of the capacitance as a function of
the electrodes distance we distinguish the regions: a transition from a geometric (clas-
sic) capacitance to a quantum one, then this quantum capacitance regime appears with
a constant trend as we bring the STM electrodes closer, and finally a leak of capacitance
occurs when tunneling current is accessed. We have studied the influence of the shape
and area of the electrodes by manipulating the geometry of the electrodes during the
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experiment preparation, where the problem is simplified when we consider flat sur-
faces. We have seen how the greater the area the greater the capacitance, although in
some cases the results are masked by additional signals that might come from the ex-
periment cabling. We have also studied the influence of the density of states (DOS) on
the quantum capacitance by measuring metals with different values of DOS, there we
expected to observe a general increasing of the quantum capacitance with the DOS;
however, in some cases it was rather difficult to get this conclusion because of the field
concentration at the ending parts of the STM electrodes, which are intimately related
to the local density of states (LDOS) of the system and do not present a perfect flat
shape at the atomic scale.

Quantitatively we can obtain local variations of the capacitance with our technique.
We have fitted our measurements to a model based on the one from Ref. [71], then we
have estimated the area of the electrodes the results of which are of the same order of
magnitude than the expected ones in most of the cases.

Finally, we have measured the capacitance of the STM electrodes in the field emis-
sion regime (FER) where a constant distance between them was considered. In our
results we can perceive how in those cases where the energy of the incoming electron
to the tunnel barrier matches the one of the single levels at the top of the barrier, a leak
of capacitance occurs for the resulting transmission resonances.

This project could experimentally be continued by improving the resolution of our
measurements. The local variations of capacitance that we obtain have a precision of
fF, but we think that it is possible to reach the aF by minimizing the stray capacitance
and inductance effects of the experiment which mask our results, like for instance
shortening the wiring distance between sample and measuring devices. This improve-
ment might allow the measuring of capacitance in atomic-sized contacts. Besides, in
order to study the full impedance of the systems at the atomic scale, the measurement
of inductance would complete the technique of this project, which would offer the
possibility of studying the magnetic properties of these systems.

Evidences of emergent magnetism in platinum atomic chains from differential
conductance measurements

The magnetic properties of some materials can change upon the reduction of its
size and dimensionality, which may influence the electronic transport properties in
them. Pt is metal which responds to a Pauli paramagnetism in the bulk form. We
have studied the electronic transport in Pt atomic chains that bridge bulky electrodes
made out of this very same metal. Out of the detection of resonant peaks in the zero
bias anomaly (ZBA) of differential conductance measurements we have studied the
screening of the magnetic moments by the conduction electrons (Kondo effect) in these
systems. This mechanism is an indirect manifestation of the presence of emergent
magnetism in Pt. We have observed the alternatively apparition of single and double
resonant peaks in the process of stretching the Pt atomic chains, which seem to be re-
lated with the parity number of atoms in chain. The single resonant peaks observed for
an even number of atoms in chain would be attributed to the screening of the magnetic



143

moment of the atoms at the vertexes of the electrodes by the conduction electrons at
the leads reservoirs. These apex atoms would have the higher increasing of the mag-
netic moment because of their low atomic coordination and high stress experienced.
The double resonant peaks observed for an odd number of atoms in chain would be
attributed to the presence of two Kondo temperatures, one because of the screening
of the magnetic moment of the apex atoms by the electrons of the leads and the other
because of the screening of the magnetic moment of the chain by the electrons of the
apex atoms.

This project could experimentally be continued with experiments on Pt with a
mechanically controllable break junction (MCBJ), which offers more durable stable
chains. We suggest a detailed study of the differential conductance of individual
chains along their whole stretching process, the application of external magnetic field
to detect the splitting of the ZBA and the tracking of the broadening of these for indi-
vidual cases by sweeping the sample temperature. This study could also be extended
to iridium (Ir), which is expected to behave magnetically in a similar way than Pt [163],
and be compared with the case of gold (Au).

Role of f -electrons in the electronic transport of atomic-size contacts

The presence of strong magnetic properties because of unpaired f electrons in a
metal greatly influences the electronic transport in atomic-sized contacts made out of
these. Besides, f and d magnetic moments can coexist inside the same metal and they
individually must contribute with a role.

We have measured the electrical current through atomic-sized contacts made of
Gd and Eu, which share similar electronic properties but a 5d1 electron makes the
difference in their electronic configuration being Eu free of an unfilled d band. The
conductance value of the one atom contact for both metals is below 2e2

h . Nevertheless,
we find reproducible histograms of traces of conductance for Gd but not for Eu. We
attribute the highly scattered conductance for Eu to a magnetic disorder coming from
the localized f electrons.

Moreover, we have performed differential conductance measurements in these
metals, where we have found ZBA that resemble to Kondo-Fano resonances. We have
observed that as long as Gd show resonant peaks with all the possible symmetries, Eu
does not present pointing up resonant peak, which we attribute to a low interference
between the f magnetic moments and the conduction electrons. Besides, in the case of
Gd we have obtained two overlapped distributions of the most probable value for the
widths and heights of the ZBA peaks. Then, we have obtained two values of the most
probable Kondo temperatures, which we attribute to the respective screening of the f
and d magnetic moments by the conduction electrons.

This project could experimentally be continued with measurements in Eu with the
application of an external magnetic field to study the magnetoconductance and the
evolution of the ZBA in the spectroscopy. This would help to also understand the
side features at higher energies in the dI/dV’s. Besides, in the rare-earth group of the
periodic table many metals remain that have not been explored as nanocontacts.
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Perspectives

The technique developed for measuring the capacitance between STM electrodes
can be extended to the measurement of the full impedance of it, specially the mea-
suring of inductance can be used to study magnetic materials. Moreover, by enhanc-
ing the resolution of the technique the measurement of the inductive properties of
the Pt atomic chains would provide a greater understanding about the emergent mag-
netism in these. Besides, we expect greater inductive effects from the f localized bands,
therefore this technique will be very useful to improve the study of the role of the f -
electrons in our systems. Apart from this, the measuring of the full impedance could
be used to study the dynamic coulomb blockade in many systems, specifically it would
be useful to shed some light on the V-shape that we have observed in our dI/dV’s in
Gd and Eu. Another useful implementation of this technique would be to scan surfaces
at the atomic level and study the properties of, for instance, metal-organic molecules
designed to behave as nano-inductors.



Chapter 7
Resumen

7.1 Introducción general

Vivimos en una era en la que los paı́ses tecnológicamente más avanzados crecen ex-
ponencialmente su capacidad de manejar información. Esto va ligado a un proceso
de desbordante miniaturización de los componentes electrónicos [1], lo cual requiere
entender las propiedades fundamentales de la materia en la escala nanométrica donde
lo efectos cuánticos comienzan a jugar un papel importante.

La nanotecnologı́a puede implementarse en el mundo no sólo desde el punto de
vista de los medios de información y telecomunicación sino que también se desar-
rolla con otros propósitos. Por ejemplo en medicina los cientı́ficos tratan de enfre-
narse a enfermedades como el cáncer a través del control individual de moléculas o
nanopartı́culas. Esto ofrece la posibilidad de eliminar los agentes maliciosos del or-
ganismo sin que ello suponga el deterioro de las células que los rodean.

Con otros (aunque no necesariamente distintos) propósitos la comunidad cientı́fica
está desarrollando nanosensores [5] que responden a estı́mulos externos como pueden
ser los fotones. Esto abre camino a la existencia de nanomotores, máquinas molecu-
lares artificiales [6, 7] o nanorobots [8].

En el caso de las energı́as alternativas la nanociencia también está teniendo un
papel importante. Por ejemplo en la energı́a solar, donde las células solares conven-
cionales están llegando a un lı́mite superior de eficiencia de alrededor del 32% [9],
existen nuevas rutas más baratas como puede ser el uso de células solares sensibi-
lizadas por tinta [10], las cuales pueden usar 1000 veces menor cantidad de material
absorbente de luz que las células solares basadas en silicio.

Una de las principales ventajas que la nanociencia ofrece en semejante escala de
tamaño es que los efectos de superficie de la materia cobran una importancia sin
precedentes. En concreto, nosotros estudiamos la materia desde una aproximación
de arriba-abajo, en el sentido de que accedemos a la materia en la escala nanométrica
desde el manejo previo de sus componentes macroscópicos.

145



146 Resumen

La creciente atracción al estudio y acceso de sistemas en la nanoescala ha traı́do
consigo el desarrollo de nueva tecnologı́a que permite este tipo de investigación. Pode-
mos encontrar técnicas de microscopı́a electrónica como el microscopio electrónico
de barrido (SEM) [11] y el microscopio de transmisión electrónica (TEM) [12, 13].
También hay técnicas que no solamente han sido diseñadas para la toma de imágenes
sino que permiten el control de sistemas en la escala atómica. Este es el caso de las
técnicas conocidas como microscopio de efecto túnel (STM) [17] o microscopio de
fuerza atómica (AFM) [16]. Una de las principales caracterı́sticas generales de estas
técnicas es que cuentan con un sistema electrónico de retroalimentación que mantiene
la punta de los microscopios sobre las superficies bajo estudio sin perder el rastro.
Existe también la posibilidad de combinar estas técnicas entre sı́, por ejemplo la com-
binación de STM con TEM ha permitido la obtención de medidas simultáneamente
ópticas y electrónicas del proceso de creación y ruptura de nanocontactos [19].

Nanocontactos

Los contactos de tamaño atómico son las uniones más estrechas a las que se puede
acceder experimentalmente los cuales se encuentran entre dos electrodos macroscópicos
hechos del mismo material [27]. En esta tesis investigamos nanocontactos hechos de
metales de alta pureza. La clave de estos sistemas se encuentra en la sección cruzada
más estrecha de los mismos, donde las propiedades eléctricas de esta región gobiernan
sobre el resto del circuito.

El transporte cuántico juega in papel clave en la respuesta eléctrica de los contactos
en la escala atómica, dando lugar a nuevos fenómenos que se distinguen de aquellos
que ocurren en la materia macroscópica [35, 26, 43]. Las premisas centrales que per-
miten tener una primera intuición acerca de la conductancia en la escala atómica son
dos. Primero, la conductancia del sistema está determinada por la transmisión elástica
de los electrones al nivel de Fermi (formalismo de Landauer-Büttiker) y, segundo, el
número de canales de transmisión que aparecen en la fórmula de Landauer está deter-
minada por la valencia quı́mica de los átomos [44].

Efecto túnel

El túnel cuántico [58, 59] entre materiales con propiedades conductoras separados
por un medio aislante depende de la altura y la anchura de la barrera de potencial que
hay entre ellos. En microscopı́a STM este efecto se aprovecha para obtener imágenes
de superficies conductoras a nivel atómico. La altura de la barrera de potencial viene
determinada por la función trabajo del metal bajo estudio y del voltaje de polarización
aplicado. La anchura, sin embargo, viene dada por la distancia entre la punta del STM
y la muestra. Este espacio entre punta y muestra normalmente consiste en vacı́o y para
reducir el ruido térmico se hace trabajar al microscopio bajo condiciones de criogenia.
La corriente túnel evoluciona de manera exponencial con la distancia entre electrodos,
por eso es un fenómeno muy útil que proporciona gran precisión a las medidas de
microscopı́a.
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Capacidad cuántica

Las medidas de corriente eléctrica en sistemas de tamaño atómico realizadas con
STM o la técnica de ruptura de unión mecánicamente controlada (MCBJ) normal-
mente se estudian considerando únicamente la conductancia eléctrica. Por tanto, a
través de medidas de la impedancia total en estos sistemas obtendrı́amos un mayor
entendimiento de ellos y nuevos fenómenos fı́sicos para ser estudiados.

La capacidad eléctrica o simplemente capacidad indica la cantidad de carga que
puede ser almacenada por un sistema cuando dos electrodos metálicos están separa-
dos por un medio aislante. El condensador accesiblemente más pequeño que existe es
aquél en el que sus electrodos están formados por un átomo cada uno. Con nuestro
STM de fabricación casera hemos estudiado la capacidad entre sus electrodos, dando
lugar a distintos regı́menes dependiendo de la distancia entre ellos. Para una distan-
cia grande entre electrodos nos encontramos ante un comportamiento clásico de la
capacidad, la cual es inversamente proporcional a la distancia entre electrodos y direc-
tamente proporcional al área de los mismos. Cuando los electrodos están demasiado
próximos entre sı́ pero sin tocarse dando lugar al efecto túnel de electrones que pasan
de un electrodo al otro, la capacidad experimenta un proceso de fuga en el que su
valor se hace más pequeño a medida que aumenta la transmisión entre los electrodos.
En un régimen intermedio entre el túnel y las largas distancias entre electrodos, la
capacidad evoluciona de una manera aproximadamente constante. En este caso la ca-
pacidad pasa a llamarse capacidad cuántica, la cual depende de la densidad de estado
de los electrodos del STM. Estos electrodos consisten en pirámides de tamaño atómico
enfrentadas entre sı́.

Influencia del magnetismo en el transporte cuántico

Cuando estudiamos materiales magnéticos en la escala macroscópica podemos en-
contrar en ellos propiedades magnéticas que en general son conocidas y se comportan
de una manera esperada. Sin embargo, cuando estudiamos estos mismos materiales en
la escala atómica, a veces estas propiedades magnéticas macroscópicas pueden cam-
biar drásticamente e incluso desaparecer. Además, el magnetismo puede afectar al
transporte electrónico a través de estos sistemas.

En este trabajo obtenemos información acerca del magnetismo de los materiales
bajo estudio a través de medidas de corriente eléctrica a través de ellos. Existen tres
principales causas magnéticas que afectan al transporte electrónico. La primera de el-
las es la magnetorresistencia [75], donde la resistencia eléctrica de un material depende
de la orientación de sus dominios magnéticos. La segunda es la interacción electrón-
magnón (EMI), donde las ondas de espı́n (magnones) son excitadas. Finalmente, la
tercera causa magnética es el conocido como efecto Kondo, el cual es un efecto multi-
cuerpo que tiene lugar cuando una impureza magnética es sumergida en un baño de
electrones de conducción. Allı́, el momento magnético de la impureza es apantallado
por los electrones de alrededor los cuales están degenerados en espı́n.

Yendo ahora a la escala mesoscópica el panorama respecto al efecto Kondo cambia
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un poco. La primera detección de resonancias tipo Kondo con experimentos STM fue
hecha sobre átomos de cobalto situados sobre una superficie de oro. Para contactos
de tamaño atómico la impureza magnética serı́a el nivel energético que queda entre
las dos reservas de infinitos electrones que suponen los electrodos. De esta manera,
a través de un proceso cuántico de intercambio entre espines se llega a un estado de
resonancia que se manifiesta en anomalı́as a voltaje de polarización cero cuando real-
izamos medidas de conductancia diferencial. Este mecanismo de apantallamiento de
momento magnético sirve para indirectamente detectar la presencia de los mismos en
sistemas que a priori no contarı́an con ellos, como hemos hecho en el caso de contactos
atómicos hechos de platino.

Técnicas experimentales

Los experimentos que principalmente hemos llevado a cabo han sido gracias al uso
de un microscopio de efecto túnel (STM) de fabricación casera, el cual lo introducimos
en una estructura metálica alargada que permite conectar el STM eléctricamente con
el exterior, ya que esta estructura se cierra para llevar al STM a condiciones de alto
vacı́o y bajas temperaturas. Estas condiciones de criogenia son requeridas para traba-
jar con el menor ruido térmico posible ası́ como evitar que partı́culas del exterior in-
terfieran en las medidas. También amortiguamos mecánicamente el STM con el uso de
muelles y neumáticos especı́ficos para tal tarea. Además, prestamos especial atención
al apantallamiento de señales electromagnéticas del ambiente que puedan afectar a las
medidas y a la detección de señales de ruido eléctricas por efectos de cables y tier-
ras contaminadas, donde mediante el uso de filtros y superficies metálicas logramos
disminuir el nivel de ruido.

El STM consta de un cuerpo principal que contiene una de las muestras (electrodo)
y un vagón que contiene el otro electrodo del material bajo estudio, el cual se desplaza
con precisión atómica (picómetros) gracias al uso de materiales piezoeléctricos. Entre
los dos electrodos se establece una diferencia de potencial eléctrico que permite el paso
de corriente a través de ellos. Esta corriente se amplifica con amplificadores de bajo
ruido para poder ser posteriormente registradas en el ordenador y permitir su estudio.

Los electrodos del STM constan de un hilo metálico de alta pureza, respectiva-
mente, los cuales se disponen en forma de cruz para evitar que se produzcan zonas de
contactos múltiples entre ellos. De esta manera juntándolos y separándolos logramos
crear nanocontactos. Además, podemos también estudiar la corriente túnel entre los
electrodos cuando éstos están situados a distancias atómicas entre sı́ pero sin tocarse.

Los materiales criogénicos que usamos para enfriar nuestros experimentos son
nitrógeno lı́quido (que está a 77 K a presión ambiente) y helio lı́quido (que está a 4.2 K
a presión ambiente). El helio lı́quido es mucho más caro que el nitrógeno lı́quido, por
eso solemos enfriar primero nuestros experimentos con nitrógeno lı́quido y, una vez
alcanzado el equilibrio térmico, lo reemplazamos por helio lı́quido para bajar aún más
la temperatura.
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7.2 Resultados

Capacidad de los electrodos de un STM

Hemos desarrollado una técnica basada en medidas electrostáticas con la com-
binación de dos aparatos llamados amplificadores “Lock-in que nos permiten la ob-
tención simultánea de medidas de conductancia y capacidad entre los electrodos de
un STM bajo condiciones de criogenia. Estas medidas son a cuatro puntas (dos de
voltaje y dos de corriente) en corriente alterna, lo cual nos ha permitido superar el
problema de la fase cuando solamente usábamos un “Lock-in a dos puntas.

Con las medidas a cuatro puntas hemos sido capaces de obtener cuantitativamente
variaciones locales de capacidad del orden de femtofaradios. Además, hemos visto la
evolución de las curvas de capacidad frente a distancia entre electrodos dando lugar
a un estudio cualitativo de las mismas dependiendo de la forma de las superficies de
los electrodos ası́ como su área. También, gracias al uso de un modelo proporcionado
en un anterior trabajo desde el punto de vista de la teorı́a [71], hemos sido capaces de
estimar el área de los electrodos del STM ası́ como otros parámetros relacionados con
el estudio de la capacidad en función de la distancia entre sı́. En general los resultados
se encuentran dentro del orden de magnitud esperado.

Por otro lado hemos estudiado la capacidad en barreras túnel dentro del régimen
de emisión de campo, el cual supone el uso de diferencias de energı́a potencial entre
los electrodos que superen el tamaño de la barrera túnel. En este caso hemos obtenido
menor cantidad de resultados pero sı́ que hemos podido observar cómo para aquellos
casos en los que los electrones resuenan dentro de los niveles cuánticos que en la parte
alta de la barrera túnel aparecen, el valor de la capacidad disminuye, lo cual está de
acuerdo con las predicciones que aparecen en otros trabajos parecidos [20]. Además
hemos observado cómo la evolución de la curva de capacidad tiende a valores más
bajos de la misma cuando la corriente túnel es mayor, en acuerdo con los resultados
obtenidos en el estudio de la capacidad frente a la distancia entre electrodos.

Evidencias de magnetismo emergente en cadenas de tamaño atómico hechas de
platino a través de medidas de conductancia diferencial

Hemos realizado medidas de conductancia diferencial a lo largo de distintos pun-
tos durante el estiramiento de cadenas monoatómicas de platino suspendidas entre
dos electrodos hechos del mismo metal. Estos experimentos se han hecho con STM
en condiciones de criogenia. Además hemos realizado estas medidas a distintas tem-
peraturas, desde 2 K hasta 30 K gracias al uso de, por un lado, un sistema incorporado
en la estructura que contiene al STM en criogenia que ayuda a bajar la temperatura
más allá de 4.2 K debido al uso de un sistema de bombeo para disminuir la presión de
vapor del helio lı́quido en un pequeño bote situado cerca del STM.

A partir de los resultados obtenidos de conductancia diferencial hemos observado
que presentan unas anomalı́as alrededor de un voltaje de polarización nulo. Estas
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anomalı́as tiene forma de picos resonantes que nos recuerdan a las caracterı́sticas que
surgen cuando hay apantallamiento Kondo de momentos magnéticos por parte de los
electrones de conducción. Hemos procedido con el ajuste de estos picos resonantes
con la función Fano, que da cuenta de la interferencia que existe entre los distintos
canales involucrados en el efecto Kondo.

El ajuste de la función Fano se ha llevado a cabo con éxito en miles curvas de con-
ductancia diferencial, a partir de las cuales hemos realizado un estudio estadı́stico de
los parámetros que intervienen en esta función. Hemos visto que el valor más probable
de temperatura Kondo, que es un parámetro que está relacionado con la anchura de
los picos resonantes, evoluciona de manera creciente a medida que aumenta la tem-
peratura de la muestra, estando de acuerdo con la teorı́a que subyace a este efecto.
También hemos podido comprobar existe un valor asintótico para la curva de esta
evolución cuando tiende a 0 K, dando lugar a una temperatura Kondo absoluta para
el platino de unos 70 K. En cuanto al valor más probable de la amplitud de los picos
resonantes vemos que sigue también la evolución esperada en función de la temper-
atura de la muestra, es decir, va disminuyendo a medida que la temperatura de la
muestra aumenta.

Por otro lado hemos observado la existencia de picos resonantes simples y dobles,
los cuales aparecen de manera alterna según se van estirando las cadenas de platino.
Pensamos que este comportamiento podrı́a estar relacionado con la paridad del número
de átomos en las cadenas. Con el fin de ver si esta observación es correcta hemos re-
alizado un estudio estadı́stico acerca de lo bien que se ajusta la función Fano a los
picos resonantes. Vemos que para un número impar de átomos en cadena la función
se ajusta peor que cuando hay un número par, lo cual indica para el caso impar existen
más casos que no se adecúan al modelo de resonancia simple, que es el que estamos
asumiendo.

Rol de los electrones f en el transporte electrónico de contactos de tamaño atómico

Con el fin de poder entender el papel que juegan los electrones f en el trans-
porte electrónico de nanocontactos metálicos hemos estudiado el caso de dos metales
pertenecientes a los lantánidos de la tabla periódica. Estos metales son gadolinio (Gd)
y europio (Eu), los cuales comparten una configuración electrónica parecida teniendo
la banda 4 f medio llena aunque el gadolinio presenta un electrón d desapareado. Esta
sutil diferencia nos sirve para poder comparar los resultados obtenidos con ellos.

Hemos realizado medidas de conductancia de nanocontactos de Gd en función
de la distancia entre los electrodos, lo cual se traduce en una evolución de la sección
transversal de la unión entre ellos. Hemos obtenido valores reproducibles para lo que
serı́a la conductancia del contacto monoatómico, situándose por debajo del cuanto de
conductancia. Estas medidas han sido realizadas de manera independiente por un
lado con la técnica STM y por otro con MCBJ con muestras litografiadas donde el Gd
ha sido evaporado térmicamente sobre ella. Con ambas técnicas hemos obtenido resul-
tados similares. Por otro lado, con la ayuda de nuestros colegas teóricos hemos visto a
partir de cálculos de teorı́a de densidad de funcional (DFT) que el valor del momento
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magnético en Gd aumenta cuando pasa de ser un objeto macroscópico a una cadena
atómica. Además hemos podido reconocer la existencia de configuración monomérica
y dimérica cuando los contactos son estirados, mientras que para la situación de for-
mación de contacto solamente vemos que Gd forma monómeros. Además, cuando el
contacto se estira la conductancia para monómero aparece con valores superiores a los
de dı́mero. A través de los cálculos de transporte vemos que la conducción se debe
principalmente a los electrones s y p, siendo mucho menor la contribución de los d y
la de los f marginal.

También hemos realizado medidas de magnetoconductancia en las muestras de
Gd que hemos medido con la técnica MCBJ. Hemos observado que en algunos casos
las muestras mostraban un fuerte comportamiento magnetostrictivo. Estas diferen-
cias las atribuimos al uso de distintos parámetros de evaporación y litografiado en las
muestras.

Para estudiar el caso en el que un metal presente solamente magnetismo debido
a los electrones f hemos realizado medidas en nanocontactos de Eu, lo cual se puede
también interpretar como la eliminación del electrón d desapareado de Gd. Hemos
realizado medidas de conductancia en función de la distancia de los electrodos de Eu
para nanocontactos hechos del mismo con la técnica STM en condiciones de criogenia.
Los resultados obtenidos con Eu para la conductancia del contacto monoatómico están
también por debajo del cuanto de conductancia, sin embargo estos valores no son re-
producibles. La interpretación de este resultado viene de la mano de un modelo de-
sarrollado por nuestros colegas teóricos en el que plantean que el desorden magnético
es el causante de esta falta de reproducibilidad de la trazas de conductancia. Los elec-
trones f , que están muy localizados y casi no interaccionan con los electrones de con-
ducción, provocarı́an que los momentos magnéticos de los distintos átomos del con-
tacto atómico se encuentren aleatoriamente distribuidos, causando de este modo una
mayor dispersión de los electrones de conducción a su paso por el contacto de tamaño
atómico hecho de Eu.

Otra de las preguntas que nos hemos hecho ha sido acerca de si los electrones f
también pueden ser apantallados por los de conducción dando lugar a resonancias
tipo Fano en la espectroscopı́a. Para ello hemos realizado medidas de conductan-
cia diferencial en contactos atómicos hechos de Gd y Eu. Los resultados de dichas
medidas muestran resonancias alrededor de un voltaje de polarización nulo que nos
recuerdan a las de Kondo-Fano. En el caso de Gd hemos visto que estas resonan-
cias presentan todo tipo de simetrı́as, sin embargo en el caso Eu no hemos observado
ningún caso de pico resonante apuntado hacia arriba. Esto nos ha llevado a realizar
un estudio estadı́stico de los distintos parámetros de la función Fano. A partir de este
estudio hemos observado que para el caso de Gd aparecen dos valores de temperatura
Kondo más probable mientras que en el caso de Eu aparece solo una. Esto también ha
ocurrido con el estudio de la amplitud de los picos resonantes, donde hemos obtenido
también dos valores más probables de la misma en el caso de Gd mientras que para Eu
solo uno. Asimismo, la dispersión del valor de la energı́a a la que las resonancias tipo
Fano están centradas aparecen más dispersas para el caso de Gd que para el caso de
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Eu. Por último, en el caso del parámetro que indica la simetrı́a de los picos resonantes,
vemos una clara tendencia en Eu a mostrar principalmente casos de picos hacia abajo,
mientras que para el caso de Gd esto es más variado tendiendo además casos de picos
apuntando hacia arriba.

7.3 Discusión de los resultados

Capacidad de los electrodos de un STM

En un principio las superficies de los electrodos que usábamos en los experimen-
tos tenı́an forma de cuña para facilitar el afilado de las pirámides de tamaño atómico
y evitar ası́ multicontactos entre estos electrodos. Sin embargo, estas superficies pre-
sentaban una forma poco precisa e irreproducible debido a que las preparábamos a
mano tallando con un cuchillo cerámico, ası́ que para simplificar un poco más el prob-
lema decidimos pasar a tener superficies totalmente planas enfrentadas entre sı́, de
este modo nos aproximamos más a los modelos planteados en la teorı́a. De esta man-
era los resultados obtenidos para superficies planas facilitan la discusión de resultados
de una manera comparativa entre sı́.

En las medidas que hemos hecho de capacidad de los electrodos frente a la dis-
tancia entre ellos hemos podido hacer un estudio cualitativo en el que hemos visto
que para grandes distancias entre electrodos la evolución de la curva es más pronun-
ciada para el caso de muestras con área más grande. Dado que no sólo la capaci-
dad geométrica (clásica) es proporcional al área sino que también lo es la capacidad
cuántica, el hecho de que estas capacidades se consideren asociadas en serie hace que
el resultado sea el esperado.

Por otro lado hemos observado que el inesperado comportamiento de la capacidad
en algunos casos podrı́a ser explicado desde la influencia de efectos inductivos sobre
ella. Posiblemente estas inducciones sean debidas a efecto de cableado del experi-
mento. Esto podrı́a explicar por qué la capacidad cuántica es subestimada en aquellos
casos en los que se espera que sea proporcional al área de los electrodos y a la densi-
dad de estados. También podemos encontrar explicación a estos resultados debido a
la distribución del campo eléctrico que podrı́a alterar la contribución de la capacidad
cuántica junto con el hecho de que serı́a más apropiado pensar en términos de den-
sidad local de estados (LDOS) en lugar de la densidad de estados (DOS) de la escala
macroscópica, lo cual significa que esta cantidad no serı́a la misma para distintas con-
figuraciones del mismo material ya que depende de la coordinación de los átomos a
tı́tulo individual y de su carga, que a su vez estarı́a relacionado con el campo eléctrico.
Además, existe la posibilidad de tener diferentes compensaciones a la capacidad de-
bido al montaje experimental, que añadirı́an una cantidad constante al valor medido
de la capacidad de los electrodos del STM.

En cuanto a los resultados obtenidos en las medidas en régimen de emisión de
campo, vemos que nos hace falta más resolución para poder ver claramente los picos
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resonantes en la conductancia cuando la energı́a de los electrones incidentes se alinea
con la de los niveles discretos que aparecen en la parte superior de la barrera túnel.
Sin embargo, estas resonancias se han podido llegar a distinguir dando lugar a una
disminución de la capacidad en esos puntos, lo cual se puede entender como una
bajada en la retención o almacenamiento de carga debido a la alta transmisión de esos
casos.

Evidencias de magnetismo emergente en cadenas de tamaño atómico hechas de
platino a través de medidas de conductancia diferencial

Suponiendo que los picos simples están relacionados con una resonancia de Kondo,
podemos encontrar diferentes interpretaciones para el pico doble. La primera estarı́a
esencialmente relacionada con una convolución entre una resonancia de Kondo y la
señal de espectroscopı́a resultante de la interacción electrón-fonón (EPI). Las energı́as
tı́picas de los modos de vibración de fonones para metales están en el rango entre 5
y 25 meV [165], donde las cadenas estiradas disminuyen las energı́as de fonón. De
este modo, el pico simple en la anomalı́a a voltaje cero convolucionarı́a con las señales
envolventes atribuidas a fonones. Este mecanismo harı́a que tanto la altura como el an-
cho de un pico de resonancia de Kondo esté subestimado debido al colapso del fonón
en la medida de conductancia diferencial. Por lo tanto, un aparente doble pico podrı́a
ser visto como una combinación de la señal de fonón y una resonancia tipo Kondo.

Otra interpretación para el doble pico serı́a la existencia de un campo magnético
interno debido al orden de vidrio de espı́n [166]. La ordenación de vidrio de espı́n es
un sistema magnético aleatorio con interacciones mixtas caracterizado por una con-
gelación aleatoria pero cooperativa de los espines a una temperatura bien definida
por debajo de la cual aparece un estado congelado metaestable sin el ordenamiento
magnético usual de largo alcance [153]. Las anchuras de los valles en los picos dobles
que hemos medido son mayores que las mostradas en otros trabajos ([166]), lo que
significarı́a que un campo magnético interno más alto que el atribuido a la aleación
CuMn de la referencia [166] estarı́a procediendo de las pirámides atómicas al final de
los electrodos de platino.

Finalmente, la más interesante de las posibles explicaciones para el pico simple y
doble viene de lo siguiente. En la referencia [167] Ribeiro et al. estudiaron desde el
punto de vista teórico el caso de dos puntos cuánticos conectados a electrodos con-
ductores, siendo estos puntos cuánticos acoplados entre ellos por una cadena finita
de N sitios que no interactúan (es decir, sin repulsión coulombiana), cuyos electrones
pueden participar en el apantallamiento Kondo. También encontraron que para N
impar y un pequeño acoplamiento entre la cadena y los puntos cuánticos existen dos
regı́menes coexistentes de Kondo, uno de ellos debido al efecto Kondo de los puntos
cuánticos conectados a los depósitos de electrones y el otro debido al apantallamiento
de los espines de los puntos cuánticos por el espı́n de la cadena finita al nivel de Fermi.
En contraste, para N par sólo se detecta una temperatura Kondo porque la fı́sica está
dominada por la competición entre el Kondo y el antiferromagnetismo entre los pun-
tos cuánticos. El último caso puede ser reconocido por una resonancia de Kondo sim-
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ple, mientras que el régimen de Kondo de dos etapas se caracteriza por un pico de
Kondo con una estrecha supresión en el nivel de Fermi. En nuestro caso, a la luz de
los diferentes picos simples y dobles observados en nuestras medidas de conductancia
diferencial, podrı́amos estar hablando de un pequeño acoplo entre la cadena y los pun-
tos cuánticos de una forma similar al trabajo de la referencia [167], donde un número
par/impar de átomos en la cadena corresponderı́a a un pico simple/doble. Para un
número par de átomos, aparecerı́a una pico resonante simple, que darı́a cuenta del
apantallamiento Kondo entre los átomos del vértice de los electrodos y los depósitos
de electrones de los electrodos, pero al haber un número par de átomos en la cadena
el número de electrones en la banda correspondiente es también par, por lo tanto no
habrı́a apantallamiento de electrones de la cadena. Sin embargo, para un número im-
par de átomos en la cadena habrá electrones desapareados que contribuirán en el apan-
tallamiento del momento magnético de las puntas de los electrodos y el de la cadena,
dando lugar a dos temperaturas Kondo diferentes: una debida a este apantallamiento
entre el momento magnético de la cadena y el de las puntas de los electrodos y la otra
debida al apantallamiento entre los momentos magnéticos de las puntas de los elec-
trodos con los depósitos de electrones de los electrodos de la misma manera que en el
caso de número par de átomos en la cadena.

En nuestros experimentos a menudo vemos un comportamiento alternado entre pi-
cos simples y dobles. Los autores del trabajo de la referencia [170] obtuvieron un valor
mayor de la temperatura Kondo para aquellos casos de número impar de átomos en
cadena; sin embargo, en nuestro caso ocurrirı́a un efecto complementario. Atendiendo
a la evolución de ejemplos individuales de cadenas, percibimos que para un número
impar de átomos en la cadena se obtiene un valor inferior la temperatura Kondo. Esto
se puede explicar desde el hecho de que en la referencia [170] ajustan sus resultados
al pico de resonancia más amplio; en contraste, nosotros realizamos nuestro ajuste al
pico de resonancia más pequeño en los casos de doble pico, por lo tanto obtenemos la
evolución complementaria como mencionamos antes. En este contexto, la evolución
oscilatoria la temperatura Kondo en nuestros resultados también se explicarı́a en base
a un mecanismo RKKY (Ruderman-Kittel-Kasuya-Yosida) como en la referencia [170],
lo que significarı́a que el acoplamiento entre los dos vértices de los átomos de los elec-
trodos estarı́an mediados por los espines de la cadena (en el caso de número impar de
átomos de cadena) con orientación opuesta con respecto a los de los vértices; en el caso
en que los espines compartan la misma orientación estarı́amos ante una frustración
del RKKY porque serı́a imposible establecer un entrelazamiento cuántico Kondo en-
tre ellos. Con estos argumentos, aunque especulativos y sujetos a verificación, nuestro
análisis estarı́a de acuerdo con el modelo presentado en el trabajo de la referencia [167],
donde la paridad del número de átomos en la cadena determinarı́a la existencia de un
apantallamiento entre el momento magnético de la cadena con el de los átomos de los
vértices de los electrodos.
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Rol de los electrones f en el transporte electrónico de contactos de tamaño atómico

Nuestros cálculos DFT para Gd muestran que, aparte del magnetismo f , la re-
ducción de la dimensionalidad de los nanocontactos crea una separación de espı́n en la
banda d, en comparación con estructuras macroscópicas donde la banda d permanece
casi despolarizada. Desde los cálculos también obtenemos genéricamente valores de
conductancia inferiores a 2e2

h , con diferencias entre las configuraciones de monómero
y dı́mero . El análisis de los canales propios muestra que esto se debe a una hibri-
dación de los canales s y pz, lo que aparentemente reduce la conductancia de un canal
s puro. Esto también está en lı́nea con la conductancia creciente en el último pleateau
a medida que se separan los electrodos, lo que también se ha observado en contactos
atómicos de aluminio y para los cuales también se sabe que la hibridación spz juega
un papel. En el caso de Gd, los orbitales d también parecen jugar un papel en este
aumento de conductancia. Finalmente, nuestras medidas a voltaje cero no parecen
estar fuertemente influidas por los momentos magnéticos locales f , principalmente
porque los electrones f electrones no participan en la conducción. Para un voltaje de
polarización finito, las excitaciones inelásticas de ondas de espı́n, que implican a los
momentos magnéticos f , podrı́an jugar un papel.

La alta dispersión y falta de reproducibilidad en las trazas de conductancia de Eu
apuntan a un desorden magnético provocado por los electrones f , que sin embargo no
contribuirı́an en el transporte de manera directa según los cálculos de canales propios
que nuestros colegas teóricos nos han propocionado.

Además, hay un trabajo reciente de Kuntz textit et al. [189] donde estudian difer-
entes fases cristalinas de nanocontactos hechas de cerio puro. Ellos encuentran que
aquellas fases donde los electrones f están deslocalizados conducen más que aquellas
donde los electrones f están localizados, este argumento fortalecerı́a nuestros resulta-
dos en Eu y Gd.

El orden de magnitud de los valores de temperatura Kondo de nuestros resulta-
dos en Eu y Gd coincide con los resultados obtenidos para Fe, Co y Ni [34, 87, 88].
Además, nos parece notable la falta de picos resonantes apuntando hacia arriba en la
espectroscopia de Eu, que podrı́a interpretarse como una manifestación del efecto de
interferencia de Fano que tiene lugar cuando hay una pequeña probabilidad de trans-
misión hacia/desde los estados f [210].

En comparación y explicado de una manera que podrı́a parecer un poco ingenua,
la presencia de picos apuntando hacia arriba en algunos casos en nuestros resultados
de espectroscopia en Gd indicarı́a que estas caracterı́sticas están relacionadas con el
apantallamiento del momento magnético d si atendemos a la configuración electrónica
de estos materiales. Sin embargo, se deben hacer más investigaciones teóricas para
entender nuestros resultados experimentales.
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7.4 Conclusiones

Capacidad de los electrodos de un STM

Hemos medido la capacidad electroquı́mica entre barreras túnel donde los electro-
dos conductores terminan en dos pirámides de tamaño atómico. Para la obtención de
nuestros resultados principales hemos desarrollado una técnica de 4 puntas en corri-
ente alterna que nos permite medir al mismo tiempo la capacidad y la conductancia en-
tre dos electrodos de un STM en el régimen túnel bajo condiciones criogénicas, donde
las variaciones locales de la capacitancia se obtienen cuantitativamente. Para voltajes
de polarización bajos (es decir, sin llegar al régimen de emisión de campo), podemos
distinguir tres regiones dependiendo de la distancia entre las placas del condensador:
una transición de una capacidad clásica a una capacidad cuántica, una región donde
la contribución cuántica domina y una zona de fuga de capacidad. En concreto, la
capacidad cuántica está relacionada con la densidad de estados de los metales estudi-
ados.

A partir del trabajo publicado en la referencia [129] podemos aprender que algunos
de nuestros inesperados resultados cuantitativos podrı́an atribuirse a las siguientes
razones: en primer lugar, se requiere una muy buena calibración y estimación de la
distancia entre los electrodos; segundo, el modelo desarrollado por Büttiker se aplica
a casos de placas paralelas, algo que no está ocurriendo en absoluto al considerar dis-
tancias entre electrodos pequeñas, es decir, en el régimen cuántico; y finalmente no
está claro si la densidad de estados (DOS) puede ser asumida como una constante
cuando los electrodos están tan cerca el uno del otro, cuando en realidad deberı́amos
referirnos a la densidad de estados local (LDOS) en su lugar. Tomando como referen-
cia el teorema de Heisenberg, el tiempo de permanencia de los electrones en la barrera
determina la LDOS en el sentido de que el término de la capacidad cuántica obtendrı́a
un valor más pequeño en una situación de distancia intermedia entre el régimen túnel
y largas distancias entre electrodos, donde por un lado tendrı́amos la situación en la
que los electrones no viajan (electrodos muy separados, es decir, régimen clásico) y
por otro lado los electrones se fugan a través de la barrera (régimen túnel), lo que
significa que su tiempo de permanencia en la barrera es demasiado pequeño. Por lo
tanto, la evolución constante de la capacidad con la distancia (lo que llamamos capaci-
dad cuántica) aparece en a medio camino entre los dos últimos regı́menes extremos
comentados (el tiempo de permanencia más largo en la barrera). Estos argumentos
harı́an que la densidad de estados sea no trivialmente dependiente de la distancia en-
tro los electrodos, algo que no estamos considerando en nuestra aproximación.

Por último, queremos comentar que la técnica que hemos desarrollado no es la
definitiva, nuestras medidas podrı́an ser mejoradas, por ejemplo, minimizando las
distancias de los cables entre los detectores y las muestras [65], especialmente para
deshacernos de los efectos de capacidad e inducción que enmascaran los valores de
los atribuidos a los electrodos del STM. De esta manera, podrı́a ser más fácil acceder
a otras regiones que hasta ahora han sido imposibles de explorar, como la medida de
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la capacidad (y en general la impedancia total) de un contacto de tamaño atómico.
Además, se requiere más trabajo teórico para comprender mejor nuestros resultados;
siguiendo las ideas de otros trabajos sugerimos el uso del método de imagen de carga
[68] ası́ como otros cálculos más complejos como los que se muestran en la referencia
[139].

Evidencias de magnetismo emergente en cadenas de tamaño atómico hechas de
platino a través de medidas de conductancia diferencial

Hemos obtenido una serie de caracterı́sticas espectroscópicas entorno a un voltaje
de polarización cero para las cadenas atómicas hechas de Pt en condiciones criogénicas.
Las hemos registrado para el proceso de estiramiento de las cadenas. De estos resul-
tados interpretamos que los picos de resonancia aparecen como una detección indi-
recta de la aparición de momento magnético en platino, lo cual conduce a un apan-
tallamiento tipo Kondo por parte de los electrones de conducción. Además, el mo-
mento magnético encontrarı́a su máximo valor en los átomos de los vértices de los
electrodos, que conectan el contacto atómico con los depósitos de electrones, donde la
tensión máxima serı́a sufrida también por estos átomos de los vértices.

Observamos que la escala de energı́a de las resonancias Kondo-Fano medida para
Pt es muy similar a la publicada para Fe, Co y Ni [34], lo cual indica similitudes en
términos del mecanismo en estos metales. Sin embargo, el hecho de que las amplitudes
de las resonancias Kondo-Fano sean más bajas para Pt indicarı́an que el acoplamiento
entre los niveles localizados d y los electrones de conducción (canal s) es menor que en
el caso de Fe, Co y Ni.

También hemos abierto una discusión sobre la posibilidad de tener dos temperat-
uras Kondo cuando hay un número impar de átomos en la cadena. Por otra parte,
también se ha discutido la existencia de un acoplamiento RKKY entre los átomos de
los vértices de los electrodos, que modificarı́an el valor de la temperatura Kondo en
función de la distancia entre ellos, siendo la cadena atómica de Pt un ”espectador” que
mediarı́a el fenómeno.

Nuestro trabajo experimental completa las medidas de magnetoconductancia pub-
licadas por Strigl et al. [124], las cuales están de acuerdo con la existencia de una tran-
sición a un estado ferromagnético cuando la coordinación atómica y la dimensionali-
dad de Pt son reducidas. Sin embargo, se necesita un modelo teórico para comprender
plenamente los resultados experimentales obtenidos en este proyecto, especialmente
la existencia de picos dobles en las anomalı́as a voltaje cero.

Rol de los electrones f en el transporte electrónico de contactos de tamaño atómico

Hemos realizado medidas de transporte de la corriente eléctrica en contactos de
tamaño atómico hechos de Gd en condiciones criogénicas. A diferencia del caso de los
materiales ferromagnéticos 3d y, a pesar de la valencia d1 de Gd, su conductancia para
un átomo es tı́picamente menor que el cuanto de conductancia 2e2

h . Esto puede parecer
sorprendente a primera vista, porque en ambos casos hay una banda s a la energı́a



158 Resumen

de Fermi que normalmente proporciona un canal altamente transmisivo y que, junto
con una contribución adicional procedente de los canales d, pueden dar valores de
conductancia por encima de 2e2

h . Sin embargo, en el caso de Gd la transmisión de todos
los canales se reduce presumiblemente a la posición de la energı́a de Fermi cerca de
los bordes de las bandas respectivas. Los resultados son reproducibles tanto para las
medidas de STM como de MCBJ en muchos detalles: longitudes y formas de plateaus
de conductancia, posición y altura de los máximos de los histogramas, diferencias
entre curvas de creación y ruptura ldots

Por otro lado, también hemos realizado medidas de contactos de tamaño atómico
hechas Eu en condiciones criogénicas. A pesar de compartir algunas similitudes con
Gd como puede ser la forma de los pleateus que se asemejan a los de aluminio y que
el contacto de un átomo tiene un valor de conductancia por debajo de 2e2

h , para Eu no
tenemos histogramas reproducibles de conductancia cuyo origen atribuimos a un des-
orden magnético de los electrones f (dispersión elástica). Además, también tenemos
que tener en cuenta la contribución inelástica de las ondas de espı́n, que podrı́a ser la
razón principal para la retrodispersión en el transporte.

Finalmente, hemos realizado medidas de espectroscopı́a en nanocontactos hechos
de Gd y Eu. Hemos encontrado un rico zoo de caracterı́sticas en las mismas, especial-
mente la forma de V que a su vez rodea las caracterı́sticas anómalas alrededor de un
voltaje de polarización cero. Hemos ajustado estas anomalı́as a la función Fano que
se utiliza para explicar el apantallamiento del momento magnético por los electrones
de conducción. Hemos encontrado dos temperaturas Kondo para Gd, que podrı́an
estar relacionadas con el apantallamiento de los momentos magnéticos d y f , respecti-
vamente, mientras que para Eu la temperatura Kondo calculada se atribuirı́a al apan-
tallamiento del momento magnético proveniente de los electrones f .

A lo largo de este proyecto hemos aprendido que la banda d es decisiva porque
hace de puente entre los electrones f , siendo la falta de una banda d incompleta la
responsable de la conductancia altamente dispersa en las trazas de conductancia de
Eu mientras que en Gd la existencia de la cual permite obtener trazas reproducibles de
conductancia. Aunque nuestro argumento de que los electrones d marcan la diferencia
entre Eu y Gd pueda parecer ingenuo, como hemos mencionado en algunas lı́neas
anteriores, esto es claramente coherente con nuestros experimentos y cálculos.



Appendix A
Symbols and expressions

Quantities and Units (International System of Units (SI))
C Capacitance F Farad
f Frequency Hz Hertz

G Electrical conductance S Siemens
I Electric current A Ampere
L Inductance H Henry
µ Chemical potential J Joule
Q Electric charge C Coulomb
R Electrical resistance Ω Ohm
T Transmission — —
Θ Temperature K Kelvin
V Voltage V Volt
ω Angular frequency rad

s Radian per second
W Work function J Joule
Y Electrical admittance S Siemens
Z Electrical impedance Ω Ohm

Constants
e Electron charge ≈ 1.6022× 10−19 C
ε0 vacuum permittivity ≈ 8.8542× 10−12 F

m
G0 Quantum of conductance 2e2

h ≈ 7.7481× 10−5 S ≈ 1
12.9 kΩ

h Planck’s constant ≈ 6.6261× 10−34 J · s
h̄ reduced Planck’s constant h

2π ≈ 1.0546× 10−34 J · s
j Imaginary unit

√
−1

kB Boltzmann’s constant ≈ 1.3806× 10−23 J
K

me Electron rest mass ≈ 9.1094× 10−31 kg
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160 Symbols and expressions

Relations and Equivalences
Y ≡ 1

Z ; G ≡ 1
R

ω = 2π f
Ohm’s law V = IZ
Resistor impedance ZR = R
Capacitor impedance ZC = 1

jωC
Inductor impedance ZL = jωL

Tunneling current I ∝ V(LDOS)e−2
√

2meW
h̄ d

(for V << W) Typically a decrease of 1 Å in barrier
width (d) yields an increase of I

by one order of magnitude.
Landauer formula G(µ) = G0 ∑

n
Tn(µ)

Fermi energy EF = lim
Θ→0

µ

1 K ≈ 8.6217× 10−5 eV; 1 eV ≈ 11600 K



Appendix B
Evolution of the zero bias anomalies
along platinum chain stretching
(pictures gallery)

In order to not to saturate chapter 4 with figures we have placed in this appendix a se-
ries of plots where a detailed graphic analysis has been performed for the most repre-
sentative platinum (Pt) atomic-size contacts and chains along their stretching process.

In total we show three different cases, the six first pages (see label “Part” at each
page) after this one shows the case of a long chain of atoms; then, the following four
pages after the previous case are for an atomic-size contact where we start the study
from the 2 G0 conductance value; finally, the last page of this appendix is devoted to
the case of stretching of an atomic-size contact that goes up in conductance as the strain
of the mono-atomic contact is increased.

With these examples we want to give the reader an idea about how the spec-
troscopy features evolve depending on the strain and the number of atoms inside the
contact. Specially we want to remark the presence of single and double peaks at the
zero bias anomaly (ZBA), which might be related to the stress of the chain which in
turn would lead to two simultaneous different Kondo temperatures in the case of the
double peak (see chapter 4). We use colors to facilitate the reader the identification of
the different groups that share the same features in a row. The re-use of the same color
in another part of the chain does not mean that this new group belongs to the same
group of the one previously marked with the same color, this color tagging is a way
we use to get a delimitation between groups. Besides, every spectroscopy plot has a
tag-number which corresponds to a point in the chain, which also has this very same
number.
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Appendix C
Zoo of traces of conductance for
gadolinium and europium

In this appendix we show an extended version of some of the different shapes and
values that the traces of conductance of gadolinium (Gd) and europium (Eu) atomic-
sized contacts have in our results with scanning tunneling microscope (STM) and
mechanically controllable break junction (MCBJ), being the last only applicable for
Gd case. In order to better appreciate the details, the vertical axis of every plot is re-
strained to a window between 0 and 1.5 2e2

h . In some of the cases we can see how the
breaking and creating contact traces walk the same way when we perform gentle in-
dentations, this can be seen in plots (b), (d), (g) and (h) in Fig. C.1, and it also can be
seen in plots (a), (c), (i) in Fig. C.2. In addition, in the other cases some of the traces
partially share the same path for creating and breaking contacts. These go back and
forth along the same path cases show that mechanical annealing is possible with these
materials (see section 2.2).
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174 Zoo of traces of conductance for gadolinium and europium

Figure C.1: Set of traces of conductance of atomic contacts made out of Gd. Measurements
taken with STM (plots a, b, d, e, g and h) and MCBJ (plots c, f and i) techniques in equilibrium
with liq-4helium (He) bath and 10−8 mbar and 10−5 mbar, respectively. Bias voltage applied is:
70 (a), 70 (b), 10 (c), 51 (d), 70 (e), 10 ( f ), 70 (g), 32 (h), and 10 mV (i). For MCBJ measurements
(plots c, f and i), creating contact curves (red) have been horizontally shifted in order to show
their first plateau in a same window as breaking contact curves (blue).
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Figure C.2: Set of traces of conductance of atomic contacts made out of Eu. Measurements
taken with STM technique in equilibrium with liq-4He bath and 10−8 mbar. Bias voltage ap-
plied is: 12 (a), 12 (b), 97 (c), 97 (d), 12 (e), 12 ( f ), 12 (g), 50 (h), and 96 mV (i).
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[159] V. M. Garcı́a-Suárez, D. Z. Manrique, C. J. Lambert, and J. Ferrer, “Anisotropic
magnetoresistance in atomic chains of iridium and platinum from first
principles,” Phys. Rev. B, vol. 79, p. 060408, Feb 2009. [Online]. Available:
http://link.aps.org/doi/10.1103/PhysRevB.79.060408

[160] A. Thiess, Y. Mokrousov, and S. Heinze, “Competing magnetic anisotropies
in atomic-scale junctions,” Phys. Rev. B, vol. 81, p. 054433, Feb 2010. [Online].
Available: http://link.aps.org/doi/10.1103/PhysRevB.81.054433

[161] A. Delin and E. Tosatti, “Emerging magnetism in platinum nanowires,”
Surface Science, vol. 566568, Part 1, pp. 262 – 267, 2004, proceedings

https://link.aps.org/doi/10.1103/PhysRevLett.91.096801
https://link.aps.org/doi/10.1103/PhysRevLett.91.096801
http://link.aps.org/doi/10.1103/PhysRevB.68.144434
http://www.nature.com/nnano/journal/v3/n1/abs/nnano.2007.419.html
https://link.aps.org/doi/10.1103/PhysRevB.16.255
https://link.aps.org/doi/10.1103/PhysRevB.16.255
http://link.aps.org/doi/10.1103/PhysRevLett.92.057201
http://link.aps.org/doi/10.1103/PhysRevB.72.224418
http://link.aps.org/doi/10.1103/PhysRevB.75.075415
http://link.aps.org/doi/10.1103/PhysRevB.79.060408
http://link.aps.org/doi/10.1103/PhysRevB.81.054433


BIBLIOGRAPHY 191

of the 22nd European Conference on Surface Science. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0039602804005515

[162] A. Smogunov, A. Dal Corso, and E. Tosatti, “Magnetic phenomena, spin-orbit
effects, and Landauer conductance in Pt nanowire contacts: Density-functional
theory calculations,” Phys. Rev. B, vol. 78, p. 014423, Jul 2008. [Online].
Available: http://link.aps.org/doi/10.1103/PhysRevB.78.014423

[163] A. Thiess, Y. Mokrousov, S. Heinze, and S. Blügel, “Magnetically hindered
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