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Abstract

In this thesis, a new scanning tunneling microscope has been developed for studying

vortex dynamics in superconductors. These materials are generally applied for non-

dissipative electrical current conduction [Applications]. There have been several studies

in which the behavior of a superconductor under current �ow has been characterized

from a macroscopic point of view. In particular, measurements of the resistance

and Hall e�ect have been performed for many di�erent values of current �owing

through the sample in practically all superconductors known so far (see, for instance,

[Fiory68, Viret94, DAnna98]). These studies have demonstrated that these materials

show a very rich behavior under current �ow, which is basically governed by the action

of the current on superconducting vortices. Nevertheless, the microscopic details of this

action are still under debate. This is mainly due to the lack of suitable probes that can

provide a microscopic information about vortex positions and their dynamics.

With this aim, a new microscope has been developed and installed in the coolest part

of a dilution refrigerator, which reaches a base temperature of 7 mK and it is equipped

with a superconducting magnet able to apply magnetic �elds up to 10 T in a direction

perpendicular to the surface of the sample. With this experimental set up it has been

possible to perform scanning tunneling microscopy/spectroscopy (STM/S) experiments

while, eventually, applying a constant transport current through the sample, ranging

from zero to 30 mA. This system has been fully characterized in this thesis, determining

an energy resolution of 26 µeV and an electronic temperature of 150 mK without the

application of any current. However, when applying a transport current, despite the

imaging procedure remains una�ected, its energy resolution slightly decreases to 35

µeV, consequently giving an e�ective temperature of 200 mK, due to the additional

wiring and electronics. With this set-up we have studied two systems under current

�ow: the prototypical superconductor NbSe2 and a W-based thin �lm fabricated by the

technique of focused ion beam induced deposition (FIBID), which has been thoroughly

characterized in previous work of LBTUAM [GuillamonThesis]. Moreover, without
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applying any current, we have characterized some heavy fermion compounds by means

of tunneling spectroscopy as function of temperature. In particular, we have studied

two very similar stoichiometric compounds: CeRu2Si2 and CeRh2Si2. We have also

characterized the superconducting phase of URu2Si2.

In NbSe2, we have performed tunneling spectroscopy measurements at zero �eld under

the application of di�erent transport currents. We have observed that the low energy

part of the distribution of superconducting gap values is the one most a�ected by the

application of the current. Due to the large dimensions of this sample, the distribution

of the applied current at zero �eld is inhomogeneous over its thickness. Taking into

account this consideration, our observations suggest that the magnetic �eld generated

by the applied current could probably be responsible of the observed pair breaking e�ect

in the density of states of this compound, which is more signi�cant in the low energy

part of the superconducting gap distribution.

With an applied magnetic �eld of 0.1 T, the current distribution becomes

homogeneous, and we can observe the e�ect of the current on static superconducting

vortices. We have studied a small group of vortices, and determined the e�ect of the

current on the Andreev localized state structure of the vortex cores. We observe that

the peak in the density of states of the lowest energy localized state is reduced by the

application of a current. This e�ect can be qualitatively understood considering that

NbSe2 is a multiband superconductor, whose low energy part of the distribution of gap

values is easily lost by the action of temperature and magnetic �eld. We propose that

current acts on a similar way, reducing or eliminating altogether the small sized gap on

parts of the Fermi surface.

At higher magnetic �elds, we have also studied the dynamics of the vortex lattice of

NbSe2 under current �ow for temperatures close to the critical one. Our observations

suggest that the current �ow favors thermally activated processes. We have extended

these studies in a thin �lm, where the current density is signi�cantly higher and we

could easily reach values for current de-pinning at a larger temperature and magnetic

�eld range.

In particular, in the case of the W-based thin �lm we have applied a current at

very low temperatures and visualized its action on a small part of a bundle of vortices.

We have studied the behavior of this system when increasing the magnetic �eld in a

well de�ned one-dimensional pinning potential, obtained during the fabrication of the

thin �lm. We �nd that the action of the current is favored when the vortex bundle

is stressed, where it can �uctuate between di�erent con�gurations of energy minima.

However, when the stress is released by producing a very small increase of the magnetic

�eld, this bundle reaches a more stable situation, which matches the direction of the

linear pinning potential. These observations suggest that the current helps the system

in checking the available phase space for reaching a released and stable situation.
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These observations in both NbSe2 and the W-based thin �lm constitute, to the extent

of our knowledge, the �rst direct imaging of vortex motion under the application of a

transport current through the sample.

Using the same home-made STM, but without applying any current, we have

characterized di�erent phases of some heavy fermion compounds, by means of tunneling

spectroscopy. We have compared the tunneling spectroscopy of the heavy fermion

CeRu2Si2 and the antiferromagnet CeRh2Si2 in a temperature range between 0.15 and

45 K. At 0.15 K the tunneling spectroscopy shows a V-shaped dip around the Fermi

level in both compounds. It disappears above the coherence temperature in CeRu2Si2,

whereas above the Néel temperature in CeRh2Si2. In the latter, two di�erent kinds of

V-shaped dips are found. The di�erent temperature evolution of the tunneling spectra

found in these compounds re�ect the establishment of di�erent electronic ground states.

In addition, we have studied, also by means of tunneling spectroscopy, the

unconventional superconductor URu2Si2 using a superconducting tip of Al. We have

found di�erent tunneling features when using the tip of Al in its superconducting state

(at zero �eld) and in its normal state (under a small magnetic �eld). From these

measurements it can be inferred that the density of states is V-shaped at low energies,

showing a �nite value at the Fermi level. Moreover, quasiparticle peaks appear at energies

close to the expected superconducting gap values from BCS theory. The evolution of the

inferred superconducting gap as a function of temperature is in accordance with the

predictions of BCS theory. These results point towards a Fermi surface with rather

opened gap structures and gap nodes in this compound.
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Resumen

En esta tesis, se ha desarrollado un nuevo microscopio de efecto túnel de barrido para

estudiar la dinámica de vórtices en superconductores. Generalmente, estos materiales se

utilizan en aplicaciones de conducción eléctrica no disipativa [Applications]. En muchos

estudios se ha caracterizado el comportamiento de un superconductor bajo corriente

desde un punto de vista macroscópico. Concretamente, se han realizado medidas de

resistencia y efecto Hall para distintos valores de corriente aplicada a lo largo de la

muestra en prácticamente todos los superconductores conocidos hasta este momento

(véase, por ejemplo, [Fiory68, Viret94, DAnna98]). Estos estudios han demostrado que

estos materiales presentan un rico comportamiento bajo corriente, que está gobernado

básicamente por la acción de la corriente sobre los vórtices superconductores. Sin

embargo, los detalles microscópicos de dicha acción están no están todavía claros. Esto se

debe principalmente a la falta de sondas adecuadas que puedan proporcionar información

sobre las posiciones de los vórtices y su dinámica.

Con este objetivo, se ha desarrollado e instalado un nuevo microscopio en la parte

más fría de un refrigerador de dilución, que alcanza una temperatura de base de 7 mK y

que está equipado con un imán superconductor, capaz de aplicar campos magnéticos de

hasta 10 T en una dirección perpendicular a la super�cie de la muestra. Con este montaje

experimental se han podido realizar medidas de microscopía y espectroscopía túnel de

barrido (STM/S) mientras, eventualmente, se aplicaba una corriente eléctrica constante

a lo largo de la muestra, cuyo valor estaba comprendido entre cero y 30 mA. Este sistema

se ha caracterizado totalmente en esta tesis, determinando una resolución en energía de

26 µeV y una temperatura electrónica de 150 mK sin aplicar ninguna corriente. Sin

embargo, al aplicar corriente, a pesar de que la toma de imágenes no se ve afectada,

su resolución en energía se reduce algo, a 35 µeV, dando lugar en consecuencia a una

temperatura efectiva de 200 mK, debido al cableado y a la electrónica adicional. Con este

equipo, se han estudiado dos sistemas bajo aplicación de corriente: el superconductor

modelo NbSe2 y un nanodepósito basado en W fabricado por la técnica del depósito
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inducido por un haz de iones focalizado (FIBID), que ha sido extensamente caracterizado

en LBTUAM [GuillamonThesis]. Además, algunos compuestos de fermiones pesados

han sido caracterizados, sin aplicar ninguna corriente, mediante espectroscopía de efecto

túnel en función de la temperatura. Concretamente, hemos estudiado dos compuestos

de estequiometría muy similar: CeRu2Si2 y CeRh2Si2. También hemos caracterizado la

fase superconductora de URu2Si2.

En NbSe2, hemos realizado medidas de espectroscopía de efecto túnel a campo cero

bajo distintos valores de corriente aplicada. Hemos observado que la parte de más baja

energía de la distribución de valores del gap es la más afectada bajo la aplicación de

corriente. Debido a las grandes dimensiones de la muestra, la distribución de la corriente

aplicada a campo cero es inhomogénea a lo largo de su espesor. Teniendo en cuenta esta

consideración, nuestras observaciones sugieren que el campo magnético generado por la

corriente aplicada podría probablemente ser el responsable del efecto de ruptura de pares

observado en la densidad de estados de este compuesto, siendo más signi�cativo en la

parte de baja energía de la distribución de valores del gap superconductor.

Bajo un campo magnético aplicado de 0.1 T, la distribución de corriente se vuelve

homogénea, y podemos observar el efecto de la corriente sobre vórtices superconductores

estáticos. Hemos estudiado un pequeño grupo de vórtices y determinado el efecto de

la corriente sobre la estructura de estados localizados de Andreev en el núcleo de los

vórtices. Observamos que el pico del estado localizado de energía más baja en la densidad

de estados se reduce por la aplicación de una corriente. Este efecto se puede entender

cualitativamente considerando que NbSe2 es un superconductor multibanda, cuya parte

de baja energía de la distribución de valores del gap se pierde fácilmente bajo la acción de

la temperatura o del campo magnético. Proponemos que la corriente actúa de manera

similar, reduciendo o eliminando totalmente el gap de menor tamaño en partes de la

super�cie de Fermi.

A campos magnéticos más altos, también hemos estudiado la dinámica de la red

de vórtices de NbSe2 bajo corriente para temperaturas cercanas a la crítica. Nuestras

observaciones sugieren que la corriente favorece la aparición de procesos de activación

térmica. Hemos extendido estos estudios en un nanodepósito, donde la densidad de

corriente es signi�cativamente más alta y podíamos alcanzar fácilmente valores para la

corriente de de-pinning en un rango mayor de temperatura y campo magnético.

Concretamente en el caso del nanodepósito basado enW, hemos aplicado una corriente

a muy bajas temperaturas y hemos visualizado su acción sobre una pequeña parte de

un ramo o "bundle" de vórtices. Hemos estudiado el comportamiento de este sistema

aumentando el campo magnético en un potencial de pinning unidimensional bien de�nido,

obtenido durante el proceso de fabricación del nanodepósito. Encontramos que la acción

de la corriente se ve favorecida cuando el "bundle" de vórtices está tensionado, pudiendo

�uctuar entre diferentes con�guraciones de mínima energía. Sin embargo, cuando la
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tensión se libera mediante un pequeño aumento del campo magnético, este "bundle"

alcanza una situación más estable, que coincide con la dirección del potencial de pinning

lineal. Estas observaciones sugieren que la corriente ayuda al sistema a comprobar el

espacio de fases disponible para alcanzar una situación relajada y estable.

Estas observaciones, tanto en NbSe2 como en el nanodepósito basado en W,

constituyen, dentro de nuestro conocimiento, la primera visualización directa del

movimiento de vórtices bajo la aplicación de una corriente a lo largo de la muestra.

Utilizando el mismo STM casero, pero sin aplicar ninguna corriente, hemos

caracterizado distintas fases de algunos compuestos de fermiones pesados mediante

espectroscopía túnel. Hemos comparado la espectroscopía túnel del fermión pesado

CeRu2Si2 y del antiferromagnético CeRh2Si2 en el rango de temperatura comprendido

entre 0.15 y 45 K. A 0.15 K la espectroscopía túnel muestra una bajada en forma de

V alrededor del nivel de Fermi en ambos compuestos. Ésta desaparece por encima

de la temperatura de coherencia en CeRu2Si2, mientras que lo hace por encima de

la temperatura de Néel en CeRh2Si2. En este último, se pueden distinguir dos

tipos de bajadas en forma de V. La diferente evolución térmica de la espectroscopía

túnel encontrada en estos compuestos re�eja el establecimiento de distintos estados

fundamentales electrónicos.

Además, hemos estudiado, también mediante espectroscopía túnel, el superconductor

no convencional URu2Si2, utilizando para ello una punta de Al superconductor. Hemos

encontrado diferentes rasgos en su espectroscopía túnel cuando la punta de Al utilizada

estaba en su estado superconductor (a campo cero) o en su estado normal (bajo la

aplicación de un campo magnético pequeño). De estas medidas se puede inferir que la

densidad de estados tiene una forma de V a bajas energías, cuyo valor es �nito en el nivel

de Fermi. Además, los picos de cuasipartículas aparecen a energías cercanas a las que se

esperan para el gap superconductor según la teoría BCS. La evolución con la temperatura

de los valores para el gap superconductor inferidos sigue las predicciones de la teoría BCS.

Estos resultados apuntan hacia una super�cie de Fermi con unas estructuras para el gap

bastante abiertas y nodos para el gap en este compuesto.
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1
Introduction

There's plenty of room at the bottom. This was the title of the lecture that Richard

Feynman gave in a meeting of the American Physical Society in 1959 [Feynman59], with

which he anticipated the future emergence of a new �eld in physics: nanotechnology. At

that time, nobody could imagine the possibility to access materials down to atomic level

and, even more, to manipulate and create them atom by atom. Indeed, this wouldn't have

been possible without the development of adequate tools, which are generally termed

scanning probe microscopies [Wiesendanger, Briggs99, Binnig86, Vieira86, Barth05,

Eigler90]. These basically include the scanning tunneling microscope (STM) and the

atomic force microscope (AFM). We will concentrate here on the STM, as it has been

the tool used in this thesis.

Figure 1.1: Photograph of the �rst scanning tunneling microscope taken from reference
[Binnig83]
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The STM was invented in 1982 by Gerd Binnig and Heinrich Rohrer [Binnig, Binnig82,

Binnig83]. It is true that there had been previous tunneling spectroscopy experiments

in superconductors by Ivar Giaver, but using planar junctions [Giaver60], which did

not provide any spatial resolution. An idea that was in the mind of scientists at that

time, among them Binnig and Rohrer, was to reduce the dimensions of one of the

electrodes and to use vacuum as the tunneling barrier, so that the electrode with smaller

dimensions could be displaced on top of the surface of the other one. This idea allowed

to achieve images of the surface of conductors with unprecendented resolution. Later

developments gave also the possibility to manipulate atoms on top of the surface of the

sample [Eigler90], bringing the opportunity to visualize the establishment of electronic

states in the surface of metals [Crommie93]. Remarkably, those states could be con�ned

within arti�cial atomic structures forming the so-called "quantum corral" [Crommie93b]

(see Fig. 1.1). These observations evidenced that the STM is sensitive not strictly to

the topography of the surface, but to the electronic density of the sample electrode close

to its surface.

Figure 1.2: STM image of a quantum corral obtained by placing 48 Fe atoms on top of
a Cu(111) surface with the tip of a STM [Crommie93b].

Therefore, the development of the STM was directed not only to the development

of surface science, which indeed has been signi�cantly developed (see, for instance,

[Chiang11]), but also to explore the low temperature electronic properties of materials

at the local scale. This allowed the development of a new technique called scanning

tunneling microscopy/spectroscopy (STM/S), which was �rst applied in superconductors.

Although the �rst attempt to measure the local density of states of a superconductor is

attributed to I. Giaver using planar tunnel junctions [Giaver60], as commented above,

the �rst application of the STM/S to this �eld was achieved by A. L. de Lozanne in

1985 [Lozanne85], who was able to image local spatial variations of the superconducting

energy gap of Nb3Sn. Remarkably, only four years afterwards, the �rst observation of the

vortex lattice of a type II superconductor was realized by H. F. Hess in NbSe2 [Hess89].

After these observations, the application of STM/S for the study not only of

superconductors (e. g., [GuillamonThesis, VCrespoThesis]), but also of other materials
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whose electronic properties dramatically change at low temperatures, has been impressive

(see, for example, references [Schmidt10, Aynajian10, Wahl11, Bork11] among many

others). Thus, this makes STM/S a powerful technique to explore the electronic

properties of materials at very low temperatures. In fact, the combination of STM/S

with cryogenic techniques has resulted very adequate and its use has been extended

worldwide ([Pan99, Singh13, Moussy01, Suderow11], among others). Moreover, it is very

�exible, allowing the development of other scanning probe techniques, particular for each

application. Some examples are the spin-polarized STM [Bode03], scanning tunneling

potentiometry [Dong02, Muralt86, Rozler08, Druga10] or combined AFM/STM probes

[Heyde04, CastellanosGomez09], among others. This opens new possibilities for future

research in condensed matter physics.

In this thesis, STM/S has been applied in the study of the local electronic properties of

di�erent materials at very low temperatures. On the one hand, type II superconductors

have been studied under current �ow, for which a new technique has been developed. On

the other, di�erent strong correlated electron systems have been studied, where di�erent

electronic phases arise at very low temperatures. For this reason, it is convenient to

brie�y revise the basic concepts of superconductivity and heavy fermion matter as a �rst

approach to understand the experiments.

Review of superconductivity

In 1911 at the Leiden Laboratory, H. Kammerlingh-Onnes was measuring the

temperature dependence of the resistance of mercury. He observed, while cooling down

the sample, that, at a temperature very close to 4.2 K, the resistance dropped suddenly to

zero and it did not increase when cooling down to lower temperatures [KamerlinghOnnes]

(see Fig. 1.3). This sudden decrease of the resistance of the sample below a certain

temperature evidenced that it had undergone a transformation to a, yet unkown, phase

characterized by a zero electrical resistance. This is how superconductivity was born.

Soon after this discovery, similar transitions were found in many other metals such

as tin, lead, indium, aluminum, niobium... Moreover, many alloys and intermetallic

compounds showed superconducting behavior at low temperatures. The temperature at

which the resistance goes down to zero is called superconducting critical temperature,

Tc. In table 1.1, the critical temperatures of some elements are presented.

However, it is not only the loss of resistance the characteristic that de�nes the

superconducting state, but its behavior under the application of an external and constant

magnetic �eld. This allows to distinguish the behavior of a superconductor from the one

found in a perfect conductor. In both of them, a zero resistance state is achieved for a

temperature below Tc and, if after cooling down them below such Tc a constant magnetic

�eld is applied, it does not penetrate the sample in both cases (see Fig. 1.4(a)). In the
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Figure 1.3: Original measurements of the resistance of mercury as a function of
temperature performed by Kamerlingh-Onnes in 1911. This �gure has been taken
from reference [KamerlinghOnnes].

Table 1.1: Critical temperatures of some superconducting elements [Schmidt].

Element Tc (K)
Al 1.175 ± 0.002
Nb 9.25 ± 0.02
Pb 7.196 ± 0.006
Sn 3.722 ± 0.001
V 5.40 ± 0.05
W 0.0154 ± 0.0005

case of the perfect conductor, this can be explained taking into account the Faraday-

Lenz law of classical electrodynamics, which says that a gradient of magnetic �eld (here,

it would be due to switching on the magnetic �eld) generates a current such that it

generates a magnetic �eld which compensates such gradient. Thus, inside the ideal

conductor the magnetic �eld turns out to be zero. Nevertheless, a complete di�erent

behavior occurs when applying an uniform magnetic �eld before cooling down. In the

normal resistive state of both an ideal conductor and a superconductor, the magnetic �eld

uniformly penetrates the material, but when cooling down below Tc, the superconductor

expels the �eld while the magnetic �eld in the ideal conductor continues penetrating the

material (see Fig. 1.4(b)).

Therefore, another characteristic which de�nes the superconducting state is the

expulsion of the magnetic �eld at a temperature below Tc, regardless if the magnetic

�eld has been applied before or after cooling down the material. This was �rst

observed in the experiments of W. Meissner and R. Ochsenfeld [Meissner33], which

gave its name of Meissner-Ochsenfeld or simply Meissner e�ect. Moreover, these

experimental observations also support that superconductivity is a phase transition, since

any equilibrium state in thermodynamics is de�ned by its independent thermodynamical

variables (here, T and H) and is independent of its history, something which is not true

for a perfect conductor [Ketterson].
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T > Tc 

T < Tc 

(a) (b) Zero field cooling Field cooling 

Ideal conductor Superconductor 

µ0H µ0H µ0H µ0H 

µ0H µ0H 

Figure 1.4: Comparison between the behavior of a superconductor (blue) and an ideal
conductor (green) under the application of a uniform magnetic �eld µ0H. In (a) the
samples are cooled down before the application of the magnetic �eld. Below Tc, the
magnetic �eld is applied and both of them expel it. However, when they are cooled
down under a uniform magnetic �eld, as shown in (b), it is only expelled by the
superconductor.

Phenomenological theories

Two years after the observation of the Meissner e�ect, Fritz and Heinz London proposed

a phenomenological theory for explaining the electrodynamics in superconductors

[London35]. They explained that the expulsion of the magnetic �eld inside a

superconductor is due to the appearance of screening supercurrents within its surface.

Thus, in the small thickness where these supercurrents appear, the magnetic �eld is

not completely expelled. From their equations, it can be inferred that the value of

the magnetic �eld inside the superconductor decays exponentially up to a characteristic

distance from its surface, which is called the London penetration depth, λL.

Despite this theory is very suitable to explain the Meissner e�ect, this is not the

general behavior observed in every superconductor under the application of a magnetic

�eld. In only few of them, usually called type I superconductors, the magnetic �eld

expulsion is total. However, many others, known as type II superconductors, behave very

di�erently under the application of a magnetic �eld. The distinction between these two

di�erent groups of superconductors, together with the explanation of many macroscopic

properties of the superconducting state, could be possible due to the development of the

phenomenological theory of Ginzburg-Landau (GL).

This theory was published in 1950 by L. D. Landau and V. L. Ginzburg [GL50]

and describes the thermodynamics associated to the superconducting transition, from

which it can be obtained the value of the di�erent macroscopic variables in equilibrium
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of the superconducting system. Moreover, it describes the spatial variation of the

superconducting properties of a material using two characteristic lengths, the penetration

depth λ and the coherence length ξ.

This theory is based in Landau's theory for second order phase transitions, in which at

a certain temperature a symmetry of the system is broken. Landau introduced an order

parameter in the free energy of the system to describe the transition. Its value is zero

in the symmetric phase, which is in general the high temperature one, but it gradually

increases when entering the less symmetric phase as the temperature is reduced. In

the case of superconductivity, the GL theory introduces as order parameter a complex

wavefunction Ψ = |Ψ|eıφ, where |Ψ| is its modulus and φ its phase. It describes the

macroscopic properties of the superconducting state and its density of probability, |Ψ|2,
is a measurement of the superconducting electron density, ns.

The expression that Ginzburg and Landau proposed for the functional of free energy

of a superconductor under the application of a magnetic �eld H is given by

G =

∫
dr[

1

2m∗
|(ı~∇+ e∗A)Ψ|2 + α|Ψ|2 +

β

2
|Ψ|4 +

1

2µ0
(∇×A)2 − (∇×A)H] (1.1)

where A is the magnetic vector potential, α and β two phenomenological parameters

that depend on the material and m∗ and e∗, the mass and charge of the superconducting

electrons, respectively. The latter two, after the development of BCS theory of

superconductivity, were found to be, respectively, twice of the mass and the charge of the

electron. If G is minimized respect variations of Ψ∗ and A, the so-called GL equations

are obtained:

1

2m∗
(ı~∇+ e∗A)2Ψ + β|Ψ|2Ψ = −αΨ

−j =
∇2A

µ0
=
ıe∗~
2m∗

(Ψ∗∇Ψ−Ψ∇Ψ∗) +
e∗2

m∗
|Ψ|2A (1.2)

These equations describe how the superconducting order parameter and the magnetic

�eld are distributed over the material in its superconducting state. Their solutions

evidence that there are other possibilities for the behavior of a superconductor under the

application of a magnetic �eld apart from its complete expulsion given by the Meissner

e�ect previously discussed. Under certain conditions, which will be explained in the

following, it is energetically favorable the partial penetration of the magnetic �eld,

resulting in an homogeneous distribution of normal and superconducting regions. In the

normal regions, where the magnetic �eld penetrates, the order parameter is canceled,

whereas in the superconducting ones where the �eld is expelled, the order parameter
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recovers its equilibrium value. This allows to de�ne two characteristic distances which

characterize the spatial distribution of these normal and superconducting areas, the

coherence length ξ and the penetration depth λ. The former describes the distance in

which the order parameter recovers its equilibrium value from the normal region, where

it is canceled. In contrast, λ describes the distance up to which the magnetic �eld can

penetrate in the superconducting region, in which its value decays exponentially (see Fig.

1.5). Note that λ is related, but it is not the same parameter as the London penetration

depth λL, previously de�ned. At T = 0 K, λL ≈ 1.41λ.

Normal phase Superconducting phase

H( )

µ0Hc

Ψ0

µ0H(r)

Ψ(r)
ξ

λλ

r

Figure 1.5: Spatial distribution of the magnetic �eld µ0H and the superconducting
order parameter Ψ along a normal-superconducting interface.

It is important to note that the magnetic �ux that penetrates through a normal region

embedded in the interior of a superconductor in the presence of a uniform magnetic �eld

is an integer multiple of the so-called magnetic �ux quantum or �uxoid, Φ0, which in the

International System (I. S.) of units is given by

Φ0 =
h

2e
(1.3)

where h is the Planck's constant and e the electron charge.

Both, ξ and λ show the same temperature dependence for temperatures close to Tc,

which is given by

λ,ξ ∝ 1

(Tc − T )1/2
(1.4)

Its ratio de�nes the Ginzburg-Landau parameter, κ,

κ =
λ

ξ
(1.5)
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which is, consequently, temperature independent. Its value determines if it

is energetically favorable or not the penetration of the magnetic �eld inside a

superconductor. If ξ & λ, it is not energetically favorable, whereas if λ & ξ, it is

and the magnetic �eld penetrates through certain regions called vortices, whose details

will be described in the following. This result can be more precisely inferred from GL

theory, which classi�es the superconducting materials in two types, depending on their

behavior under the application of a magnetic �eld. In type I materials, κ < 1/
√

2,

so they completely expel the magnetic �eld by the Meissner e�ect. In contrast, for

type II superconductors κ > 1/
√

2 and the expulsion of magnetic �eld is partial. All

the elements, except for Nb, V and Tc, are type I superconductors and the rest of the

materials, are type II. Therefore, the majority of superconductors belong to this second

type.

-M 

H Hc 

-M 

H Hc 
Hc1 Hc2 

Type I Type II 

H 

T Tc 

Hc 

Meissner state 

Normal 

phase 

µ0H 

T 

H 

Tc 

Hc 

Hc2 

Hc1 

Meissner state 

Normal 

phase 

Mixed 

state 
µ0H 

µ0H 

(a) (b) 

Figure 1.6: Comparison between a type I (a) and a type II (b) superconductor with
the same value of the thermodynamical critical �eld Hc. In the upper panels, the
corresponding magnetization curves are presented and in the lower panels a schematic
phase diagram is shown representing the variation of the magnetic �eld H as a function
of temperature for each type. The Meissner and mixed state are sketched in the insets.

The di�erence between the behavior under the application of a magnetic �eld in these

two types of superconductors can be understood in their respective magnetization curves

and phase diagrams (see Fig. 1.6). Type I superconductors behave as perfect diamagnets

for magnetic �elds below the critical one Hc. Note that Hc is the thermodynamical critical

�eld and in GL theory is given by

Hc =
Φ0

2
√

2πλξ
(1.6)

Moreover, its temperature dependence is given by
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Hc(T ) = Hc(0)[1− (
T

Tc
)2] (1.7)

which de�nes a parabola in the H-T phase diagram were the Meissner e�ect takes

place (see Fig. 1.6(a), lower panel). However, for a type II superconductor the

magnetization curve is di�erent. For magnetic �elds below the lower critical one, Hc1,

the superconductor totally expels the magnetic �eld. Nevertheless, for higher magnetic

�elds, the value of its magnetization decreases with the magnitude of the applied �eld

up to a certain value, upper critical �eld Hc2, where there is a zero magnetization. This

is due to the partial penetration of the magnetic �eld in certain normal regions, which

coexists with superconducting ones. The region of magnetic �elds between Hc1 and Hc2
is often called mixed state or Shubnikov phase, because he was the one who �rst observed

it [Shubnikov37]. In the formalism of GL theory, the two critical magnetic �elds can be

written as

Hc1 =
Φ0

4πµ0λ2
ln(κ) (1.8)

Hc2 =
Φ0

2πµ0ξ2
∝ 1− T

Tc
(1.9)

These are shown in the H-T phase diagram presented in Fig. 1.6(b), lower panel.

Although, according to equation 1.9, the temperature dependence of Hc2 should be

strictly linear, experimentally, it is observed that at very low temperatures, the value for

Hc2 is lower than the one predicted by such linear dependence. More detailed calculations

[Werthamer66] give a value for Hc2 of about 69% below the one predicted by equation

1.9.

Let us focus now in the mixed state of a type II superconductor, thus, under a

magnetic �eld intermediate between the upper and lower critical ones (Hc1 < H < Hc2).

In such state, as mentioned above, the magnetic �eld penetrates the superconducting

sample in certain regions called vortices, where the magnetic �eld lines penetrate in a

direction perpendicular to the surface of the sample, carrying exactly a �uxoid Φ0, that

is the con�guration that minimizes the free energy of the system. Moreover, as the

magnetic �eld penetrates in the same direction through every vortex, their interaction is

repulsive. The generation of each vortex requires an energy per unit of length εL given

by

εL =
Φ2

0

4πµ0λ2
ln(

λ

ξ
) (1.10)

This problem was �rst solved by Abrikosov in 1957 [Abrikosov57], who also

demonstrated that for superconductors in which the electron mean free path ` is larger

25



Chapter 1. Introduction

than ξ, that we will also called clean, due to its interaction, vortices are arranged in a

triangular lattice, that is the con�guration that minimizes the free energy of the system,

and it is also known as Abrikosov vortex lattice (see Fig. 1.7(a)). Nevertheless, in some

superconductors, the equilibrium con�guration is achieved through a lattice of di�erent

symmetry (squared or rhombohedral) [Yethiraj97, Nishimori04].

d 

J 

µ0H 

ǀΨǀ2 = ns 

r ξ λ 

J 

µ0H 

(a) 

(b) 

(c) 

µ0H 

Figure 1.7: (a) Schematic diagram of the surface of a type II superconductor in
the mixed state (Hc1 < H < Hc2). (b) Zoom around one vortex showing the three
dimensional distribution of its core (orange), where the density of superconducting
electrons decays, and its extent (green), up to where the magnetic �eld decays and
screening supercurrents, J, set in. (c) Linear cut along the vortex in (b), showing the
radial distribution of the magnetic �eld µ0H, the modulus of the superconducting order
parameter |Ψ|2 and the supercurrent density J within a vortex.

It is important to notice that, regardless of the symmetry of the lattice, the distance

d between the nearest neighbors only depends on the magnitude of the magnetic �eld B

and, for the case of a lattice with triangular (d4) and squared (d�) symmetry, it can be

written as

d4 =

√
2√
3

φ0

B

d� =

√
Φ0

B
(1.11)

Therefore, as the magnitude of the applied magnetic �eld increases, the distance

between vortices is reduced. When such distance is of the order of ξ, the vortex cores

will start to overlap and the material transits to its normal state. This gives, then,

another interpretation for Hc2 as the magnetic �eld value for which the distance between

vortices is comparable to ξ.
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The coherence length ξ gives a measurement of the size of a vortex core. If we look

closely to one vortex (see Fig. 1.7(b) and (c)), the magnetic �eld does not penetrate

uniformly, but its magnitude decreases exponentially within a distance of the order

of λ. Consequently, screening currents are generated around the vortex which extend

up to a distance of the order of λ. It is relevant to remember that, for most type

II superconductors, in particular when κ >> 1, λ is far above ξ. This implies that

the magnetic �eld is practically homogeneous between vortices for �elds above a few

hundreds of millitesla. Moreover, the modulus or amplitude of the order parameter

and, consequently, the density of superconducting electrons, decreases from its value in

equilibrium when approaching the vortex core within a distance ξ, being zero exactly at

the center.

BCS theory

Despite the theories described so far are very useful to understand and characterize

phenomenologically the superconducting state, it is necessary to give a microscopic

explanation for it. Historically, this was achieved in 1957 by Bardeen, Cooper and

Schrie�er [BCS57, BCS57b], who developed the microscopic theory for superconductivity,

which is very often called BCS theory. Its development was essential for the correct

understanding of the macroscopic properties of a superconductor described so far.

By that time, some experimental observations characteristic of the superconducting

state, such as the exponential decay of the electronic term in the speci�c heat or the

decrease in entropy below Tc, were suggesting that there was some change occurring to

the electrons when entering the superconducting phase. The observation of the isotope

e�ect in 1950, which accounts for the di�erence in Tc observed for the same element

depending on the mass of the isotope used, constituted a step forward in this direction. It

evidenced that although the atomic lattice remains unchanged, it in�uences signi�cantly

the behavior of electrons in the superconducting condensate.

In fact, this e�ect was predicted in the same year by Fröhlich, who proposed that an

attractive interaction between two electrons mediated by a phonon could be responsible

for superconductivity [Frohlich50]. This can be understood if we consider an electron

moving in a solid, which produces an attractive interactions with the positive ions in

the surroundings. Such attraction, generates a deformation in the atomic lattice or

phonon and, consequently, an area with an excess of positive charge. It is easy to get

that another electron moving around this area is going to be attracted by this positive

charge in excess (see Fig. 1.8). Therefore, globally, this process can be understood as an

e�ective attractive interaction between two electrons mediated by a phonon.

Another important step towards the development of BCS theory came in 1956,

when Cooper demonstrated that when the attractive interaction between two electrons
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Figure 1.8: Schematic illustration of the establishment of an attractive interaction
between two electrons mediated by a phonon. In (a) an electron e−1 is moving in a solid
attracting the positive ions which surround it, generating an area with an excess of
positive charge, indicated with green colors. Another electron e−2 traveling through the
solid in the opposite direction is attracted to this area with excess of positive charge,
as shown in (b).

overcomes the Coulomb repulsive one, a bound state for electrons close to the Fermi

level sets in with an energy below EF . This pair of electrons occupying this bound

state is called a Cooper pair. They have an opposite momentum and spin, because this

corresponds to the minimum energy con�guration of the system. Therefore, the Cooper

pair can be schematically represented as (k ↑,−k ↓).

It is important to note that the wavefunction that describes the Cooper pair has an

spatial extension of some nm in the material, which is de�ned by the so-called intrinsic

coherence length ξ0. This is due to the fact that the electrons can move in a material

much more quickly than the ions in the lattice. Thus, when the electron has travelled a

distance of the order of 100 nm, the displacement of the atoms in the lattice is maximal.

This distance can be easily estimated taking into account the value of the velocity for

electrons in a metal; namely, the Fermi velocity, vF ∼ 106 m/s, and the characteristic

period for vibrations in a lattice (2π/ωD ∼ 10−13s, where ωD is the Debye frequency).

It was in 1957 when Bardeen, Cooper and Schrie�er published their theory [BCS57,

BCS57b], extending this problem not only for two electrons, but for many of them,

which is the real situation in a solid. It is noteworthy to mention how a simple theory

can account for the macroscopic properties predicted by the previous phenomenological

theories for a superconducting system in equilibrium, such as the Meissner e�ect, the

magnetic �ux quantization and the de�nition of the two characteristic length scales, λ

and ξ.
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According to this theory, when the e�ective interaction between electrons is attractive,

the system is unstable and needs to form Cooper pairs in order to reduce its energy.

Therefore, the ground state of the system is described by a macroscopic wavefunction that

is the result of the coherent superposition of the wavefunctions associated to each Cooper

pair forming the superconducting condensate. Consequently, when an electric �eld is

applied to the material, the movement of each pair is determined by the movement of

the others, so that every pair moves with exactly the same momentum, being una�ected

by the defects in the lattice. These, in normal conductors, act as scattering centers,

being the cause of their electrical resistance.

This theory also predicts the opening of an energy gap ∆ around the Fermi level in

the excitation spectrum of a superconductor, which is a characteristic that determines

the electronic properties of a superconductor. This excitation spectrum is obtained by

solving the BCS Hamiltonian, and can be written as

Ek = (∆2 + ε2
k)

1/2 (1.12)

where ∆ is a constant and εk = (~2k2/2m)− EF is the kinetic energy of an electron

with momentum k measured respect to the Fermi energy EF [Schmidt]. As the value of εk
can be arbitrarily small, from equation 1.12 it can be inferred that the minimum energy

required to create an elementary excitation in the superconductor is ∆. Consequently,

an energy gap of width ∆ opens in the excitation spectrum of a superconductor. When

εk increases, so that εk >> ∆, then Ek ≈ εk, and the excitation spectrum reduces

to the continuous one of the free electron model for a normal metal. This situation is

represented in Fig. 1.9(a).

Nevertheless, it is important to clarify that in the ground state of a superconductor,

the Cooper pairs are all condensed in an state of energy ∆ below EF . Therefore, the

energy required to break a Cooper pair is 2∆ and, thus, it is the minimum energy required

to occupy the �rst excited state of the system. Note also that when a Cooper pair is

broken, each quasiparticle with a certain momentum and spin, k ↑, creates an empty

state or "hole" with opposite momentum and spin, −k ↓, which is not available to form

other Cooper pairs.

Within this theory it is easy to get an analytical expression for the density of states

of a superconductor. As the number of states has to be preserved in the superconducting

transition, we can write

NN (εk)dεk = NS(Ek)dEk (1.13)

where NN (ε) and NS(E) are the density of states in the normal and superconducting

phase, respectively. Taking EF as the zero energy level and assuming that for an energy
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Figure 1.9: (a) Schematic diagram of the energy excitation spectrum of a supercon-
ductor, showing the opening of the superconducting energy gap ∆ around the Fermi
level EF . At T = 0 K all the Cooper pairs are condensed forming the BCS ground
state. The energy required to break a Cooper pair and to form quasiparticles is 2∆.
(b) Comparison between the density of states of a normal metal NN (0) (dark green),
which can be considered to be constant for energies close to the Fermi level, and the
one of a superconductor NS(E) normalized to NN (0) (light green) predicted by BCS
theory. The latter diverges at an energy ∆, forming the so-called quasiparticle peak,
and it recovers the one of a normal metal at higher energies.

range close to the Fermi level (of about few meV) NN (ε) can be taken as constant and

equal to the one found at the Fermi level NN (EF = 0), using the expressions 1.12 and

1.13, gives

NS(E)

NN (0)
=

0 for E < ∆

E√
E2−∆2

for E > ∆
(1.14)

which is an analytical expression for the density of states of a superconductor

normalized to the one found in the normal state. It is represented in Fig. 1.9(b), where

it is shown that there are no states available in an energy range ∆ around the Fermi level

and the density of states diverges at an energy equal to ∆, giving rise to the so-called

quasiparticle peak.

This theory establishes also that for superconductors with a weak electron-phonon

interaction, there is a relationship between the superconducting energy gap at 0 K and

Tc, which is given by

∆(0) ≈ 1.76kBTc (1.15)

where kB is the Boltzmann constant.
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Figure 1.10: Temperature evolution of the superconducting energy gap ∆ after solving
numerically equation 1.16. The values for ∆ and the temperature have been normalized
to the value for ∆ at 0 K, ∆(0) and to Tc, respectively.

Moreover, the temperature dependence of the superconducting energy gap is given by

1

NN (0)V
=

∫ ~ωD

−~ωD

dE
tanh{[E2 + ∆(T )2]1/2/2kBT}

2[E2 + ∆(T )2]1/2
(1.16)

which needs to be solved numerically. The result is shown in Fig. 1.10, where it can

be appreciated that the value of ∆ remains una�ected until a temperature of about Tc/2.

At this temperature, the number of excited quasiparticles is large enough to produce a

decrease in the gap value, which is more evident as the temperature approaches Tc were

it is exactly zero.

It is interesting to notice that the Ginzburg-Landau theory is equivalent to the BCS

one for temperatures close to Tc, as it is assumed that the value of the order parameter is

small and changes gradually close to the superconducting transition. In 1959 L. Gor'kov

established the equivalence between them [Gorkov59], where the order parameter in GL

theory was taken as the wavefunction Ψ of the macroscopic BCS wavefunction. In his

work, he also rewrote the characteristic length scales of GL theory, λ and ξ as a function

of characteristic microscopic variables of a material, getting

λ(T ) =
1√
2
λL(0)

√
Tc

Tc − T

ξ(T ) = 0.74ξ0

√
Tc

Tc − T
(1.17)
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where λL(0) =
√

3c2

8πe2v2
FN(EF )

. Therefore, the Ginzburg-Landau parameter κ is given

by

κ = 0.96
λL(0)

ξ0
(1.18)

Note that these expressions are only valid for superconductors in the so-called, clean

limit, where ` >> ξ0, being ` the electron mean free path. In the case of a superconductor

in the opposite case, where ξ0 >> `, which is know as the dirty limit, the expressions in

1.17 slightly change, giving

λ(T ) = 0.615λL(0)

√
ξ0

`

√
Tc

Tc − T

ξ(T ) = 0.85
√
ξ0`

√
Tc

Tc − T
(1.19)

and, consequently,

κ = 0.725
λL(0)

`
(1.20)

Therefore, this evidences that the value of the electron mean free path in a material

signi�cantly in�uences its superconducting properties. In fact, a reduction in `, produces

a reduction in ξ and an enhancement of λ, being even possible that a, in principle, type

I superconductor can behave as a type II one.

Superconductivity in the clean limit

As we have just explained, a superconductor belongs to the so-called clean limit when

` >> ξ0. This condition provides a rich electronic structure within vortex cores.

In order to understand the origin of such electronic structure, it is convenient to

revise what happens in a normal-superconductor interface, when an electron of energy

below the superconducting energy gap ∆ is traveling in the normal region towards the

superconductor. In this situation, when the electron encounters the interface, it is going

to be re�ected as a hole and a Cooper pair is transmitted to the superconductor (see

Fig. 1.11). This phenomena was �rst proposed theoretically by A. F. Andreev in 1964

[Andreev64] and is called Andreev re�ection. It is important to remark that this process

only occurs for electrons with energy below ∆ in the normal metal and close to the

normal-superconducting interface, at a distance of the order of the coherence length ξ.
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Figure 1.11: Schematic diagram of an Andreev re�ection process in a normal-
superconductor interface at T = 0 K. In (a) an electron in the normal metal with energy
below ∆ moves towards the superconductor. (b) When it approaches the interface, it
is re�ected as a hole and a Cooper pair is formed in the superconducting electrode.

If their energy is above ∆, they can be transimitted to the superconductor as excited

quasiparticles, populating the available states for energies above ∆.

Therefore, in the case of an isolated vortex core, as it consists of a normal region

extended within a distance ξ and surrounded by a superconducting one, multiple Andreev

re�ections are produced. Thus, the phases of the corresponding wavefunctions of the

multiply re�ected electrons and holes interfere, and when such interference is constructive

they generate quasiparticle bound states inside the vortex core. These were discovered

by Caroli, de Gennes and Matricon [Caroli64], who also found that the energy spectrum

inside the vortex core is discrete, and whose energy values are given by

Eµ = µ
∆2

EF
(1.21)
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being E1/2 = ∆2

2EF
the energy of the ground state. In Fig. 1.12 a simpli�ed picture of

these states is presented.
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ǀΨ1/2ǀ2
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Figure 1.12: Illustration of the approximation of a superconducting vortex as a quantum
potential well of height ∆ and width 2ξ. Inside the well, discrete bound states (black
lines) of energies Eµ arise, whose corresponding wavefunctions have a di�erent density
of probability |Ψµ|2 (magenta lines).

As it will be explained in Chapter 3, STM/S is sensitive to these states, especially in

the case of NbSe2, in which were �rst visualized in the pioneering experiments of Hess

[Hess89]. However, in the majority of superconductors, the energy spacing between these

energy levels is very low, and it is very di�cult to resolve them with a STM. This could

be due to possible thermal e�ects or to the scattering e�ects with impurities, which is

characteristic of superconductors in the so-called dirty limit.

Unconventional superconductivity

Up to now, it has been assumed that the value of the superconducting energy gap is

constant over the whole Fermi surface. Nevertheless, if there is certain anisotropy in

the electron-phonon interaction described above, it can produce variations of the value

of ∆ depending on the direction k of the reciprocal space. This originates anisotropic

superconducting properties. In Fig 1.13, the possible anisotropic gap functions ∆(k)

are represented, being the s-wave case the isotropic function described by BCS theory.

The function ∆(k) can be very complex, even reducing to zero for certain k values, as

obtained in the case of a p-wave or d -wave superconductor, and which de�nes the so-

called nodes of the gap function. These possibilities confer an unconventional character

to the superconducting state of a material, which is often known as "unconventional"

superconductor, in order to di�erentiate its behavior from the conventional s-wave one

predicted by BCS theory. As in this thesis the d -wave case has been studied, it is

interesting to compare this case with the conventional s-wave one.
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Figure 1.13: Schematic representation of the function ∆(k) for di�erent types of
superconductors: isotropic s-wave (which follows BCS theory), anisotropic s-wave, p-
wave and d -wave. In the latter two, points in k-space without any gap are found.

The anisotropy found in the gap function over the Fermi surface in a d -wave

superconductor, a�ects signi�cantly the shape of its density of states close to the Fermi

level. In Fig. 1.14(a) it is plotted, together with the one corresponding to the isotropic

s-wave case, for its comparison. It can be observed that a d -wave superconductor is

characterized by a density of states that is V-shaped at energies very close to the Fermi

level.

However, despite the shape of the density of states changes drastically from the

isotropic s-wave case to the anisotropic d -wave one, the evolution of ∆ with temperature,

does not present a signi�cant di�erence (see Fig. 1.14(b)). The temperature dependence

of the superconducting gap for a d -wave superconductor was calculated in reference

[Won94] using a much more complex equation than the one given by BCS theory

(equation 1.16).
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Figure 1.14: (a) Comparison between the density of states obtained for an isotropic
s-wave superconductor (blue line) and the one for a d -wave one (red line). (b)
Temperature evolution of the value of the superconducting gap obtained for a d -wave
superconductor (solid line) and the one for the isotropic s-wave case (dotted line). Here
∆0 = ∆(0 K). This �gure has been taken from reference [Won94].

Multiband superconductivity

A multiband superconductor is a superconductor whose superconducting gap value ∆

is di�erent in each sheet of its Fermi surface. It constitutes, then, a particular case

of anisotropy in the gap function and, in particular, the two band superconductivity

was predicted theoretically by Suhl, Matthias and Walker in 1959 [Suhl59]. Ideally,

electrons coming from the same band interact forming Cooper pairs. Nevertheless, if

the electron-phonon interaction involves electrons from di�erent sheets, the so-called

interband scattering occurs. As this scattering mixes the superconducting character of

each band, if it is strong enough it can even destroy the multiband character of the

superconductivity of a material.
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Figure 1.15: Temperature dependence of the two superconducting gap values of a two
band superconductor. This evolution is di�erent for the lower energy gap depending
on whether there is no interband scattering (lower solid line) or there is (dashed lines).
The latter case is very common, for which, as discussed in the text, the temperature
evolution of the lower energy superconducting gap value deviates from BCS predictions,
giving the same value for Tc for both bands. This �gure has been taken from reference
[Suhl59].

In the ideal case, with no interband scattering, there will be a di�erent electron-

phonon interaction in each band, giving a di�erent value for ∆, which have associated

a di�erent Tc, because from equation 1.15, Tc = ∆/1.76kB. However, as in practice

there is always some interband scattering, when increasing temperature above the Tc
associated to the lowest energy gap, the Fermi surface sheet with higher gap value induces

superconductivity to the one with a lower gap value and, at the end, Tc ends up to be

the same for the two bands. As a result, the temperature evolution of the low energy

gap deviates from the predictions of BCS theory (see Fig. 1.15)

Overview of heavy fermions

The behavior of metals with magnetic impurities deviates from the one predicted by the

free electron model, in which the positive ions of the elements constituting a material are

immersed in a non-interacting electron cloud [Kittel]. This anomalous behavior originates

from the atomic nature of the impurities that can be found in a metal, which falls into

three main types: transition metals, such as Fe, rare earths, such as Ce, or actinides,

being U one of the best examples. These are characterized by the presence of partially

�lled inner shells (of d -character, in the case of the transition metals, and of f -character

for the rare earths and actinides), in which the electrons are very localized and, thus,

they behave as localized magnetic moments. In a simple picture, when immersed in a

metal at very low temperatures, they give rise to a narrow electron band in its density
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of states as a consequence of their hybridization with the conduction electrons, which

is superimposed to the wider band coming from the conduction band of the metal host

(see Fig. 1.16).

E 

EF 
N(E) 

Figure 1.16: Simpli�ed picture of the density of states N(E) of a metal with magnetic
impurities at very low temperatures. The narrow peak comes from the hybridization of
the localized electrons in the inner shells of the magnetic impurities with the conduction
ones (red), which is superimposed to the density of states of the conduction electrons
of the metal host (blue).

Therefore, interesting electronic interactions between the localized magnetic moments

coming from the impurities and the conduction electrons of the metallic host arise.

Moreover, these strongly depend on the impurity concentration. For that reason, we

will start by reviewing the case of an isolated magnetic impurity in a metal host and,

then, we will extend it to the case of a dense array of such impurities.

The Kondo e�ect

When a magnetic impurity is embedded in a metal, at low temperatures, the electrons

tend to screen it, aligning antiparallel to it, forming a bound state, which is often

called Kondo state (see Fig. 1.17(a)). This explanation was �rst proposed by Kondo

[Kondo64] for the anomalous behavior in the resistivity which was previously observed

for some dilute magnetic alloys [VanDenBerg, VanDenBerg62, MacDonald62] (see also

Fig. 5.1(b)). When they were cooled down, below a certain temperature, which is called

Kondo temperature, their resistivity increases, showing a minimum. This behavior is

schematically shown in Fig. 1.17(b).

The Kondo temperature Tk is given by

kBTK = We
− 1

2N(EF )|J| (1.22)
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(a) (b) 

T TK 

ρ 

Figure 1.17: (a) Schematic illustration of the screening of an isolated magnetic impurity
(red) by the conduction electrons of the metal host (blue). (b) Temperature dependence
of the resistivity ρ of a metal with diluted magnetic impurities. At T = TK it shows a
minimum, indicating the onset of the Kondo e�ect.

where W is the width of the electron band associated to the magnetic impurity,

N(EF ) the density of states at the Fermi level and J the magnetic coupling constant of

the impurity with the electron cloud of the metal host. It accounts for the temperature

below which the screening of the magnetic impurity by the conduction electrons sets in.

Heavy fermions

Up to know, we have only consider the case of impurities immersed in a metal that are

far away from each other, so that they do not interact. However, many materials show a

high density of magnetic impurities or, even, they posses magnetic impurities as elements

which take part of their crystal structure. In this case, the screening of the magnetic

moments of the impurities (Kondo e�ect) competes with the interaction between the

impurities in this kind of materials, which are often called heavy fermions. The latter is

mediated by the conduction electrons of the metal host. It was proposed by Ruderman,

Kittel, Kasuya and Yosida [Ruderman54, Yosida57] and, for that reason, it is often called

as RKKY interaction. This magnetic interaction depends on the distance between the

impurities, which can interact either ferromagnetically or antiferromagnetically (see Fig.

1.18)

Therefore, in heavy fermion systems, the competition between the Kondo e�ect

and the RKKY interactions determine the di�erent magnetic phases that arise at low

temperatures. In addition, some compounds can even show a superconducting ground

state, which does not follow the BCS predictions, belonging to what we have called

unconventional superconductors above.
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Figure 1.18: Schematic evolution of the magnetic coupling constant J with the distance
r to a localized magnetic impurity. Its value decreases with the distance, decreasing
the magnetic interaction of the impurity with another one mediated by the conduction
electrons (RKKY interactions). Moreover, its sign �uctuates, producing a ferromagnetic
interaction when J > 0 (red) or an antiferromagnetic one when J < 0 (blue).

In general, this type of compounds are denoted as "heavy" because, due to the

electronic interactions which set in, the e�ective mass of electrons m∗ is much higher

than the bare electron mass. This is manifested in a signi�cant enhancement of the

quadratic term in the temperature dependence of resistivity (ρ(T ) = ρ0 + AT 2), of

the electronic term of the speci�c heat (C = γT ) and of the magnetic susceptibility χ

[Taylor].

These are interesting systems to explore the interplay between Kondo e�ect and

magnetism. Moreover, in some particular cases, superconducting phases arise, whose

properties are still a very active subject of research.

Aims of this thesis

The main aim of this thesis has been to characterize the local electronic properties of

di�erent systems whose characteristic energy scales are of a few meV around the Fermi

level. The title "Superconducting vortex dynamics and new heavy fermion phases studied

by very low temperature scanning tunneling spectroscopy" emphasizes the versatility of

the STM for studying di�erent systems. Although these materials can be divided in two

groups, superconductors and heavy fermions, sometimes the characteristics of both of

them coexist in the same material.

In this thesis, these materials have been studied by means of scanning tunneling

microscopy/spectroscopy (STM/S) using a home-made STM installed in the coolest part

of a dilution refrigerator. The details of the set-up as well as the basis of this technique
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are described in Chapter 2. In addition, it has been developed a method which allows

to apply a constant transport current through a superconducting sample while making

a STM/S experiment, which is described at the end of Chapter 2.

This new technique has been applied to study two very well-known superconduc-

tors: NbSe2, which was the �rst superconductor which was studied by means of STM/S

[Hess89, Hess90, Hess91], and a W-based thin �lm, which has been thoroughly charac-

terized in previous work of Instituto de Nanociencia de Aragón (INA) [CordobaThesis,

Cordoba13] and Laboratorio de Bajas Temperaturas de la Universidad Autónoma de

Madrid (LBTUAM) [GuillamonThesis, Guillamon08b, Guillamon09, Guillamon11]. In

the former, the electronic structure of a vortex core under current �ow has been charac-

terized. In the latter, we have investigated the behavior of the vortex lattice under the

action of the current.

The di�erent heavy fermion systems that have been studied in this thesis are

described in Chapter 5. In particular, the two Ce-based heavy fermions CeRu2Si2
and CeRh2Si2 have been compared by means of temperature dependent tunneling

spectroscopy. The former is the archetypical example of heavy fermion metal and the

latter an antiferromagnet. In addition, the superconducting phase of URu2Si2 has been

studied also by means of tunneling spectroscopy at very low temperatures, but using a

superconducting tip of Al.

In the appendix A, the studies made in collaboration with Max Planck Institute

(MPI) during a three-month stay are described. They deal with the characterization of

the superconducting phase of the heavy fermion compound CeCu2Si2.
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Experimental techniques

A scienti�c instrument is an essential tool in any experimental discipline and, hence, the

deep knowledge about its operation conforms the basis of any good research. This is

even more important if one wishes to explore other feasibilities of such a tool. For the

work presented here, a home-made scanning tunneling microscope able to work down

to milikelvin temperatures has been used. It has been characterized, determining its

energy resolution and electronic temperature, and its operation has been improved.

Moreover, a method has been developed which allows the application of a constant

electric current through superconducting samples while performing scanning tunneling

microscopy/spectroscopy (STM/S) measurements.

This chapter is organized as follows. The experimental set-up is presented by

introducing the two di�erent techniques involved in its operation: the dilution

refrigeration and the scanning tunneling microscopy. Details about its improvements and

calibration are also included. Finally, the new method and its testings are described.

It is noteworthy to mention that this experimental set-up has been entirely built and

developed in the Low Temperature Laboratory of Universidad Autónoma de Madrid

(LBTUAM, with A. Buendía) in collaboration with the workshop of this University

(SEGAINVEX), headed by M. Pazos.
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2.1 The dilution refrigerator

In order to explore the electronic properties that emerge at very low temperatures

in the materials that have been studied in this thesis, it is necessary to develop

experimental techniques for cooling down. Moreover, such low temperatures provide

excellent conditions for performing scanning tunneling microscopy experiments, in which

thermal drifts can be neglected and cryogenic vacuum conditions can be easily achieved.

At such low temperatures, the energy resolution also increases, being typically of about

15 µeV at 100 mK, which is essential for obtaining information about the local density

of states of the di�erent materials for energies of few meV respect to the Fermi level.
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Figure 2.1: Comparison between the cooling power of a 3He cryostat and the one of a
dilution refrigerator as a function of temperature.

Therefore, it is necessary to use a device which allows to cool down the experiment in a

quick and e�ective way and, once achieved, to maintain its temperature for a long period

of time. For that purpose, a dilution refrigerator seems particularly adequate because it

has an excellent cooling capacity or, equivalently, high cooling power. The cooling power

depends quadratically on temperature, which constitutes an important advantage in its

operation at low temperatures compared to other types of refrigerators. For instance, the

cooling power of a 3He evaporation cryostat drops exponentially to zero when lowering

the temperature and, hence, loses its cooling capacity at temperatures close to absolute
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zero (see Fig. 2.1). As it will be explained in the following section, the performance of

a dilution refrigerator is based on the physical properties of 3He/4He mixtures.

2.1.1 Principle of operation

For understanding the principle of operation of a dilution refrigerator, it is necessary

to remind the physical properties of 3He/4He mixtures [Lounasmaa]. The T -x phase

diagram of such mixtures is shown in Fig. 2.2, where T is the temperature and x the

concentration of 3He atoms in the mixture.

Figure 2.2: T − x phase diagram of 3He/4He mixtures, where T is the temperature of
the system and x the proportion of 3He atoms in the mixture [Lounasmaa]. The blue
dashed line represents a cooling process, where the separation of phases occurs at a
temperature T ′.

Let us consider an initial point (T, x) in such phase diagram which is below the

λ-curve; i. e., the mixture is in its super�uid phase (see Fig. 2.2). When cooling

this system down to a certain temperature T ′, below 0.5K, maintaining x constant, the

mixture separates in two phases: the concentrated phase, rich in 3He, and the diluted

one, in which the concentration of 3He is low. If the system is cooled further, the

amount of 3He in the concentrated phase exponentially approaches the total (x→ 1) at

a temperature T ′′, of about 0.1K. In contrast, in the dilute phase the concentration of 3He

atoms decreases upon cooling, but remains �nite (around 6.4%) even at 0K, which is an
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important issue for the successful operation of a dilution refrigerator. Another important

aspect for the operation of this refrigerator is the di�erent behavior of 3He atoms in the

di�erent phases. The concentrated phase behaves as a Fermi liquid, where 3He atoms

can be described as fermions with an associated e�ective mass m∗(3He), which accounts

for the interactions established between them. On the other hand, in the diluted phase,
3He atoms can be considered as a gas of interacting fermions, where the 4He part can

be assumed, for simplicity, to behave as a passive background �uid, where the thermal

excitations such as phonons or rotons can be neglected [Enss].

For simplifying, the cooling process of a dilution refrigerator has a formal resemblance

to an ordinary evaporation process, understanding the concentrated phase as if it

consisted of liquid 3He and the dilute one as its vapor. Therefore, 3He atoms need some

heat to �ow from the concentrated phase to the dilute one; i. e, for the dilution. This

heat transfer is the one that allows to cool down and, hence, constitutes the basis of the

operation of the refrigerator. It is called cooling power and it is approximately given by

Q̇m = ṅ3(12T 2
i −96T 2

m), being ṅ3 the 3He molar circulation rate, Tm the mixing chamber

temperature and Ti the temperature of the 3He entering the mixing chamber. When

there is no heat load, this expression reduces to a relation between the temperatures,

Tm = Ti/2.8, from which it is easy to get that for reaching a low Tm, it is needed a low

Ti, which is achieved in practice using heat exchangers, such as the ones shown in Fig.

2.3. Nevertheless, this is a di�cult task at very low temperatures due to the so-called

Kapitza resistance, a thermal boundary resistance established between a solid at a certain

temperature (here, the heat exchanger) and liquid helium [Kapitza41, Pollack69]. It is

inversely proportional to T 3 and to the heat-exchanging surface area A [Lounasmaa].

Therefore, in order to reduce this thermal resistance at very low temperatures, heat

exchangers with a large contact area are required. Their design is, thus, essential to

achieve a low base temperature for the operation of the refrigerator.

The di�erent parts of a dilution refrigerator are presented schematically in Fig. 2.3.

The main one is the mixing chamber, where the phase separation occurs and the lowest

temperature is achieved. Thus, the experiment is thermally anchored to this part. Other

thermal stages, which are necessary for the cooling process, are the 1 K pot, the still

and the heat exchangers. The former is a pre-cooling stage in which the mixture is

cooled down to a stable temperature around 1 K by pumping a little part of liquid 4He

from the main bath. As it will be explained in the following, in the still 3He atoms are

pumped from the diluted phase of the mixture (at a temperature about 0.7 K), creating

a gradient of osmotic pressure between the mixing chamber and the still. This pressure

gradient is the one that makes the 3He atoms in the diluted phase to �ow to the still after

going through the two phase boundary in the mixing chamber, absorbing a heat Q̇m, as

explained above. Other key elements for the operation of a dilution refrigerator are the

heat exchangers, which during the operation of the refrigerator put in thermal contact
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Figure 2.3: Scheme of the di�erent parts of a dilution refrigerator. The arrows indicate
the �owing of atoms of 3He during its operation.

the cool 3He in the diluted phase �owing upwards with the hot 3He in the concentrated

phase which �ows downwards, cooling the latter after repeated cycles.

The operation of the dilution refrigerator consists basically of the condensation and

subsequent circulation of a 3He/4He mixture, which is saved in a container or reservoir

at room temperature. The condensation consists of opening the gas in the reservoir into

tubes which go into the 1 K pot. Thus, the mixture condenses to the liquid and �lls

the cryostat. Once the liquid level reaches the still, which is achieved by circulating

the mixture, the dilution process starts when pumping 3He atoms (because their vapor

pressure is much higher than the one associated to 4He ones) from the still and inserting

them again in the circuit by the condensation line. After several cycles, the mixture is

cooled down. The phase separation occurs for temperatures below T ′ (see Fig. 2.2) and,

ideally, in the mixing chamber, where the concentrated phase �ows over the diluted one

due to its lower density.

2.1.2 Description of the cryostat

The cryostat used in this thesis is a modi�ed MX400 Oxford Instruments dilution

refrigerator able to cool down to 7 mK which is also equipped with a superconducting
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magnet for applying magnetic �elds up to 10T in a direction perpendicular to the surface

of the sample. This dilution refrigerator is the most powerful (its cooling power at 100 mK

is of 416 µW) and versatile of the Low Temperature Laboratory at Universidad Autónoma

de Madrid, and allows a multiuser service. In general, dilution refrigerators are designed

for requiring as little amount of 3He as possible, because its natural abundance is low,

being its ratio in the 3He/4He mixture usually around 20%.

1K pot1K pot

Still

Continuous heat 
exchangers

Step heat 
exchangers

Mixing chamber

Figure 2.4: Left: photograph of the insert of the dilution refrigerator. Right: Zoom
around the di�erent cooling stages for the 3He/4He mixture.

Photographs showing the di�erent cooling stages of the dilution refrigerator and

the gas handling system are shown in Figs. 2.4 and 2.5, respectively, which allow to

cool down and to have total control of the cooling process. The latter is achieved

by the continuous measurement of the temperature at the di�erent cooling stages.

An Allen-Bradley thermometer is anchored to the exchange gas sorb and two RuO2

thermometers are used for providing the 1K pot and mixing chamber temperatures.

Two other complementary RuO2 thermometers are available at the still and cold plate.

Both Allen-Bradley and RuO2 thermometers are secondary thermometers based on the

variation of its resistance with temperature. They need to be calibrated previously

using primary thermometers, whose thermometric parameter follows accurately a well-

known physical law. Whereas the RuO2 ones are very suitable and widely used for

measurements of temperatures below 1K [Batko92], the Allen-Bradley ones are used

for a higher temperature range (typically between 1.8 and 18 K) [Neuringer69]. Apart
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Figure 2.5: Photograph showing the di�erent parts of the set-up for the temperature
and magnetic �eld measurement.

from these thermometers, which are provided by Oxford Instruments, a carbon ceramic

sensor (CCS) was installed between the mixing chamber and the microscope, which give

another measurement of the temperature at the lowest part of the insert. It is especially

suitable for measurements at temperatures above 1.5 K, and thus it provides precise high

temperature measurements close to the experiment [CCS].

It is important to remark that, apart from the modi�cations done in the thermometry

assembly of the cryostat, other improvements have been done in the cryostat. These

include the location of the pumps in a separate building, the installation of a vibration

isolation system and several testings of the di�erent tubes used for the gas handling

system, among others. These modi�cations were mainly performed in order to reduce

the mechanical noise level, which was essential for the appropriate operation of the

microscope. As this issue deserves further explanation, together with a description of

the principle of operation of a scanning tunneling microscope, the details about the

implementation of these improvements are described in section 2.2.5.
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2.2 Scanning tunneling microscopy

The scanning tunneling microscope (STM) was invented in 1982 by G. Binnig and

H. Rohrer in IBM laboratories [Binnig]. It had such an impact for its application in

condensed matter physics that only four years later, in 1986, its inventors were awarded

with the Nobel Prize in Physics. Its principle operation is based on a property of

quantum mechanics, the tunneling e�ect which also gives its name, and the piezoelectric

e�ect. These are so adequately combined that, implemented in a device, allow to image

the topography and to explore the electronic properties of conducting samples with an

excellent resolution. Even, it allows to modify surfaces, by manipulating atoms one

by one [Eigler90, Roder93]. Basically, this instrument consists of a sharp conducting

tip which scans over the surface of, ideally, a �at conducting sample. When the tip is

approached to the surface of the sample down to few Å and a voltage Vbias is applied

between the tip and the sample, a current (which is called tunneling current Itunnel) will

�ow between these electrodes. This current can be measured at every point (x, y) over

the surface of the sample, moving the position of the tip, and can also be registered a

function of the applied voltage V . This is schematically shown in Fig. 2.6.

Itunnel
W-based 100nm 

thickness film

e-

Vbias

e
e-

∆z≈2nm∆z 2nm

Figure 2.6: Schematics of the STM principle of operation. The tunneling current Itunnel
is measured through the tip electrode when a bias voltage Vbias is applied to the sample.
The position of the tip (x, y) can be varied, together with, if desired, the value of Vbias.

2.2.1 Calculation of the tunneling current

The current that �ows between these electrodes can be calculated using the tunneling

theory, which was initially proposed by Bardeen [Bardeen61] and later applied to the

STM by Terso� and Hammann [Terso�83, Terso�85] shortly after its invention by Binnig

and Rohrer. From quantum mechanics it is known that if the tip approaches closely

enough to the surface of the sample, the wavefunction associated to the electrons in
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2.2 Scanning tunneling microscopy

each of the electrodes can overlap and, hence, there is a certain probability for the

electrons to cross the vacuum barrier by tunneling. For solving this problem, Terso� and

Hammann considered that when these electrodes were separated by a typical distance of

about 10 Å, their interaction was weak enough so that �rst order perturbation theory

applies. Additionally, they used the approximation of the transfer Hamiltonian proposed

by Bardeen in his model for tunneling. Within this theoretical background and given

that the energy is preserved in the tunneling process (elastic tunneling), the tunneling

current that circulates between the tip and the sample, in the two possible directions

can be written as

Isample→tip =
4πe

~

∫ +∞

−∞
|M |2 Ns(Es)f(Es)︸ ︷︷ ︸

filled sample states

Nt(Et)(1− f(Et))︸ ︷︷ ︸
empty tip states

dE

Itip→sample =
4πe

~

∫ +∞

−∞
|M |2Nt(Et)f(Et)︸ ︷︷ ︸

filled tip states

Ns(Es)(1− f(Es))︸ ︷︷ ︸
empty sample states

dE (2.1)

where e is the electron charge, ~ the Planck's constant, |M | the tunneling matrix

element (which can be also interpreted as the transmission probability through the

tunneling barrier), N the density of states (where s and t stand for the sample and the

tip, respectively) and f(E, T ) = [1+exp((E−EF )/kBT )]−1 the Fermi-Dirac distribution

function for a certain energy E and temperature T , being EF the Fermi energy and kB
the Boltzmann constant. Thus, it is easy to get to the expression of the total tunneling

current, which is given by

I = Isample→tip − Itip→sample

=
4πe

~

∫ +∞

−∞
|M |2Ns(Es)Nt(Et)[f(Es)(1− f(Et))− f(Et)(1− f(Es))]dE (2.2)

If, as mentioned above, the tunneling process is assumed to be elastic, Et and Es

must describe states of the same energy. However, if the zero energy value is taken at

the Fermi level of each electrode which are separated by applying a certain voltage Vbias
between them, these energies are reduced to Es = E − eV and Et = E (see Fig.2.7).

Thus, substituting this in equation 2.2, results that the tunneling current can be written

as

I =
4πe

~

∫ +∞

−∞
|M |2Ns(E − eV )Nt(E)[f(E − eV )− f(E)]dE (2.3)
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Figure 2.7: Scheme of a tunneling process between a tip and a sample separated by a
vacuum barrier of width d at zero temperature. In this con�guration a voltage V is
applied to the sample, which decreases its Fermi level an energy eV respect to the one
of the tip. Therefore, this makes the majority of the electrons to tunnel from the tip
to the sample.

which is basically the convolution between the density of states of the tip and the

sample. Note that according to the formalism of Bardeen, the tunneling matrix element

is given by

M =
~2

2m

∫
Σ

(Ψ∗µ∇Ψν −Ψν∇Ψ∗µ)dS (2.4)

where Ψµ and Ψν are the wavefunctions associated to the occupied and empty states

of, respectively, the tip and the sample. Moreover, the integral is extended over any

surface Σ contained into the vacuum barrier. The solution of the most simple model

of a one-dimensional tunnel barrier of width d, is that of an exponentially decaying

wavefunction with the distance z into the tunneling barrier, which gives

Ψµ ∝ e−κz

Ψν ∝ e−κ(d−z) (2.5)
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2.2 Scanning tunneling microscopy

for the wavefunctions, being κ =
√

2mφ
~2 ≈ 0.5

√
φ−1 if φ, the averaged value of the

work function of the tip and the sample, is expressed in eV. Substituting these expressions

for the wavefunctions given in the expressions 2.5 in the equations 2.3 and 2.4, it is found

that

I ∝ e−2κd (2.6)

This expression shows that the tunneling current decays exponentially with the

distance between the tip and the sample, which is essential in the operation of the

STM. As typically in metals their work function is of about few eV (e. g. in Au, φ =

5 eV), the expression in equation 2.6 indicates that a variation of 1 Å in the distance

between the electrodes produces a change of one order of magnitude in the tunneling

current. Therefore, the tunneling current is extremely sensitive to the distance between

the tip and the sample and its measurement constitutes the principle of operation of this

scanning probe technique.

2.2.2 Piezoelectric e�ect

Certain materials, called piezoelectrics, have the property of becoming deformed when

a voltage is applied to them. In general when a voltage of some volts is applied, a

deformation of the order of few nanometers is obtained. For that reason, these materials

are especially suitable for STM and they can be used to move the tip respect to the

sample surface at the nanometer scale.

Although it is not going to be discussed here, in practice, some e�ects can appear

limiting the use of this materials in a device. Just note that at very low temperatures

the creep, or relaxation e�ect that su�ers the material after its instantaneous response

to the applied voltage, can be neglected [Vieira86], as well as other artifacts caused by

the thermal shift, which appear as a consequence of temperature gradients.

Throughout the history of the STM, many di�erent piezoelectric con�gurations have

been used. In particular, in this thesis, a piezotube has been used to move the tip respect

to the sample in the three spatial directions (x, y, z), as usual in this kind of microscopes.

The displacement ranges of this piezotube are of about 2.2 µm × 2.2 µm in the plane and

of about 250 nm in the z-axis. These piezotubes have been used in the past in LBTUAM

[GuillamonThesis].

2.2.3 Description of the microscope

The STM used in the studies described in the following chapters was already designed

and built at the beginning of this thesis. Nevertheless, on the basis of the developments
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done in the previous microscopes installed in LBTUAM [Rodrigo04, GuillamonThesis,

MCrespoThesis], the microscope's design has been improved during this thesis.

(a) (b)

Rope for the 

(a) (b)

Connector for 
wiring

positioning 
stage

Coarse 
approach

Piezotube
and tip

Sample holder

Figure 2.8: (a) STM design in which the main parts are indicated by arrows. (b)
Photograph of the STM settled up and used in this thesis.

The main parts of the STM installed in the dilution refrigerator previously described

are shown in Fig. 2.8. The microscope was entirely designed and built in SEGAINVEX.

It is made out of titanium, which although has a rigidity comparable to copper (their

Young modulus is, for both, of about 11·104 MPa [Callister]), it has a lower density, being

lighter than copper. Moreover, it is a hard (comparable to steel, but 45% lighter) and

paramagnetic material, so that it is not a�ected at all by the application of a magnetic

�eld. It has also a thermal expansion comparable to the one of the piezoelectric materials

used in the piezotube, avoiding possible problems when cooling down and providing a

high rigidity to the whole instrument. The STM has a horizontal linear positioning

stage for the movement of the sample holder (which also allows for in-situ sample

cleaving) [Suderow11], a coarse approach of the tip respect to the sample (Z') based

in the electrical signals that are applied to two piezostacks, which drive the movement

of a titanium triangular prism held with a spring to whom the tip is attached to, and

a piezotube screwed to the mobile titanium prism which allows the movement of the

tip respect to the sample in the three directions (x, y, z). The materials used in the

construction of the piezotube as well as the connections and spatial resolution are the

same as the ones described in Ref. [GuillamonThesis], as mentioned above. Additionally,
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2.2 Scanning tunneling microscopy

the tips are prepared and cleaned in-situ on a pad of the same material by mechanical

annealing from repeated indentation, as described in the previous thesis of the same

group [GuillamonThesis, VCrespoThesis]. This procedure is further explained in Chapter

5 (section 5.2.1) for the case of Al superconducting tips.

Mixing plateg

Copper rods

Wiring

360mm

CCS sensor

Rope for the360mm

STM body

Rope for the 
positioning stage

175mm
STM body

Titanium prism

Sample holder

Fiberglass strips

Ø53mm

Ø72mm

Figure 2.9: Design (left) and photograph (right) of the home-made copper support
system for the STM head.

The main di�erences in design and construction of this particular microscope respect

to the previous one, described in reference [GuillamonThesis], is that it was designed to

give a more compact structure and the wiring was improved. A shielded wire containing

four twisted pairs of copper wires was used for the bias voltage, the tunneling current,

the signals for the coarse approach and the additional bias voltage needed for applying

a current through the sample (as it will be explained in the following sections). The

thermalization of this wire was also performed during this thesis. For optimizing it,

it was necessary to design and construct special copper pieces in which this wire was

thermally anchored to the di�erent cooling stages of the dilution refrigerator previously

described. Moreover, the STM is mounted on a home-made copper support, which was

speci�cally designed to locate the STM head at the center of the superconducting magnet

in order to apply a uniform magnetic �eld at the position of the sample (see Fig. 2.9).

2.2.4 Types of measurements

The STM is a very versatile tool because it allows to make many di�erent types of

measurements depending on the sample of study and on the electronic properties of the

material that one wishes to explore. The only constraints are that the sample must be

conducting (in order to allow a tunneling current to �ow between the electrodes) and
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�at enough so that the tip can scan over the sample as discussed as follows. The general

overview of the measurement procedure when using an STM is shown in Fig. 2.10.

ComputerELECTRONICSELECTRONICS

Feedback
Itunnel=constant

Z Piezo Signals forSignals for 
piezotube

X, Y 
Piezos

Digital            Analogic 
I/V converter

Tip

ConvertersBias voltage

Sample

Figure 2.10: Scheme of the main components for performing and STM/S measurement
with the con�guration used in this thesis.

The �rst type of measurement one can think of is to image the topography of the

surface of a conducting sample. Therefore, �xing the tunneling current to a certain

reference value and maintaining it constant using a feedback control system in the

electronics, the tip will scan over a certain area of the sample readjusting its height

with the Z piezoelectric at each point, according to the local electronic density in the

surface of the sample, for maintaining constant the �xed value for the tunneling current.

Thus, registering the signal applied to the piezoelectric in the Z direction, we can obtain

spatially resolved images. As the tip is ideally terminated in one atom, topography

images give atomic resolution. It is essential to note that this kind of images do not

correspond directly to the shape of the surface of the sample, but to the distribution

of the local electronic density over its surface. For instance, the spatial distribution of

surface electronic states can be imaged using an STM [Crommie93]. Therefore, images of

the surface of conducting samples provide important information about their electronic

structure.

Moreover, the electronic properties of the tip and the sample can be further explored

at a certain position using the STM in its spectroscopic mode of operation. It consists

of applying a bias voltage to one of the electrodes (tip or sample), and measure the

tunneling current through the other one, using an I/V converter. In this case, the bias

voltage is applied to the sample and the tunneling current is measured through the tip

in order to make it compatible with the application of a transport current, as it will

be explained in the following sections. Thus, with the tip located at a certain point
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of the surface of the sample, if a bias voltage ramp is applied to the sample, one can

measure the tunneling current as a function of the bias voltage, getting an I-V tunneling

curve. By numerically di�erentiating this curve, we obtain the tunneling conductance

G(V ) = dI/dV as a function of the bias voltage.

When single particle tunneling theory applies (see equation 2.3), G(V ) gives

information about the convolution of the density of states of the tip and the sample. Note

that when the tip is normal, its density of states for energies close to the Fermi level is

featureless, and then the tunneling conductance measured at very low temperatures as a

function of the bias voltage is directly proportional to the density of states of the sample.

This can be demonstrated calculating the tunneling conductance by di�erentiating

equation 2.3 for the case of a normal tip (Nt(E) is constant and comes out of the integral),

so that it reduces to

G(V ) =
dI(V )

dV
∝

∫ +∞

−∞
Ns(E)

∂f(E − eV )

∂V
dE (2.7)

where it has also been assumed that the matrix element is constant in an energy

interval close to the Fermi level. This assumption is valid for the superconductors studied

in this thesis, where the relevant energy range is of few meV around the Fermi level and

the distance between the tip and the sample is far away from the contact regime so that

Andreev re�ection processes can be neglected. Nevertheless, when the superconductor

has an anisotropic energy gap over its Fermi surface, the matrix element depends on

the geometry of the tunnel junction and on the coupling between the wavefunctions

of the electrodes. In particular, in an STM, as the size of the tunneling junction is

small (ideally, one atom), the tunneling process occurs in all directions and every part

of the Fermi surface contributes. Nevertheless, the di�erent parts of the Fermi surface

do not contribute equally to the tunneling process, it depends on the coupling of the

wavefunctions of the tip and the sample at each location. Thus, changes in the orientation

of the surface of the sample respect to the tip can give di�erent tunneling conductance

curves (see, for instance reference [Martinez03] for the case of MgB2). In this thesis,

this kind of tunneling processes will be presented and further explained for the case of

NbSe2, URu2Si2 and CeCu2Si2, where the superconducting gap opening is not isotropic

over the whole Fermi surface.

The derivative of the Fermi function is, at a �nite temperature T , a Lorentzian

function of width kBT , being kB the Boltzmann constant. Nevertheless, when the

temperature is lowered, i. e. in the limit T → 0K, this function tends to a delta

function and the integral in 2.7 can be solved easily, getting to

G(V ) =
dI(V )

dV
≈ Ns(E = eV ); when T → 0K (2.8)
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with which we arrive to the conclusion previously stated, that the tunneling

conductance at very low temperatures is directly proportional to the density of states of

the sample.

Nevertheless, this is only valid when using a normal tip, if a superconducting tip

is used, e. g. aluminum as it has been some times used in this thesis, the tunneling

conductance is the convolution of the two densities of states involved; i. e., the one of

the tip and the one of the sample and, hence, the expression in 2.7 becomes

G(V ) =
dI(V )

dV
∝

∫ +∞

−∞
Ns(E)Nt(E)

∂f(E − eV )

∂V
dE (2.9)

Therefore, even at very low temperatures, the tunneling conductance brings

information about the density of states of both electrodes, namely, the tip and the

sample. As it will be explained further in other chapters, the use of superconducting tips

has, in some cases, advantages over using normal tips.
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Figure 2.11: Summary of the di�erent types of measurements which can be performed
with the STM. (a) Measurement of the topography of a conducting sample using the
constant current mode. (b) Tunneling spectroscopy in a superconducting sample using
a normal (left panels) or a superconducting (right panels) tip electrode. (c) STM/S in
type II superconductors under an applied magnetic �eld. Several tunneling conductance
maps are obtained for di�erent bias voltages and, in particular, the one obtained at zero
bias gives the maximum contrast between the superconducting and normal regions,
visualizing the vortex lattice. The topography and spectroscopy images have been
taken in this thesis at 200 mK and 0.5 T using a W-based thin �lm of thickness 100 nm
made by focus ion beam at Instituto de Nanociencia de Aragón (Zaragoza). Details of
these experiments are described in Chapter 4.

Finally, the combination of the topographic and spectroscopic modes of the STM

gives what is called scanning tunneling microscopy/spectroscopy (STM/S). This type of
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2.2 Scanning tunneling microscopy

measurements can be used, for instance, in order to directly visualize the vortex lattice

of a type II superconducting sample. In this case, the tip scans over the sample using

the feedback control and at each scanning point the feedback control is switched o� and

a tunneling conductance curve is taken. Thus, measurements of the topography and

the spectroscopy of the sample are simultaneously obtained. In particular, tunneling

conductance maps can be constructed at a given bias voltage value by representing the

value of the tunneling conductance obtained at such bias voltage as a function of the

position (x, y) of the tip over the surface of the sample.

To sum up, a schematic diagram of the possible type of measurements which can be

obtained using the STM is shown in Fig. 2.11.

2.2.5 Sources of noise

In every experiment and, perhaps even more in scanning probe microscopy ones,

it is important to avoid any controllable factor which perturbs the quantity one

wishes to determine with the best possible quality, which is termed as noise. In

particular, in scanning tunneling microscopy these quantities are, in a simple view, the

spatial resolution in the topographic mode and the energy resolution when measuring

spectroscopy. Thus, for performing a high quality measurement of these it is needed

to avoid what it is called the mechanical noise and, at the same time, it is required to

suppress the electromagnetic noise as far as possible. In this section, these two main

sources of noise will be discussed and it will be described the way in which they have

been reduced in the set-up used in this thesis.

Mechanical noise

It is essential to isolate the microscope from vibrations and, as it is attached to the

cryostat, it needs to be properly isolated as well. This is due to the fact that, as

already explained, the experiment is based on the measurement of the tunneling current

between a tip and a sample separated by a distance of a few Ångström (Å). Moreover,

the tunneling current depends exponentially on such distance (see equation 2.6) and,

hence, a change in only 1 Å in the distance between tip and sample produces typically a

change in the tunneling current of one order of magnitude. For this reason, in order to

measure the local electronic properties of the materials it is crucial to maintain as stable

as possible the position of the tip on top of the surface of the sample and, consequently,

to isolate as further as possible the microscope from external vibrations.

In this thesis, the cryostat has been isolated from vibrations installing a Newport

vibration isolation system, as shown in Fig. 2.12, maintaining it always exempt from the

�oor. In addition, the cryostat is covered by an acoustic isolating material (COPOPREN)
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Figure 2.12: Photograph of the cryostat mounted on the vibration isolation system.

and every tube used in the dilution refrigerator's gas handling system has been covered

using a polyurethane foam, which helps to absorb the vibrations. Moreover, the pumps

used in the dilution refrigerator are located in a separated building, in order to reduce

the mechanical noise. In addition, the main pumping line was further isolated from

vibrations passing it through a box full of sand in order to further cushion the vibrations

induced in that tube by the rotatory and roots pumps. Other testings have been done for

this line in order to reduce further the transmission of vibrations to the STM head, such

as substituting the rigid metallic tube of external diameter of about 92 mm provided

by Oxford Instruments by a home-made plastic one with a smaller external diameter,

of about 55 mm. This test, however, was not successful as we did not notify any

improvement in the measurements. During this thesis intermediate stages for the cables

used outside the cryostat for the di�erent connections of the microscope were installed

as well using boxes attached to the support of the cryostat, which avoid the transmission

of vibrations to the microscope head. Finally, inside the insert, the attachment of the

STM head to the copper support shown in Fig. 2.9 was improved to further avoid

the transmission of vibrations to the STM head. These consisted basically of the use

of �berglass stripes where the microscope sits and the use of Kevlar ropes for further

attaching the microscope to the home-made copper support.
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Electromagnetic noise

One of the most important sources of noise comes from the electromagnetic environment

of the experiment. Every electrical signal carries some level of noise, which consists

basically of the superposition of other signals of, in general, a di�erent frequency

to the one which is applied to the experiment and which generally come from its

electromagnetic environment. These additional signals can be avoided by the use of

the proper radiofrequency (RF) �lters and, moreover, by improving the grounding

con�guration of the system.

In the case of a scanning tunneling microscopy experiment, every signal that is used

in the di�erent connections of the microscope should be RF �ltered, but perhaps the

one which should be handled more carefully is the bias voltage, because its noise level

gives directly the capability to sharply resolve features in the tunneling density of states.

Furthermore, it also reduces the noise in the current. In order to determine the resolution

in energy of the spectrometer, a well-known superconductor must be used. We have

chosen aluminum (Al) because it is a type I superconductor which follows well BCS

theory. Moreover, during this thesis RF �lters have been installed and tested for the

signals used for the measurement of the tunneling current, for the coarse approach of the

tip and for the ones which drive the piezotube in the (x, y, z) directions. In the case of

the bias voltage, a passive voltage divider �lter was found to be very suitable to avoid

the noise coming from the electromagnetic environment of the electronics. It was also

observed that proper grounding increased the quality of our measurements. In fact, this

was signi�cantly improved by joining the ground of the bias voltage signal with the one

of the I/V converter used to measure the tunneling current together with the one of the

cryostat.

In such con�guration, the microscope was cooled down using Al for the tip and

both Al and gold (Au) as the samples. The measurement of the normalized tunneling

conductance of a superconductor-insulator-superconductor (SIS) and normal-insulator-

superconductor (NIS) tunneling junction at the base temperature of the cryostat gives,

respectively, the energy resolution and the temperature of the experiment. As previously

explained, the tunneling spectra between two superconductors is basically the convolution

between the density of states of the tip and the sample. In the case of tunneling between

two identical and ideal BCS superconductors at very low temperatures, single particle

tunneling theory predicts that the tunneling conductance is zero until the application of

a bias voltage equal to the sum of both gaps, where a steep peak is found. The sharpness

of this peak determines the energy resolution of the set up. In our case, the width at

half maximum of the pronounced peak found in the normalized tunneling conductance

spectra observed at the base temperature of the cryostat is taken as a good measurement

of the resolution in energy of the tunneling spectrometer. In Fig. 2.13 (lower panel) it

is shown the result of the measurement of the tunneling spectra using an Al tip on top
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Figure 2.13: Normalized tunneling conductance curves obtained using a superconduct-
ing Al tip on top of an Au sample (upper panel) and a superconducting Al sample
(lower panel) at the base temperature the cryostat. Red lines are, for the former, the
�tting to the BCS prediction, from which it can be inferred a temperature of 150 mK
for the experiment, and, for the latter, the calculation of the convolution of the Al
density of states used for the tip and the sample, which gives a resolution in energy of
about 26 µeV.

of an Al sample at the base temperature of the cryostat. In this case, a steep peak is

found at a bias voltage of about 400 µV, which is comparable with the double of the gap

value for Al in the absolute zero ∆0 predicted by BCS theory, ∆0 = 182 µeV, given a

critical temperature Tc of 1.2 K [Cochran58] and using the well-known expression from

BCS theory ∆0 = 1.76kBTc. The width of the quasiparticle peaks observed at such bias

voltage give an energy resolution ∆E = e∆V ≈ 26 µeV.

Moreover, using the horizontal linear positioning system [Suderow11], which is also

available in this microscope, it is possible to move the same Al tip to tunnel on top

of an Au sample under exactly the same experimental conditions. Thus, by measuring

the tunneling spectra and �tting the result to equation 2.7 using the BCS expression
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for the density of states of Al, it is inferred that this tunneling spectra corresponds to

one taken at 150 mK (see Fig. 2.13 (upper panel)), instead of the one measured at the

real temperature of the experiment; i. e., the base temperature of the cryostat, being

in this case of 22 mK. Therefore, due to the presence of some level of electromagnetic

noise in the experimental set up, which is di�cult to entirely suppress, the tunneling

conductance curve measured at the base temperature of the cryostat in general does

not coincide with the expected density of states of the sample, as inferred previously

from equation 2.8. In order to account for and quantify this di�erence we assume that

the e�ect of the electromagnetic noise of the set up is re�ected in a broadening of the

tunneling conductance spectra equivalent to the one that would be obtained by increasing

the temperature of the tunneling junction. For that reason, in this thesis, we assume

that the measurements taken at 150 mK and below are performed at such 150 mK, where

no changes occur in the shape of the tunneling spectra due to the level of noise in the

experimental conditions used.

Note that the typical electronic temperatures achieved using similar set-ups are

in the range of 100-210 mK [Rodrigo04, Singh13, Moussy01], which is comparable

to the e�ective temperature reached in this thesis. However, a lower electronic

temperature has been achieved using other experimental set-ups, as described in

references [LeSueur06, Song10, Assig13].

2.3 Current driven scanning tunneling microscopy/spec-

troscopy

In this thesis, a method has been developed for studying the e�ect of the application of a

constant transport current in the local electronic properties of a superconductor. It has

given rise to a novel scanning probe technique, which has been termed current driven

scanning tunneling microscopy/spectroscopy (CDSTM/S)[Maldonado11]. It allows not

only to image the dynamics of the vortex lattice of a type II superconductor at the single

vortex level, but also to study the e�ect of the application of a constant current in the

local density of states of a superconductor.

Direct imaging of the e�ect that a current produces in the local electronic properties

of a material is a subject of wide interest. There has been a great e�ort to understand

problems which arise in di�erent systems under current �ow using scanning probe

techniques (see Fig. 2.14) such as local potential imaging in semimetals [Dong02],

electronic charge distribution and scattering patterns around defects and impurities

[Kirtley88], or atomic displacements due electromigration [Tao10]. Moreover, transport

measurements in systems which present a particular electronic or magnetic order; e. g.,

charge density waves (CDW) [Ringland99, Ayari04], spin density waves [Wessely06] or

63



Chapter 2. Experimental techiques

domain walls in antiferromagnets [Yamaguchi04], have left some opened questions which

need to be addressed in future work.

Figure 2.14: Schematic of an STM experiment for visualizing atomic displacements in
nanometric monoatomic islands on Ag(111) under current �ow. See reference [Tao10]
for details.

In particular, for a superconductor it is especially interesting to study the e�ect that a

current �ow produces in its electronic properties. It is expected to occur a Doppler shift

in its energy spectrum, leading to signi�cant changes in its density of electronic states

[Melnikov08, Kopnin03, Rainer96, Sanchez01, Anthore03]. Vortex lattice dynamics under

current �ow has been extensively studied [Blatter94, Brandt95, Cubitt09, Pautrat04,

Forgan00] and it currently generates a lot of interest in the scienti�c community, but

it has only been achieved using macroscopic techniques. Among the di�erent magnetic

imaging techniques, STM/S is especially suitable because it is the only one sensitive to

the coherence length and, hence, it allows to visualize vortices with an excellent spatial

resolution. Moreover, this technique can be used at a large range of temperatures and

magnetic �elds [Guillamon09, Guillamon11], whereas other techniques are limited for

the latter and can only be used under magnetic �elds below 1T [Finkler10]. The direct

visualization of the behavior of individual superconducting vortices under current �ow

by means of STM/S has been addressed in this thesis in di�erent materials by means of

CDSTM/S and it will be described in the following chapters.

2.3.1 Description of the method

This technique basically consists of adding another branch to the conventional electrical

circuit used in any scanning tunneling spectroscopy experiment. As it is shown in
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2.3 Current driven scanning tunneling microscopy/spectroscopy

Fig. 2.15, the superconducting sample is biased separately in two points, where exactly

the same voltage ramp Vbias is applied, but shifted in one side by a constant voltage

Vsample, which drops across a resistor in series R in order to allow a constant current

Isample = Vsample/R to �ow through the superconducting sample. Note that in this

con�guration, the tunneling current, Itunnel is measured through the tip electrode using

an I/V converter.

RI/V

-
I/V

Itunnel

+

p

I/V 

converter
VI/V

Ti

SC sample+
Vbias

+
Vbias + VsampleR

I- -Isample

Figure 2.15: Schematics illustrating the basic idea for performing a CDSTM/S
experiment. The superconducting sample has two separated contacts for the application
of the bias voltage ramp Vbias. On one side, a constant bias voltage Vsample is added
which drops across a series resistor R, which ensures that a constant current Isample
�ows through the superconducting sample. The tunneling current Itunnel is measured
through the tip electrode.

Using the home-made electronics built in SEGAINVEX, constant transport currents

up to 30 mA can be applied to a superconducting sample. With this method, the value

of Isample is not a�ected at all by neither ramping up and down the value of Vbias in

a tunneling spectroscopy experiment nor switching on and o� the feedback loop when

taking a simultaneous topography and spectroscopy map, as explained in the previous

sections.

Nevertheless, the con�guration of the sample holder needs to be carefully varied

respect to the one used in a conventional experiment, as shown in Fig. 2.16. In order

to allow a constant current to �ow through a superconducting sample, it is necessary to

isolate the sample and its contacts from the sample holder, which is grounded. Thus,

a kapton foil is glued using an isolating glue appropriate for a very low temperature

experiment, such as Araldit. Afterwards, the superconducting sample is glued on top of

two silver paste epoxy blobs, which act as two separated bias points.
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Itunnel(a)

Au

SC 
sample Au

Itunnel

Vbias

(b)

Au

Vbias + Vsample

( )

Isample SC 
sample Au

Kapton foil

Vbias

Figure 2.16: Comparison between the sample holder con�guration used (a) in a
conventional STM/S experiment and (b) in a CDSTM/S experiment using a normal tip
of Au and a superconducting sample. Note that the Au sample acts as a tip preparation
pad.

Note that the quality of the electrical contacts between the sample and the wires used

for applying the bias voltage signals needs to be high, avoiding any additional resistance,

which can signi�cantly a�ect the measurement. For that reason and, especially when

using superconducting samples of very small dimensions; i. e., W-based thin �lms made

by focus ion beam, improvements in these contacts have been developed and tested

at Instituto de Nanociencia de Aragón (INA) in Zaragoza, where the thin �lms were

fabricated. These improvements consisted basically of contacting these W-based thin

�lms to two Au thin �lms, previously evaporated over a silicon oxide substrate, either

by making two separated W-based superconducting contacts or by growing directly the

superconducting W-based thin �lm on top of these Au thin �lms. These two procedures

are illustrated schematically in Fig. 2.17 (a) and (b), respectively. The latter was

intended to avoid any possible deterioration of the thin �lm surface, which may occur
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when growing the other two thicker superconducting �lms used as electrical contacts.

Itunnel

Vbias + Vsample

(a)

Au

Kapton foil

Isample

Vbias

Itunnel(b)

Au

Vbias + Vsample

Kapton foil

Isample

Kapton foil

Vbias

Figure 2.17: Scheme of the two di�erent con�guration for the electrical contacts used
for biasing the W-based thin �lms tested in this thesis at INA (Zaragoza). The �lms
have a lateral size of 100 µm x 100 µm and thickness of either 50 nm or 100 nm. In
(a) two additional W-based thin �lms are made by focus ion beam on top of both the
superconducting W-based thin �lm (previously fabricated by the same technique) and
the evaporated Au thin �lms. The superconducting contacts thin �lms are thicker than
the previously fabricated �lm and the size of the contact area is of about 10-20 µm x
60 µm. In contrast, in (b) the contact is made by directly sweeping the beam partially
on top of the two evaporated Au thin �lms, avoiding any possible degradation of the
surface of the �lm when growing the additional two superconducting contacts after its
preparation. The size of the contact area is, in this case, of about 1-5 µm x 100 µm.

Another important issue to take into account when performing a CDSTM/S

measurement is that, as mentioned above, it is very sensitive to any additional resistance

in the circuit. The ones coming from the way the electrical contact between the

superconducting sample and the bias voltage connections is made can be improved,

as discussed above, by the use of superconducting materials or even just ensuring that

the conducting glues which are used allow for a very low resistive contact. Nevertheless,
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Figure 2.18: Home-made electronics used to perform the scanning tunneling
microscopy/spectroscopy measurements in this thesis. The tunneling junction is
represented by a resistance Rtunnel. A voltage o�set Voffset is added to Vbias for
subtracting the voltage drop across Rwires from the one applied in the STS experiment
across Rtunnel. The values for the capacity Cfilter and resistance Rfilter1 used in the
RF �lters are 1.4nF and 10kΩ, respectively. Moreover, the values for the other elements
in the circuitry are Rwires ' 4Ω, Rfilter2 = 1MΩ and R = 100Ω. Finally, R′ and C
represent the resistances and capacities used in conventional electronics.

despite the value of the resistor R is far above the resistance of the sample, its contacts

and wires, the resistance of the wires and connections used in the dilution refrigerator

Rwires is of some Ω and, therefore, not negligible. It generates an additional o�set to

the bias voltage Voffset = Vsample/R + Rwires, which needs to be subtracted from the

signal introduced in the bias voltage source. This is schematically shown, together with

the details of the electronics built and used for this kind of experiments in Fig. 2.18.

There are some aspects in the design of the electronics developed in this thesis that

deserve a detailed description. Firstly, the tunneling current Itunnel is measured using

an I/V converter based on an OPA111 (see reference [OPA111]) operational ampli�er of

a gain of 108V/A. This signal is further �ltered using an RC circuit with a feedthrough

capacitor, as done for the signals for the bias voltage and the transport current. The latter

two are applied using ampli�ers OP27 [OP27], whose resistance ratio can be varied in

order to act as a voltage divider and, hence, to provide for the right level of bias voltage

and driven current. The OP27 ampli�ers are driven by a computer controlled digital

to analog converter (DAC) system. In the measurements described in this thesis, the

transport current ranges between 0 and 30 mA and the bias voltage between ±20 mV.

In addition, we have tested that the system can be used under the application of bias

voltages up to 2V. Finally, the value of the transport current is continuously measured
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while performing the experiments by the use of a di�erential operational ampli�er AD625

[AD625].

2.3.2 Preliminary measurements

As part of the development of this technique, we have checked that the application

of a current does not a�ect the scanning tunneling spectroscopy measurements. This

was achieved by performing measurements with the procedure discussed above in some

well-known superconductors.

To this end, we have characterized the topography of NbSe2 at 200 mK using

CDSTM/S as shown in Fig. 2.19. In the images taken over large areas it can be observed

that the application a current of 3 mA through the sample does not a�ect the topographic

imaging procedure (see Fig. 2.19 (a)).

Moreover, we obtain atomic size images, including charge density wave (CDW)

modulations, which appear below 30 K and are una�ected by the application of currents

up to 7 mA, as presented in Fig. 2.19 (b). Note that, as commented above, atomic

movements as a consequence of the application of a current have been previously reported

in STM experiments [Tao10, Williams07, Braun07, Kaspers09, Bondarchuk07, Park03,

Levine93, Li10, Yang10, Shao04]. Moreover, in other materials which also present CDW

order, such as NbSe3, the application of an electrical current modi�es the charge density

modulation [Ringland99, Ayari04, Karttunen99, Isakovic06, Requardt98]. Therefore,

with this technique, new perspectives are opened to further study these issues in the

future, possibly, at temperatures far above the temperature used here.

Additionally, the resolution in energy of the set up when using the circuit shown

in Figs. 2.15 and 2.18 has been determined, as explained in the previous sections, by

measuring the tunneling conductance at very low temperature of a superconducting Al

tip on top of a superconducting Al sample both without and with applying a transport

current of 1 mA changing its direction. The results are shown in Fig. 2.20. From the

calculation of the convolution of the density of states of Al, it can be inferred a slight

reduction in the energy resolution of the spectrometer to a value of about 35 µeV. This

corresponds to an e�ective temperature of about 200 mK. This reduction in the energy

resolution is due to the additional wiring and electronics.

It is also important to note here that the expected critical current for this

superconducting Al sample (of about 100 A) is much higher than the applied one.

Therefore, this fact may explain why it has not been observed any changes in the density

of states of Al with the applied current. Nevertheless, given that in a superconductor

the current �ows within a thickness of the order of λ, as it will be further explained in

Chapter 3, if the lateral size of the sample is reduced, the current density can increase.

If its value is close to the critical current density one, changes in the electronic density
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(a)

Isample=0mA Isample=3mA

(b)( )

2/√3·λCDW

Isample=7mA

2/√3·a

CDW

Figure 2.19: STM measurements of the topography of NbSe2 at 200 mK using a normal
Au tip. (a) Images obtained over the same scanning area of 400 nm x 400 nm without
(left) and with a current of 3 mA (right) applied through the sample. (b) Atomic
resolution image taken under the application of a transport current of 7 mA. Its Fourier
transform is shown in the right panel, showing Bragg peaks corresponding to both the
hexagonal atomic periodicity and the also hexagonal CDW order. Here, a stands for
the lattice parameter and λCDW for the wavelength of the CDW.

of states of the superconducting sample, close to the Fermi level are expected. This has

been achieved using a planar normal-insulating-superconducting (NIS) tunnel junction,

with Al as the superconducting electrode. See reference [Anthore03] for the details of the

experiment, together with the description of the e�ect that a supercurrent produces on

the density of states of a superconductor. In order to achieve this by means of STM/S,

the cross section of the superconducting Al sample should be reduced and it can bring

further information about local variations in the density of states due to current �ow.

Here, the main purpose of this work was to demonstrate that this method was suitable

for precise spectroscopy studies, and this aspect is left here for future work.

Finally, note that when applying a high constant transport current, heat dissipation
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Figure 2.20: Normalized tunneling spectra taken at 200 mK using superconducting Al
for the tip and the sample electrodes under 0 mA and 1 mA (changing its direction)
of applied transport current. The set point for the bias voltage was �xed to 1.5 mV,
giving 1.35 nA of tunneling current. The red lines are the calculation of the tunneling
conductance at 200 mK using a BCS density of states for both electrodes with a gaussian
smearing for the superconducting gap of 35 µeV around ∆ = 180 µeV. The curves are
shifted by 1 for clarity.

through the contacts and wires can produce an overheating of the sample. When

performing a CDSTM/S experiment following this method, for currents up to 23 mA,

it has not been observed any relevant increase of the temperature of the sample. In

order to check this we have measured the tunneling spectra of NbSe2 without observing

any important change in the temperature when applying a current up to 23 mA. These

measurements are shown in Chapter 3 (see section 3.2). For temperatures above 2 K,

higher currents (23 mA < Isample < 30 mA) can be applied without observing any

overheating e�ect.

To sum up, the �rst measurements performed using CDSTM/S show clean tunneling

features and clear topographic images. Its quality remains una�ected by the application

of transport currents, making this method suitable for its initial purposes. This method

opens the way for other types of local tunneling microscopy and spectroscopy studies.
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3
Electronic structure of superconductors

under current �ow

3.1 Introduction

3.1.1 Motivation

Vortex cores have been a matter of intense research in the past two decades. As it

was explained in Chapter 1, at the core of a superconducting vortex the amplitude of

the wavefunction associated to the Cooper pairs decays continuously over the coherence

length ξ. It vanishes exactly at the center of the core. Quasiparticle bound states,

created through Andreev re�ection, arise inside the core. Here we investigate the e�ect

of a supercurrent on these states. We visualize a vortex by means of CDSTM/S, the

newly developed technique described in Chapter 2.

The origin of the bound states for quasiparticles generated in the vortex cores

can be understood by considering the vortex core as a normal region surrounded

by a superconducting one. Inside this normal region, multiple Andreev re�ections

are produced when quasiparticles arrive at the normal-superconducting interface.

Consequently, they acquire a mixed electron-hole character [Schmidt]. The bound states

are formed when the phases of the wavefunctions associated to the multiply re�ected

electrons and holes interfere constructively [Rainer96]. These were discovered by Caroli,

de Gennes and Matricon [Caroli64], who found that the state of lowest energy is located
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at an energy ∆2/2EF , where ∆ is the superconducting energy gap at zero temperature

and EF the Fermi energy. As ∆ is of the order of few meV and EF of the order of eV in

many materials [Kittel], the lowest energy bound state remains very close to the Fermi

level.

Nevertheless, it is not so simple to have experimental evidence of such states,

because, as it was discussed in the introduction, their energy separation depends on

the relationship between the electronic mean free path and the size of the vortex core,

which is determined by the superconducting coherence length, or, equivalently, on the

cleanness of the superconductor. Moreover, speci�c experimental tools are required for

its measurement, and the only one which allows to view them and study their spatial

distribution is STM.

(a) (b)

Figure 3.1: First experiments using STM/S in NbSe2 [Hess89]. (a) Visualization of
the vortex lattice at 1.8 K and under a magnetic �eld of 1 T. (b) Di�erent tunneling
conductance curves obtained at di�erent positions over a vortex core visualized at 1.85
K and a 0.02 T �eld. From top to bottom: at the center of the core and at about 75
and 2000 Å away from the core, respectively.

The superconducting vortex lattice was �rst visualized by means of STM/S in NbSe2

by Hess et. al [Hess89, Hess90, Hess91] (see Fig. 3.1(a)). At the center of the vortex

cores, a peak in the tunneling conductance curves very close to the Fermi level evidenced

the presence of the lowest energy bound state generated inside the vortex cores of this

prototypical clean type II superconductor (see Fig. 3.1(b)).

3.1.2 Physical properties of NbSe2

NbSe2 has a relatively high Tc (Tc = 7.2 K) and very �at surfaces. In addition, in

this compound multiband superconductivity coexists with a charge density wave (CDW)

order at very low temperatures, which makes its electronic properties a very interesting

�eld of research. In this chapter, the structural and electronic properties together with
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its superconducting ones will be described, but the latter will be extended in the next

chapter.

Due to its peculiar crystal structure, very large �at surfaces can be easily found in

NbSe2. It belongs to the family of the 2H-dichalcogenides of transition metals and its

crystal structure consists of blocks of Se-Nb-Se sheets of in-plane hexagonal symmetry

joint by Van der Waals forces [Marezio72]. As the unit cell is formed by two of these

blocks of in-plane hexagonal symmetry (see Fig. 3.2), this compound is denoted as 2H-

NbSe2, meaning that it has a polytype 2H [Friend87]. For simplicity, in this thesis the

2H polytype will not be speci�ed in the following. As the crystal structure is organized

in layers, it is easy to remove the few most external ones using an adhesive tape, getting

always clean atomically �at Se-terminated surfaces.

Se 

Nb 

c 

a 

Figure 3.2: Crystal structure of NbSe2. The lattice parameters in the plane and between
planes are, respectively, a and c.

This compound has very anisotropic electronic properties, which are a direct

consequence of the two-dimensional character of its Fermi surface [Corcoran94,

Johannes06, Yokoya01]. It consists of three di�erent sheets, each one associated to the

three bands that cross the Fermi level (see Fig. 3.3 and reference [Johannes06]). The

band which comes from the 4p Se orbitals produces a pancake-like sheet in the Fermi

surface centered around the Γ point. It contributes very little, about 5% to the local

density of states. It is responsible of the majority of the contribution of the current

along the c-axis [Johannes06]. Moreover, it is the only three dimensional sheet of the

Fermi surface of NbSe2, and, thus, it gives a slight three-dimensional character to the

Fermi surface. The other two bands derive from the bonding and anti-bonding 4d Nb

orbitals and contribute as two concentric cylindrical sheets to the Fermi surface centered

around the Γ and K points. These sheets are typical of the dichalcogenides and they

are responsible of the anisotropy found in their electronic properties. However, the
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Fermi surface sheet which derives from the bonding 4d Nb orbitals has a slightly higher

dispersion along the c-axis.

FS derivedFS derived 
f Sfrom Sefrom Se

FS derivedFS derived 
from Nbfrom Nbfrom Nb

(b di )(bonding)(bonding)

FS derivedFS derived 
from Nbfrom Nb

( tib di )(antibonding)(antibonding)

Figure 3.3: Fermi surface (FS) sheets of NbSe2 in the extended Brillouin zone
representation. (a) Fermi surface sheet derived from 4p Se orbitals. (b) Fermi surface
sheets derived from the bonding (upper diagram) and antibonding (lower diagram) 4d
Nb orbitals. The �rst Brillouin zone is indicated by an hexagon at the center of each
schematics [Johannes06].

The Fermi surface of NbSe2 has been very well characterized for understanding its

superconducting properties. This compound is a multiband superconductor; i. e., it has

a distribution of superconducting gap values over the di�erent parts of its Fermi surface.

Di�erent techniques have been used to characterize not only the multiband character of

its superconductivity but also its relevant anisotropic character. The ones which allow

to extract information about the distribution of gap values over its Fermi surface are the

angle-resolved photoemission spectroscopy (ARPES) and measurements of de Haas-van

Alphen (dHvA) and of penetration depth. On the one hand, ARPES measurements at

5.3 K [Yokoya01], close to Tc, give a superconducting gap value of about 1 meV for the

Fermi surface sheets derived from Nb, but they did not provide any evidence of a gap
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opening in the ones derived from Se. On the other, dHvA measurements in the vortex

state and at very low temperatures [Corcoran94] showed a superconducting gap of about

0.6 meV coming from Se bands. Other penetration depth measurements done some

time afterwards [Fletcher07] also provided evidence of a superconducting gap opening

associated with Se bands.

( )(a)(a)(a)(a)

(b)(b)(b)(b)(b)( )

Figure 3.4: ARPES measurements (a) in the Fermi surface sheet derived from Se and
(b) in the one derived from Nb. The blue points correspond to the measurements at 5.3
K and the red ones at 10 K. From their comparison it can be inferred a superconducting
gap opening of about 1 meV only in the bands derived from Nb [Yokoya01].

3.1.3 Characterization by means of STM/S

Evidence of the anisotropic multiband superconductivity in NbSe2 can be found in

STM/S measurements. When using a normal tip electrode, the tunneling conductance

curves at very low temperatures do not correspond to the density of states of a

superconductor with an isotropic gap over its Fermi surface. The �rst evidence of this

deviation from BCS theory for NbSe2 was given by Hess et al. [Hess89]. In Fig. 3.5

it is shown an example of the tunneling spectra measured in this thesis at 200 mK.

The rounded shape of the quasiparticle peaks centered around the corresponding value

predicted by BCS theory for a superconductor of Tc = 7.2 K (∆0 = 1.76kBTc = 1.1

meV), together with the slight change of slope (or weak in�exion point) around 0.7 meV,

shows a distribution of gap values between 0.6 and 1.4 meV over its Fermi surface.

A similar distribution of gap values, between 0.4 and 1.4 meV, with centers at about

0.5 and 1 meV, has been determined using a superconducting Pb tip in previous work

of LBTUAM [Rodrigo04c], which was followed as a function of temperature (see Fig.

3.6). The contribution of the low energy gaps is lowered when increasing temperature,

disappearing at 5 K, which indicates that close to Tc there is not a gap opening in

all the sheets of the Fermi surface of this compound. These observations may explain
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Figure 3.5: Normalized tunneling conductance spectra obtained in NbSe2 at 200 mK,
which can be taken as its local superconducting density of states. Its shape, as discussed
in the text, evidences a distribution of superconducting gap values from 0.6 to 1.4 meV.

why in the measurements of dHvA and penetration depth previously discussed there

is an evidence of a gap opening in the Fermi surface coming from Se orbitals, whose

contribution disappears in the ARPES ones taken at a higher temperature, closer to Tc.

Figure 3.6: Temperature evolution of the distribution of the superconducting gap values
of NbSe2 inferred from tunneling spectroscopy measurements using a superconducting
tip of Pb [Rodrigo04c].

In this thesis, we have determined the centers of this distribution of gap values at low

and high energies using the derivative of the tunneling conductance curves at 200 mK

(see Fig. 3.7), obtaining similar results. These are the two voltage values appearing at

the half-height of the main peak of such derivative, which will be denoted as V1 and V2

from now on. V1 is taken as the center of the distribution of gap values at low energies

or, equivalently, the ones coming from the Se orbitals, and V2 as the center of the ones

found at high energies, associated to Nb bands. In the next section, both V1 and V2 will

be followed as a function of the current applied through the sample.
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Figure 3.7: Determination of the values of the center of the distribution of gap values
of NbSe2 from the derivative of the tunneling conductance curve at 200 mK shown in
Fig. 3.5.

Under a magnetic �eld, the vortex lattice of NbSe2 has an hexagonal symmetry

[Hess89, Hess90, Hess91, GuillamonThesis]. Each vortex has a six-fold star shape and

a zero bias peak in the tunneling conductance curves taken at the center of the vortex

evidences the presence of the lowest energy state bound in the vortex cores, as discussed

above. This anisotropy observed in the shape of the vortex changes also with energy. The

rays of the six-fold star visualized at zero bias voltage split with increasing the bias voltage

up to a bias voltage of about 0.5mV, where they rotate 30◦ respect to their orientation at

zero bias voltage (see Fig 3.8(a)). In addition, the zero bias bound state peak splits when

moving away from the center. This splitting is di�erent depending on the in-plane angle,

giving the complex energy dependence observed in Fig. 3.8(b). The electronic structure

of the vortex core should be related to the anisotropic superconducting properties.

Nevertheless, the origin of these features is still controversial. A noteworthy progress

has been achieved experimentally in previous work of LBTUAM by relating the six-fold

star shape of the vortex to the CDW order established in this compound for temperatures

below TCDW ∼ 33 K [Guillamon08c]. Theoretical models have also been developed in

order to calculate the electronic structure of an isolated vortex core in a clean type II

superconductor [Hayashi98, Gygi91], which have been very helpful.

In this chapter, it will be described �rstly the e�ect of the application of a transport

current in the local density of states of the multiband superconductor NbSe2. Afterwards,

it will be detailed the direct visualization of the e�ect of the application of a current in

the electronic structure of a single static vortex core. These results will be related and

discussed.
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Figure 3.8: Visualization of the vortex lattice of NbSe2 in this thesis. (a) Local
spectroscopy maps taken over an area of 400 nm × 400 nm at 200 mK and 0.1 T
for di�erent bias voltage values. Here, at 0.4 mV the rays split and at 0.6 mV they
rotate 30◦ respect to their orientation at 0 mV. (b) Spatial evolution of the normalized
tunneling spectra, also at 200 mK and 0.1 T, when approaching a vortex core in the
direction of the rays (upper panel) and in the one in between the rays (lower panel).
The same color scale has been used in (a) and (b).

3.1.4 Application of a transport current in a superconducting sample

of dimensions larger than λ

The sample used is a single crystal of NbSe2 grown by iodine vapour deposition of

dimensions of about 3 mm × 3 mm × 0.1 mm. It is the one used for the preliminary

measurements presented in Chapter 2 and for the STM/S characterization presented

above. Due to the large dimensions of this sample, it is important to describe what

happens when a transport current is applied through it. For simplicity, let us approximate

our NbSe2 sample by a superconducting slab of width w and thickness t, such as the one

presented in Fig. 3.9(a). In our case, w ≈ 3 mm and t ≈ 0.1 mm.

At zero �eld, for which the superconductor is in the Meissner state, the applied current

through the sample is going to �ow close to its surface, within a thickness λ, the London

penetration depth (see Fig. 3.9(a)). There are mainly two di�erent e�ects that can be

produced in a superconducting sample at zero �eld. On the one hand, the application of

an electric current increases the kinetic energy of Cooper pairs. When the current is high

enough so that the kinetic energy of the superconducting electrons exceeds the binding

energy of the Cooper pairs, superconductivity is destroyed and the so-called depairing

current density Jd is reached [DewHuges01]. The maximum kinetic energy that a carrier

can gain as a consequence of the application of a transport current is one for which it

is scattered to a diametrically opposite side of the Fermi surface, making it to travel in

the opposite direction. Thus, the velocity of the carrier, which is the sum of the drift
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Figure 3.9: (a) Schematics of the circulation of an applied current Isample through a
superconducting slab of thickness t and width w, at zero magnetic �eld, for which the
superconductor is in the Meissner state. The current �ows within a thickness of the
order of the London penetration depth, λ. The e�ective magnetic �eld µ0HI generated
by Isample is represented. The de�nition of the spatial coordinates is given in the
bottom left inset. (b) Sketch of the magnetic �eld H generated in a cylindrical wire of
radius R carrying a current I, which is given in equation 3.5.

(vd) and Fermi (vF ) velocities, will change from vd + vF to vd− vF after being scattered,

resulting in a change of kinetic energy given by

∆En =
1

2
m(vd − vF )2 − 1

2
m(vd + vF )2 = −2mvdvF (3.1)

The breaking of a Cooper pair followed by a scattering due to the application of

a transport current causes the so-called Doppler shift in the energy spectrum of a

superconductor [Volovik93, Kohen06], which is a change in energy that can be written

as

∆Es = 2∆− 2mvdvF (3.2)

The condition for an spontaneous depairing to occur is that ∆Es < 0, which implies

that vd > ∆
mvF

. The depairing current (Jd = nqvd, where n is the density of carriers and

q their charge) must be greater than

Jd =
nq∆

mvF
(3.3)

In multiband superconductors, quasiparticles should appear when the applied current

density J reaches Jd1, with ∆ = ∆1, being the smallest value of the superconducting gap

found over the Fermi surface, and full depairing might be expected when the large gap

value (∆2) is reached.
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Chapter 3. Electronic structure of superconductors under non-dissipative current �ow

Making the appropriate substitutions, which are not going to be detailed here

[Schmidt], the expression 3.3 reduces to

Jd =
Hc

λ
(3.4)

where Hc is the thermodynamical critical �eld of the superconductor.

In the case of NbSe2, the depairing current density can be estimated calculating

previously the thermodynamical critical �eld for NbSe2, using equation 1.6 [Poole],

λ(NbSe2) = 180nm [Takita85] and ξ(NbSe2) ∼ 10 nm [Pandey12], getting Bc = µ0Hc ∼
130 mT. Using equation 3.4, the depairing current density for NbSe2 is, thus, estimated

to be Jd ∼ 6·1011 A/m2. Note that the same order of magnitude is obtained for the

depairing density for the low energy part of the superconducting gap distribution using

equation 3.3 with ∆1 ∼ 0.4 meV and vF1 = 1·106 m/s for the Fermi velocity in the

band coming from Se orbitals. The depairing density for the high energy part of such

distribution of gap values is even higher, of about 6·1012 A/m2, if it is calculated using

the same expression (equation 3.3), but with ∆2 ∼ 1.2 meV and vF2 = 0.055·106 m/s for

the Fermi velocity in the band originated from Nb orbitals. The values of the two Fermi

velocities associated to the two di�erent bands of NbSe2 have been taken from reference

[Suderow05d].

Taking into account that at zero �eld, the current �ows only close to the surface

of the sample, within a thickness λ, the depairing current for NbSe2 should be higher

than Id = Jdwλ ≈ 54 A, using Jd ∼ 1011 A/m2 and the values for λ and w previously

speci�ed. As these current values are far above the ones that we can apply with our

method, depairing e�ects due to the application of a transport current can be neglected

in these experiments.

On the other hand, according to Biot-Savart law, an electric current I generates a

magnetic �eld µ0H around the sample [SanchezQuesada]. For instance, a current I

�owing through a wire of radius R, such as the one represented in Fig. 3.9(b), generates

a magnetic �eld whose value at the surface is given by

H(R) =
I

2πR
(3.5)

If R is comparable to λ, which for NbSe2 is of 180 nm [Takita85], the magnetic �eld

increases signi�cantly its value. For instance, an applied current of 10 mA generates a

magnetic �eld B(λ) = µ0H(λ) of about 10 mT.

In our sample, the current distribution is complicated and, consequently, the magnetic

�eld distribution generated by the applied current too [Brandt93]. For this reason, we

will try to describe here these distributions only qualitatively. The current distribution
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in each slab of thickness λ is inhomogeneous, being higher in the edges [Brandt93].

Consequently, this current distribution generates an also inhomogeneous magnetic �eld,

whose component in a perpendicular direction respect to the surface of each slab has

been calculated in previous work (see Figure 1 in reference [Brandt93]). The value of

such magnetic �eld component diverges at the edges and its spatial extension increases

with the magnitude of the applied current. In Fig. 3.10, the distribution of the current

density and the component of the generated magnetic �eld perpendicular to the direction

of the current is schematically shown for one of the slabs of thickness λ represented in

Fig. 3.9(a) (see Figure 1 in reference [Brandt93] for a more detailed description). Note

that only the perpendicular component of the magnetic �eld generated at the surface

of the slab by the application of the current is represented. There is also a tangential

component of this magnetic �eld, which is much lower.

z

I
µ0HI

I
w/2-w/2 λ

y
∙ Isample

µ0HI
∙ Isample

J

y

µ0HI

y

Figure 3.10: Schematic representation of the distribution along the y-axis of the current
density J , de�ned as the current Isample per unit of length, and the component of the
magnetic �eld µ0HI perpendicular to the surface of the slab of thickness λ and width
w and generated by the application of Isample at the surface of the slab. This slab,
represented on top, is one of the four represented in Fig. 3.9(a), where the current
Isample �ows when applied to a type II superconductor at zero �eld. The distribution
of J is inhomogeneous over the width of the slab, which can be considered to be
homogeneous over its thickness. Consequently, µ0HI is also inhomogeneous, reaching
its maximal value at the edges of the slab. See reference [Brandt93] for a detailed
calculation.

Therefore, due to the large dimensions of this sample, at zero �eld the current

distribution is inhomogeneous, producing an also inhomogeneous magnetic �eld

distribution close to its surface. This magnetic �eld can produce signi�cant changes

in the density of states of NbSe2 under the application of a transport current at zero

�eld, as it will be described in the following.

However, this current distribution changes when a magnetic �eld is applied in a

direction perpendicular to the surface of the sample. In this case, it is expected that

the applied current Isample is distributed homogeneously over the whole thickness of the

sample (see Fig. 3.11) [VanDuzer, Poole].
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Figure 3.11: Comparison between the application of a current Isample in a type II
superconductor (a) at zero �eld and (b) under a magnetic �eld µ0H applied in a
direction perpendicular to its surface. In (a) the current �ows only close to the surface
within a thickness λ, whereas in (b) it �ows homogeneously through the whole thickness
of the sample.

3.2 Current driven tunneling spectroscopy in NbSe2

Using the method described in Chapter 2 (section 2.3), the tunneling spectra of NbSe2

have been studied under the application of di�erent transport currents. The tip was

located in an area close to the center of the surface of the sample. These measurements

were performed in other regions close to this area, obtaining similar results. In Fig.

3.12, the evolution of the tunneling conductance curves at 200 mK when increasing the

current applied through the sample is shown. It is observed that the application of a

current produces a decrease of the height of the quasiparticle peaks and an increase of

the normalized tunneling conductance at the Fermi level.

In order to analyze more quantitatively the e�ect of the current �ow in the density

of states of this multiband superconductor; i. e., in the distribution of superconducting

gap values, we have followed the evolution of the center of the distribution at low (V1)

and high (V2) energies, de�ned in the previous section (see Fig. 3.7), as a function of

the applied current. The results are presented in Fig. 3.13. The lower part of the gap

distribution, V1, is the one most a�ected by the current �ow, almost disappearing at the

maximum value of the applied current. In contrast, the center of the gap distribution at
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Figure 3.12: Normalized tunneling conductance curves as a function of the bias voltage
at 200 mK for some selected values of Isample.

high energies, V2, remains practically una�ected by the application of currents up to the

ones considered.
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Figure 3.13: Evolution of the centers of the distribution of the superconducting gap
values, V1 (×-shaped) and V2 (+-shaped), at 200 mK with the current Isample �owing
through the sample.

Moreover, the evolution of the zero bias tunneling conductance as a function of the

applied current has been analyzed (see Fig. 3.14). It increases non-monotonically with

the applied current. It does not vary up to a current Isample ≈ 10 mA, when it begins

to increase.

In order to explain this behavior, let us �rst calculate the value for the current density

J that is initially �owing through the sample at zero �eld when applying a current

Isample ≈ 10 mA, above which signi�cant changes in the density of states of NbSe2
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Figure 3.14: Zero bias normalized tunneling conductance at 200 mK as a function of
the applied current Isample. The dotted lines are guides for the eyes.

occur. If we assume, for simplicity, that it is homogeneously distributed over the whole

thickness w of the sample and within a thickness λ, we get

J =
I

wλ
(3.6)

Substituting the values for this sample, speci�ed above, we can estimate J ∼ 107

A/m2, which is four orders of magnitude below the depairing current density estimated

in the previous section, J << Jd. Therefore, as mentioned above, depairing e�ects due

to the application of a current in the range considered in this work can be disregarded.

This suggests that the application of a current Isample ≥ 10 mA could generate, as

explained above, a magnetic �eld whose distribution is inhomogeneous over the surface

of the sample. Thus, a possible qualitative explanation of the observed e�ects in the

tunneling spectra under current �ow would reside in a depairing e�ect produced by such

inhomogeneous magnetic �eld. This deparing e�ect seems to reduce the contribution of

the low energy part of the superconducting gap distribution and to increase the density

of states at the Fermi level.

The density of states of other multiband superconductors has been found to be very

sensitive to the magnetic �eld in the compounds MgB2 [Bouquet01, Sologubenko02],

CeCoIn5 [Seyfarth08] and PrOs4Sb12 [Seyfarth05, Seyfarth06], as observed in speci�c

heat and thermal conductivity experiments. This was interpreted as a strong e�ect

of the magnetic �eld on the part of the Fermi surface with the smallest gap values.

This part vanishes upon the application of small magnetic �elds. In particular, thermal

conductivity experiments in NbSe2 give also evidence for an increase of the density of

states at the Fermi level and a reduction in the contribution of the low energy part of the

86



3.3 E�ects of the application of a current through a vortex core of NbSe2 studied by
CDSTM/S

gap distribution before than the high energy one when increasing the magnitude of the

magnetic �eld applied in a direction perpendicular to the sample's surface [Boaknin03].

Although we cannot give a quantitative explanation of our observations, qualitatively,

a depairing e�ect in the local density of states of this compound produced by the

inhomogeneous magnetic �eld generated by the application of the current seems the

most plausible explanation for them. However, if this magnetic �eld could produce a

nucleation of vortices, which would consequently be inhomogeneous as well, given that

in NbSe2 there is very low pinning [MarchevskyThesis], the motion of these vortices due

to the application of the current could generate dissipation, which would also possibly

produce the observed e�ects in the density of states. Nevertheless, if this would be the

case, these vortices would be very separated from each other, making it di�cult to image

their motion with our set up, because our scanning window would not be large enough

for their direct visualization.

Other e�ects have been observed in the local density of states of NbSe2 also by means

of tunneling spectroscopy, but under magnetic �elds parallel to the surface of the sample

[Fridman11], which is a di�erent con�guration from the one used here. Although the

application of a magnetic �eld parallel to the surface of the sample generates screening

currents, it also produces the nucleation of subsurface vortices parallel to the direction

of the applied magnetic �eld [Fridman11b, Fridman13], giving rise to other phenomena

which is not equivalent to the application of a direct transport current through the

sample.

Moreover, the evolution of the gap distribution observed under the application of

a current in this thesis is qualitatively similar to the one observed as a function of

temperature in previous work [Rodrigo04c]. Therefore, it seems that the low energy

part of the gap distribution, which originates from Se orbitals, is the one most sensitive

to any possible excitation of the superconducting ground state of the sample, either by

temperature or by the application of a transport current.

3.3 E�ects of the application of a current through a vortex

core of NbSe2 studied by CDSTM/S

In order to study in detail the e�ect of a current �ow on the electronic structure of

a vortex core, we have performed a CDSTM/S experiment under a magnetic �eld of

0.1 T, where the vortex core electronic structure has been previously visualized and

characterized without the application of any current. The current was applied in the

direction in between rays or, equivalently, along one where there is a minimum distance

between vortices in the lattice. Moreover, under such a magnetic �eld, the applied current

is homogeneously distributed over the whole thickness of the sample, as explained above

(see Fig. 3.11).
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In this study, a current Isample ∼ 10 mA has been applied, which is the one for which

changes in the density of states of NbSe2 began to be signi�cant at zero �eld. We have

chosen this value for Isample because a lower current did not produce any signi�cant

change in the tunneling spectra of this compound, in the same way as what has been

shown in the zero �eld measurements of the previous section. As it was commented in

Chapter 2, for currents above 23 mA overheating e�ects appear, consequently increasing

the temperature the sample. Therefore, at least with the method and the set-up

con�guration described in Chapter 2, the most suitable value for the current to image

under its application the local electronic structure within a vortex core of NbSe2 turned

out to be one of about 10 mA.
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Figure 3.15: (a) Direct visualization of the e�ect of the application of a current in the
electronic structure of a vortex core in NbSe2 at 200 mK and 0.1 T. The value of the
normalized tunneling conductance is represented in height, giving a 3D diagram. (b)
Spatial evolution of the normalized tunneling conductance curves obtained at 200 mK
and 0.1 T under a transport current of about 10 mA along a line of 45 nm in the
direction of a ray (upper panel) and in between rays (lower panel), as indicated in the
insets. The same color code as in Fig. 3.8 has been used.

Under a magnetic �eld of 0.1 T, this current is homogeneously distributed over the

whole thickness of the sample. Using equation 3.6 and substituting the thickness t of

the whole sample, speci�ed above, instead of λ, it gives a current density of about 3·104

A/m2. This value is much lower than the ones obtained at zero �eld. Moreover, it

is well below the critical current density value for this sample, which is in the range

between 105 A/m2 and 107 A/m2, as determined in other macroscopic experiments

[Bhattacharya93, Angurel97] under di�erent magnetic �elds using similar NbSe2 samples.

Therefore, under such low current density value, at least macroscopically, the vortex

lattice of this compound remains static. In this case, the location of the pinning centers

is unknown. Note that any defect in the surface of the sample or even its edges can

act as a pinning site. The forces arising in the vortex lattice under current �ow will be
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explained in detail in Chapter 4, due to its important role in the vortex lattice dynamics

under current �ow.

An overview of the e�ect of the application of a constant current Isample of about

10 mA in the electronic structure found in the vortex cores of NbSe2 is shown in Fig.

3.15(a). The detailed analysis of the spectroscopy can be found in Fig. 3.15(b), where the

spatial dependence of the tunneling conductance spectra when approaching the center

of a vortex core under the application of a current Isample ∼ 10 mA is presented. Such

spatial evolution is shown in the same two characteristic directions illustrated in Fig.

3.8(b); namely, in the direction of a ray and in between rays, for their comparison. It

is observed that under the application of a current, the zero bias peak appearing at

the center of the vortex core is reduced. The six-fold star shape is maintained, giving

a spatial evolution of the tunneling conductance curves qualitatively similar to the one

obtained at zero applied current. Nevertheless, the tunneling spectra are smeared out

due to the current �ow. In fact, the tunneling curves measured far away from the vortex

center resemble the ones obtained at zero magnetic �eld for the same current value, of

about 10 mA (see Fig. 3.12).
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Figure 3.16: Normalized zero bias tunneling conductance as a function of the distance
from the center of the vortex core at 200 mK and 0.1 T under zero (blue points) and
about 10 mA (magenta points) of transport current applied through the sample. Dashed
lines are guides for the eyes. In the insets, the directions of the line cuts are indicated
over a zoom of the tunneling conductance maps using the same colors for clarity. The
color scale used in both tunneling conductance maps is indicated in the left.

This smearing is better observed when plotting the zero bias normalized tunneling

conductance as a function of the distance from the vortex center obtained without and

under the application of the current. The results are shown in Fig. 3.16, where it is

observed how under current �ow the spatial variation of the zero energy density of states

is reduced with respect to the one observed at zero current. This can be understood as
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a result of the reduction of the zero energy bound core state and of the appearance of

states at low energies in between vortices.

As it was explained in the introduction of this chapter, Andreev bound states

are formed in the vortex cores of this material. These states can carry a

supercurrent through the core, similarly as what is obtained in superconductor-normal-

superconductor junctions, where the thickness of the normal electrode is comparable

to the superconducting coherence length ξ and the electron mean free path ` is much

larger than ξ [Bardeen72, Heida98]. In such case, a supercurrent is transmitted from one

superconducting electrode to the other mediated by each Andreev bound state depending

on the macroscopic phase di�erence between the superconductors.

However, under the application of an external transport current, it is so far unknown

what is its e�ect on the discrete energy spectrum associated to these Andreev bound

states. Similarly to what has been suggested to occur in this sample under the application

of a current at zero �eld, our measurements at 0.1 T suggest that the application of the

current enhances the pair breaking e�ect which already a�ects at low �elds to the low

energy part of the gap distribution. Such reinforcement of the pair breaking e�ect could

explain the increase in the density of states at the Fermi level observed in the areas

in between vortices, suggesting that the contribution of the low energy part of the gap

distribution is lowered. These changes in the local density of states far away from the

vortex center could consequently broaden and reduce the height of the zero bias peak.

Evidence of delocalized quasiparticles at magnetic �elds close to Hc1 has been provided in

NbSe2 by thermal conductivity measurements [Boaknin03]. This makes probable that the

application of a current could generate a magnetic �eld whose perpendicular component

enhances the pair breaking e�ect already su�ered by the externally applied magnetic

�eld, which is also above Hc1.

Therefore, its seems that the low energy part of the gap distribution is the one most

a�ected by the pair breaking e�ects produced not directly by the application of the

current, but by the magnetic �eld generated by this current. Such pair breaking e�ect

would explain the observed reduction of the contribution of the lowest energy bound

state.

3.4 Conclusions

To summarize, in this chapter CDSTM/S experiments in NbSe2 have been described.

In the �rst half, tunneling spectroscopy measurements under the application of di�erent

currents have been presented. We have observed that the e�ect of the application of a

transport current in the local density of states of this compound reduces the contribution

of the low energy part of the gap distribution. Although we cannot give a quantitative

explanation of the observed behavior, qualitatively it is possible that an inhomogeneous
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magnetic �eld over the surface of the sample generated by the application of the current

produces a pair breaking e�ect, reducing the contribution of the low energy part of the

gap distribution before than the high energy one.

Under a magnetic �eld the applied current density is much lower because the current

is distributed over the whole thickness of the sample, and we have observed signi�cant

changes in the electronic structure of a static vortex core. These are mainly a reduction

of the zero bias peak found in the tunneling spectra at the center of the vortex core

and an increase in the local density of states at the Fermi level in the areas in between

vortices. These suggest, in relation to what was observed at zero �eld, that the current

enhances the pair breaking e�ect already produced by the magnetic �eld. Further work

is required to explain quantitatively these observations.
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4
Vortex lattice dynamics under current

�ow

4.1 Introduction

The dynamics which originates in superconducting driven vortex lattices is a matter of

intense research. As explained in Chapter 1, when a magnetic �eld µ0H is applied to

a type II superconducting sample, when Hc1 < H < Hc2 the �eld partially penetrates

the sample forming a vortex lattice, which is energetically favorable. When such a �eld

is applied in a direction perpendicular to the sample's surface and a transport current

J is applied through the sample, it gives rise to a Lorentz force, FL = J × Φ0, which

tends to move the lattice in a direction perpendicular to the corresponding one of both

the applied transport current and the magnetic �eld (see Fig. 4.1) [Schmidt]. However,

vortex motion under an externally applied current is not so simple because other forces

exerted on the vortices, which depend on their velocity v, need to be taken into account

[Kopnin02].

When motion sets in, each vortex experiences a �ctional force −βv, being β the

frictional coe�cient, which limits its motion to a constant velocity v, and the so-

called Magnus force given by −αnse(v×Φ0), where ns is the density of superconducting

electrons. The Magnus coe�cient α takes di�erent values depending on the model

considered [Poole]. The Magnus force is the classical result of a current �owing

around a vortex. In a superconductor the �uid consists of superconducting electrons

[Sonin97, Poole]. Therefore, the motion of vortices as a consequence of the application of
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µ0H 

J 

FL 

Figure 4.1: Schematics of the movement of the vortex lattice of a type II superconductor
in a magnetic �eld µ0H under the action of the Lorentz force FL generated by a current
density J �owing through the sample. In the absence of pinning, the vortex lattice
moves in a direction perpendicular to J and B = µ0H

a transport current is limited to a constant velocity v due to the action of the frictional

force and its direction is tilted an angle θ with respect to the one expected due to the

Lorentz force by the action of the Magnus force (see Fig. 4.2) [Poole]. This motion

produces a change of magnetic �ux in the superconducting material that, by Faraday's

law, produces a voltage drop across it. According to Ohm's law, the resistance associated

to this voltage drop produces heat dissipation, driving the material to its normal state.

The current that produces a �nite voltage drop across the sample is referred as the critical

current Ic of the superconductor. Usually a voltage drop of 1 µV is taken in macroscopic

measurements as a criterion to de�ne Ic [Mueller12].

Moreover, any kind of structural defect in the material, such as grain boundaries or

dislocations, can hinder vortex motion, appearing another force termed pinning force

Fp. In such case, a higher current is required in order to move the whole vortex lattice,

increasing the value of Ic [VanDuzer].

Considering all the forces which can act over the vortices of a type II superconductor,

we can write an equation for the total force which acts over each vortex Fvortex in the

form

Fvortex = J×Φ0 − αnse(v ×Φ0)− βv − Fp (4.1)

The balance of this forces is schematized in Fig. 4.2(a), where the direction of vortex

motion v resulting from the balance of these forces is shown respect to the one of the

current �ow J (see Fig. 4.2(b)).
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Figure 4.2: Schematic diagram showing (a) the balance of forces acting in a vortex core
under the action of a current �ow J described in equation 4.1 and (b) the direction of
the vortex motion v resulting from such balance respect to the one in which current
�ows, J. Here, θ describes the direction of the frictional and pinning forces respect to
the Lorentz force.

Therefore, it is the competition between the two main forces arising in this system;

namely, the one resulting from the balance between the Lorentz, frictional and Magnus

forces, which appear during vortex motion, and the pinning force, the one which

governs the vortex lattice dynamics under current �ow [Poole, Blatter94]. Within

this competition, di�erent phases arise when increasing the magnitude of the applied

current: a pinned or static lattice when pinning dominates, a disordered plastic �ow

or �ux creep phase when motion sets in but pinning forces still dominate, and, at

the highest currents, an ordered uniform �ux �ow phase. The intermediate one is

characterized by a partially moving lattice, with some regions which remain pinned

[Blatter94, Olson98, Reichhardt00]. The vortex lattice dynamics emerging from the

application of a transport current is, thus, complicated and it is still poorly understood.

Although these di�erent dynamical phases have been studied experimentally by

transport measurements [DAnna94, Dilley97, Hellerqvist96, Henderson96, Higgins96,

Marley95, Pastoriza95, Theunissen96], neutron scattering [Yaron94, Yaron95] and

magnetic decoration experiments [Duarte96, Pardo97], only a low magnetic �eld picture

has been provided. It is also important to note that it has also been done a remarkable

e�ort for understanding this behavior theoretically [Koshelev94, Giamarchi96, Moon96,

Balents95, Balents98, Faleski96, LeDoussal98, Ryu96, Shi91, Spencer97]. Moreover, the

study of the deviations from this behavior depending on the con�guration of pinning sites,

many times arti�cially generated in the superconducting samples, has recently attracted

much attention [Reichhardt98, Cao07, Morgan98, Reichhardt01, Reis07]. Although

these studies have been especially important for technological applications, such as
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Chapter 4. Vortex lattice dynamics under current �ow

the construction of magnets for creating high magnetic �eld environments for di�erent

purposes, they only deal with macroscopic properties of superconductors.

Therefore, a microscopic picture of this phenomena seems necessary to further

understand the complex dynamics of vortex lattice systems under the application of

a transport current. Up to the extent of our knowledge, there has not been any study

up to now which allows to account for the dynamics of the vortex lattice under current

�ow at the single vortex level. As it will be explained in the following, there have been

some attempts to image the vortex lattice dynamics under the application of a current,

but they are limited to very low magnetic �elds. In this chapter, two successful works

imaging the vortex lattice dynamics under the application of a transport current will be

presented in two di�erent systems. The �rst one deals with the prototypical example of

a clean type II superconductor; i. e., NbSe2, whereas in the second one the dynamics of

a typical dirty amorphous superconductor, a W-based thin �lm, will be presented.

4.2 NbSe2: Type II superconductor in the clean limit

As introduced in Chapter 3, the superconductor NbSe2 is perhaps one of the best

examples of superconducting materials which belong to the so-called clean limit. In

this system, the electron mean free path ` is larger than its superconducting coherence

length ξ (` >> ξ), giving rise to a rich electronic structure within its vortex cores as it

has been thoroughly explained in the previous chapter. Here, instead, we focus on its

dynamics under current �ow.

4.2.1 Superconducting properties of NbSe2

The dynamics of NbSe2 has been characterized by means of STM/S at di�erent

temperatures and magnetic �elds in previous work [Troyanovski02, Troyanovski99]. In

particular, the vortex lattice was measured at 1.75 T, increasing the temperature around

4.6 K in order to study the vortex arrangements close to the peak e�ect. The peak e�ect

consists of an enhancement of the critical current in a very narrow temperature interval

close to Tc, pinning the lattice just before its melting takes place [Higgins96, Ling98]. In

those STM/S measurements it was found a change in the vortex lattice dynamics from

a collective vortex motion to �uctuations in the position of individual vortices at the

temperature in which the peak e�ect occurs (see Fig. 4.3 (a)) [Troyanovski02].

The dynamics of the vortex lattice of NbSe2 has also been studied in detail using

STM/S for a �xed temperature value of 4.3 K varying the magnitude of the applied �eld

[Troyanovski99]. It was found that in samples with pinning line defects (i. e., columnar

defects made by irradiation with Pb ions), the vortex lattice remains pinned until the

magnetic �eld produces a vortex density about twice of the defects, and for higher �elds a
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4.2 NbSe2: Type II superconductor in the clean limit

(a) (b)

Figure 4.3: Previous STM/S studies of the vortex lattice dynamics of NbSe2. (a) Vortex
lattice images at 1.75 T at di�erent temperatures around the temperature for which
the peak e�ect occurs [Troyanovski02]. (b) Dynamics of the vortex lattice of a NbSe2
with columnar defects (black spots) at 4.3 K varying the magnitude of the magnetic
�eld [Troyanovski99]. Lower panel: Zero bias voltage STS map at 0.6 T where the
trajectories of some vortices are indicated by arrows. Upper panel: Average of di�erent
images taken at di�erent magnetic �elds from 0.2 T to 0.6 T, where several trajectories
of plastic �ow appear.

plastic creep occurs (see Fig. 4.3 (b)). In contrast, for samples without such defects, the

vortices move coherently along one of the main axis of the vortex lattice as one bundle.

These studies re�ect the rich phenomenology that can be found using STM/S in

the vortex state of NbSe2 in di�erent regions of its magnetic �eld versus temperature

phase diagram. Therefore, it would be interesting to study the dynamics of this system

using the same experimental technique, but under the application of a transport current

through the sample.

4.2.2 Previous studies by other techniques

Before describing the CDSTM/S experiments which have been performed in this thesis in

order to study the dynamics of NbSe2 under current �ow, it is convenient to brie�y review

the di�erent previous studies which have been done in order to study the dynamics of the

vortex lattice of this compound under current �ow using other experimental techniques.

In particular, transport measurements of the critical current for di�erent temperatures

show an enhancement of the peak e�ect when increasing the magnetic �eld (see Fig.

4.4(a)) [Menghini02]. Moreover, small-angle neutron scattering (SANS) experiments at

4.8 K and 1.5 Oe under current �ow, using �eld cooled samples, allow to distinguish three

di�erent regimes [Yaron95]. When increasing the current, the lattice remains pinned
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Figure 4.4: (a) Transport measurements of the critical current as a function of
temperature at di�erent magnetic �elds [Menghini02]. An enhancement of the peak
e�ect is obtained at high magnetic �elds. (b) SANS experiments at 4.8 K and 1.5
kOe, under �eld cooled conditions, showing three di�erent regimes when increasing the
current: static lattice, disordered motion and a coherent moving lattice [Yaron95].

until it starts to move disordered. Moreover, a coherent lattice motion is achieved for

the highest current values (see Fig. 4.4(b)).

It is also worth to mention that there has been a previous attempt to image the vortex

lattice motion as a response of a gradient of magnetic �eld created by the application of

a pulsed magnetic �eld of di�erent intensity. The technique used is magnetic decoration,

which consists of the evaporation of magnetic particles of nanometric dimensions which

are attracted towards the areas in the surface of a superconductor where magnetic �ux

penetrates; i. e., vortices, allowing to image them. It has been thoroughly used to image

structural transitions in vortex lattices of di�erent materials [Fasano08]. In this case,

the magnetic particles are deposited on top of the surface of the sample after waiting a

certain time after the application of the pulsed �eld, so that the vortex lattice moves at

a certain, previously measured, velocity. After the deposition, the sample is extracted

from the experimental set-up and the position of the magnetic particles on top of its

surface is imaged using a scanning electron microscope (SEM). SEM images taken with

this procedure for di�erent vortex velocities taken at di�erent starting �elds at 4.2 K are

shown in Fig. 4.5. These measurements show that for high vortex velocities, the lattice

tends to order [Pardo98].

Despite this experiment constitutes a good approach for visualizing the dynamics

of the vortex lattice of NbSe2 under current �ow, it has some limitations. The �rst

one is, indeed, that the vortex movement is not a consequence of the application of a

current, but the result of a magnetic �eld gradient, which could possibly give di�erent

results. Another, and perhaps more important, limitation resides in the technique, which

is limited to very low values of the magnetic �eld, so that the distance between vortex
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Figure 4.5: Magnetic decoration studies at 4.2 K under �eld cooled conditions [Pardo98].
A certain magnetic �eld is applied and removed, so that the vortex lattice moves. The
sample was decorated after waiting a certain time; i. e, at a certain vortex velocity.
Di�erent images are obtained at low (two upper rows) and high �elds (two lower rows)
for di�erent vortex velocities in each case.

cores is large enough to distinguish them from one another using magnetic particles,

whose size is typically of few nm. If the magnetic �eld is high, the size of these particles,

which are used as probe, exceeds the vortex core size, making it di�cult to identify the

position of each individual vortex.

Therefore, among the di�erent imaging techniques used to study the vortex lattice

dynamics of NbSe2, STM/S is the only one sensitive to the superconducting coherence

length ξ. This allows to study the dynamics of the vortex lattice in a wide range of

temperatures and magnetic �elds. Moreover, as it will be explained in the following, the

development of the technique presented in Chapter 2 (section 2.3), allows to characterize

the dynamics of the vortex lattice of this compound in a wide range of currents applied

through the sample.

4.2.3 Melting of the vortex lattice

Following the method explained in Chapter 2 (section 2.3), CDSTM/S experiments were

carried out to study the vortex lattice dynamics of NbSe2 under current �ow. In these,

two di�erent magnetic �elds will be considered (0.5 T and 1 T), for which the evolution

of the corresponding vortex lattice is studied as a function of temperature in a range close

to Tc; i. e., from 4K to 6K, under the application of di�erent currents. Note that Tc(0.5

T) ≈ 6.5 K and Tc(1 T) ≈ 5.5 K, without the application of any current [Troyanovski02]

and also that µ0Hc2(0 K) ≈ 4.1 T, when the magnetic �eld is applied in a direction

perpendicular to the basal plane [Zehetmayer10]. Here, the current density is calculated
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using equation 3.6, but using the thickness t ∼ 0.1 mm of the whole sample instead of

λ, getting

J =
Isample
w · t

(4.2)

We can use this expression because under the application of magnetic �elds of either

0.5 or 1 T, the current is homogeneously distributed over the whole thickness of the

sample, as explained in Chapter 3 (see Fig. 3.11).

In this case, successive zero bias normalized tunneling conductance maps were taken

over the same scanning area while increasing temperature at steps of 0.5K, maintaining

each temperature constant for several hours to ensure thermal stability. Each image

contained 64 × 64 pixels and was taken during 2.5 hours. At the same temperature,

between two and three images were taken to check for vortex movements caused by

thermal drifts. However, these were not observed in the data, so they can be neglected

here.

Let us describe �rst the measurements performed under 0.5 T. Vortex lattice images

over a scanning area of 250 nm × 250 nm were taken from 4 K to 6 K at steps of 0.5

K under 3.3·104 A/m2 and 6.6·104 A/m2 of current density �owing through the sample.

These images are shown in Fig. 4.6. Note that without the application of any current,

the vortex lattice remains static or pinned up to 6 K, as expected. However, if a current

density of 3.3·104 A/m2 �ows through the sample, the vortex lattice remains pinned up

to 6 K, when it disappears. Moreover, when the current density is increased to 6.6·104

A/m2, the disappearance of the vortex lattice occurs even at lower temperatures, 4.5 K.

Further analysis of those images is required for its correct interpretation. The

disappearance of the vortex lattice observed at 6 K when a current density of 3.3·104

A/m2 is �owing through the sample corresponds to a transition of the sample to its

normal state, because it is accompanied by the disappearance of any superconducting

gap-like feature in the averaged tunneling spectra over the whole scanning area. However,

the averaged tunneling spectra at 4.5 K under a higher current density (6.6·104 A/m2)

shows a shallow superconducting dip around the Fermi level. In this case, there was also

no sign of vortex lattice in the direct zero bias tunneling conductance map. Thus, as this

gap opening is homogeneous over the entire scanning area, it evidences that the vortex

lattice depins and vortices start to move much more rapidly than the tip during the time

in which the image is taken. Moreover, the images taken at higher temperatures under

the same current density �ow do not show any gap like feature in the tunneling spectra

neither a vortex lattice, from which it can be inferred that the sample has been driven

to its normal state.

A summary of this analysis is presented in Fig. 4.7, where the averaged

superconducting signal is de�ned as GS(0) − GN (0), where GS(0) and GN (0) are the
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Figure 4.6: Normalized zero bias tunneling spectroscopy maps at 0.5 T over an area
of 250 nm × 250 nm from 4 K to 6 K at steps of 0.5 K. The temperature ramps were
made maintaining the scanning area under 3.3·104 A/m2 (left column) and 6.6·104
A/m2 (right column) of current density �owing through the sample. The same color
scale was used for all the images, which is indicated in the inset. Under 3.3·104 A/m2

the vortex lattice remains pinned up to 6 K, when it disappears. However, under 6.6·104
A/m2 at 4.5 K it has already disappeared.

spatially averaged zero bias normalized tunneling conductances in the superconducting

and normal regions, respectively. Our measurements can be summarized in a current

density versus temperature plot, where we have represented a possible distribution of

the di�erent phases (superconducting, isotropic liquid and normal) found. Of course,

more measurements are needed to determine the distribution of these phases in detail as

a function of the current density and temperature. It is important to note that at 4K

and under low current densities (J ∼ 3.3·104 A/m2), the tunneling conductance curves

observed inside the vortex cores are not completely �at. Flatness is achieved at the same

temperature when the current density is increased to 6.6·104 A/m2, as highlighted and

compared with the contrast obtained in the isotropic liquid and normal phases in Fig.

4.7(b).

Note that at 0.5 T and 4 K, the critical current density Jc, where no superconducting

features are observed, is reached at 105 A/m2.
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Figure 4.7: (a) Averaged superconducting signal (de�ned in the text) at 0.5 T over 250
nm × 250 nm of the surface of the sample as a function of the temperature for zero
(red circles), 3.3·104 A/m2 (green squares), 6.6·104 A/m2 (blue triangles) and 105 A/m2

(magenta rectangles) of current density �ow. Note that �lled in �gures stand for the
appearance of an hexagonal vortex lattice and not �lled in ones for its disappearance.
Thus, at 4.5 K under 6.6·104 A/m2, the vortex liquid phase arise, because there is a �nite
superconducting signal without the presence of a vortex lattice. Inset: Summary of our
measurements performed at 0.5 T in the J-T plane in order to distinguish the di�erent
phases: superconducting, isotropic liquid and normal. (b) Upper panel: Spectroscopy
images at zero bias taken at 4 K and 0.5 T under 3.3·104 A/m2 (left) and 6.6·104 A/m2

(right) of current density �ow. Bottom panel: Evolution of the superconducting signal
along a line parallel to the sample surface for the two images shown on top (green �lled
in squares and blue �lled in triangles) and, as a reference, for the images corresponding
to the isotropic liquid phase (blue not �lled in triangles) and to the normal phase (black
dotted line).

In addition, equivalent measurements of the vortex lattice have been performed at a

higher magnetic �eld, 1 T, over a scanning area of 220 nm × 220 nm and under the same

two current densities considered in the previous case (3.3·104 A/m2 and 6.6·104 A/m2).

In Fig. 4.8 a summary of them in the form of a current density versus temperature plot

is presented. As in the previous case, the proposed distribution of the di�erent phases

(superconducting, isotropic liquid and normal) is one possibility among many others.

More detailed measurements are required to determine this distribution in detail. For

102



4.2 NbSe2: Type II superconductor in the clean limit

µ H=1T

6.6m
2 )

µ0H=1T

04  A
/m Normal phase

3.3

 si
ty

 (1

3.3

nt
 d

en
Superconducting

0 0C
ur

re
n Superconducting 

phase

4.0 4.5 5.0 5.5 6.0 6.5

0.0C

Temperature (K)

Figure 4.8: Summary of the STM/S measurements of the vortex lattice dynamics
performed under a magnetic �eld of 1T in the J-T plane. A possible distribution
of the superconducting, isotropic liquid and normal phases is shown.

the lower current density value, the vortex lattice remains pinned up to 4.5 K. At 5 K

the isotropic liquid phase appears similarly as what was observed at 0.5 T in the image

taken at 4.5 K under a current density of 6.6·104 A/m2. It is followed by a transition

to the normal state at 5.5 K, as it would be expected, because without the application

of any current Tc(1 T) ≈ 5.5 K. Finally, for a higher current density, 6.6·104 A/m2, it is

observed that the sample is in its normal state at 4K.

Therefore, considering the measurements performed in the temperature range from 4

K to 6 K at both 0.5 T and 1 T, it seems that for NbSe2 the vortex lattice remains pinned

up to temperatures very close to Tc. Only for certain current density and temperature

values, an isotropic liquid phase can be inferred at both 0.5 and 1 T. The melting

of the vortex lattice has been previously observed in other superconducting systems

and occurs when thermal �uctuations of individual vortices overcome the pinning forces

[Guillamon09, Berghuis90, Yazdani93]. Here, the application of a current seems to favor

thermal e�ects; namely the formation of an isotropic liquid phase and the transition

to the normal phase. Under the application of a current these appear at temperatures

below the ones at which they would appear without it.

Moreover, it is also worthy to mention that there is a signi�cant increase in the zero

bias tunneling conductance in the superconducting regions when the current density

increases from 3.3·104 to 6.6·104 A/m2 at 4 K (see the upper panels in Fig. 4.7(b)).

At this temperature, the contribution of the low energy part of the gap distribution

is negligible [Rodrigo04c]. Therefore, the enhancement of the zero bias conductance

in the superconducting region observed at 4 K at a current density of 6.6·104 A/m2,

suggests that it might be due to a pair breaking e�ect in the high energy part of the

gap distribution probably produced by the magnetic �eld generated as a consequence
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of the application of the current. This is similar to what was explained in Chapter 3

in the measurements performed at 0.1 T, but here the depairing e�ects are produced

in the high energy part of the gap distribution because the low energy one has already

disappeared due to the increase in temperature. Therefore, it seems that the electronic

structure of this multiband superconductor plays an important role also in the vortex

lattice dynamics under current �ow.

4.3 W-based thin �lms: Type II superconductor in the dirty

limit

In this section, the studies of the vortex lattice dynamics under current �ow in a W-based

thin �lm will be presented. This type of samples constitutes the prototypical example

of a two-dimensional vortex lattice in a dirty superconductor, in which ` << ξ, as it

will be explained. This work has been done in collaboration with the group headed

by M. R. Ibarra and J. M. De Teresa at Instituto de Nanociencia de Aragón (INA).

As similar samples were �rst fabricated and characterized in the thesis of I. Guillamón

[GuillamonThesis] in LBTUAM and of A. Fernández-Pacheco [FernandezPachecoThesis]

and R. Córdoba [CordobaThesis] in INA, the fabrication technique will be brie�y revised,

focusing on the improvements developed.

4.3.1 Fabrication technique: focused ion beam induced deposition

The W-based thin �lm used in these studies was fabricated in Instituto de Nanociencia

de Aragón (INA) using the technique of focused ion beam induced deposition (FIBID)

[CordobaThesis]. Di�erent W-based thin �lms were also fabricated for testing the

di�erent sample con�gurations that will be described in the following. The experimental

set-up used is a "dual beam" commercial system (Helios Nanolab 600 of FEI company),

which combines a focused ion beam (FIB) and a focused electron beam (FEB), which

is usually denoted as scanning electron microscope (SEM). Therefore, it consists of two

emission columns: one of Ga+ ions which is tilted by 52◦ respect to another one of

electrons. The energy of the emitted Ga+ ions and electrons can reach up to 30 keV.

This system is very adequate because it allows to directly fabricate thin �lms without

the need of any template or mask. This fabrication technique has many applications

in nanotechnology [Utke08], for the fabrication of not only thin �lms, but also three-

dimensional nanostructures [Puers01], nanoelectronic devices [deMarco04], etc.

The method of FIBID could be considered as a chemical vapour deposition assisted

by a focused ion beam that occurs inside a vacuum chamber (P ∼ 10−6 mbar), where

a precursor gas is injected. The molecules of this gas are adsorbed in the surface of

the substrate, while simultaneously a Ga+ ion beam is scanning over the area of the
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substrate where the thin �lm will be fabricated. In this process di�erent interactions

need to be taken into account [Utke08]. These include the adsorption of the molecules

of the precursor gas on the substrate's surface and the interaction of the FIB with

the substrate, which generates, apart from scattered ions, secondary electrons that also

interact with the molecules of the precursor gas. The latter is the main responsible of the

dissociation of the molecules of the precursor gas and, thus, of the fabrication of the thin

�lm. However, the contribution of the FIB and the scattered ions cannot be neglected

in this process. In addition, the electron emission column is used to image either the

area where one wishes to fabricate the thin �lm (before the deposition takes place using

the FIB) or the thin �lm itself (just after its fabrication using the FIB). This process is

illustrated in Fig. 4.9. In order to fabricate the thin �lms used in this thesis, the FIB is

separated by 16.5 mm from the substrate. Moreover, the precursor gas is injected by an

automatic gas injection system (GIS) that is located at a distance of about 150 µm in the

z-axis and at about 50 µm in the x/y direction from the region where the thin �lm is going

to be fabricated. It is important to note that this technique allows to have an excellent

precision of the size, shape and thickness of the thin �lm created, and the location where

thin �lm is deposited over the substrate. This technique o�ers the opportunity to design

and fabricate materials as one wishes, which makes it very promising for its application

in many �elds. See reference for a more detailed information [CordobaThesis].

Ga+ 

e- 

GIS 

Thin film 

Substrate 
W(CO)6 

molecules 

Figure 4.9: Schematics of the fabrication procedure of a W-based thin �lm by FIBID.
The �lm is created by a chemical reaction of the Ga+ ions of the beam with the W(CO)6
molecules of the precursor gas.

For the case of the W-based thin �lms fabricated in this thesis, a gas of W (CO)6

molecules is used as the precursor gas and, for this reason, a �nite proportion of carbon

is present in their composition. Previous studies of this kind of thin �lms made by

X-ray photoelectron spectroscopy (XPS) [GuillamonThesis, FernandezPachecoThesis,

CordobaThesis] showed a composition in atomic percentage of about 40% of W, 43%

of C, 10% of Ga and 7% of O, which re�ects that also part of the Ga+ ions coming from
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the ion beam contributes to the �nal composition of the �lm. It is also important to note

that it is precisely this composition, together with their amorphous nature, what makes

that these W-based thin �lms have good superconducting properties, showing a relatively

high Tc (Tc ≈ 4-5 K), which is two orders of magnitude higher than the one found in a

pure single crystal of W (15.4 mK), as occurs in other amorphous alloys [Collver73]. In

the case of the W-based thin �lms, according to previous works [Sadki05, Li08], this Tc
enhancement might be due to their amorphous nature and to the presence of C and/or

Ga in their composition.

(a)

(b)(b)

Figure 4.10: SEM images of W-based thin �lms tested in this thesis which are contacted
to the two Au �lms either (a) by two separated W-based thin �lms, which act as
superconducting contacts, or (b) growing directly the W-based thin �lm on top of
them.

Due to the speci�c con�guration of the sample which is required for performing

CDSTM/S experiments, as described in Chapter 2 (see Figs. 2.16 and 2.17), important

developments were implemented in the fabrication procedure. The W-based thin �lms

which have been tested in this thesis have lateral dimensions of 100 µm × 100µm and
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thickness of either 50 or 100 nm. They were always grown on top of a SiO2 substrate,

which isolates the thin superconducting �lm, being only contacted in its two opposite

sides. Before growing the sample, two thin Au �lms were evaporated in the substrate,

but separated from each other a by distance of about 100µm, using an appropriate mask.

As it was also explained in Chapter 2, two ways of contacting the thin �lm with the these

two Au evaporated �lms were studied in order to improve as far as possible the quality

of the electrical contact, avoiding any additional resistance, which can signi�cantly alter

the measurements. One consisted of fabricating two W-based thin �lms of smaller lateral

dimensions but of a larger thickness on top of the previously fabricated W-based thin

�lm, in its two opposite sides. In order to avoid a possible deterioration of the sample's

surface, we also tried to fabricate the W-based thin �lm directly on top of the two Au

�lms. SEM images of this two possible con�gurations taken in-situ, just after the sample

was fabricated are presented in Fig. 4.10. With these implementations, any additional

resistance, apart from the one coming from the evaporated Au �lms which acted as

contacts, appears.

4.3.2 Superconducting properties of W-based thin �lms

The superconducting properties of this kind of samples have been thoroughly

characterized in previous work of INA [DeTeresa09, CordobaThesis, Cordoba13] and

of LBTUAM [GuillamonThesis, Guillamon08b, Guillamon09, Guillamon11]. For this

reason, in this section only their main properties of will be revised, as a �rst step towards

the characterization of one of them by means of CDSTM/S.

The properties which make this superconducting thin �lms especially suitable for their

characterization by STM/S are basically their high Tc and the �atness and cleanness

of their surfaces. In previous work of LBTUAM [GuillamonThesis], similar thin �lms

were characterized by transport measurements, giving a Tc of 5.5 K. In particular, the

superconducting state of a thin �lm of thickness 200 nm and lateral dimensions 30

µm × 30 µm was characterized by means of STM/S at very low temperatures. STM

measurements revealed surfaces consisting of very �at areas with a corrugation of about

1 nm separated from each other by linear depressions of depth ranging from 5 to 10 nm.

Concerning spectroscopy, at zero �eld, a superconducting gap of 0.66 meV opens at very

low temperatures around the Fermi level, being homogeneous over the whole sample's

surface. It was also observed that the density of states of this material accurately follows

the predictions of BCS theory when increasing both temperature and magnetic �eld, with

Tc(0 T) = 4.15 K and µ0Hc2(0.1 K) = 6.4 T. Moreover, under a magnetic �eld, vortices

can be visualized forming a lattice of hexagonal symmetry. Nevertheless, this symmetry

can be distorted by the defects present in the topography; namely, the linear depressions,

which act as pinning sites (see references [Guillamon08b, GuillamonThesis] for further

information). It is also important to note that as the thickness of the sample is far below
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(a)

(b)

Figure 4.11: Previous STM/S characterization of the two-dimensional vortex lattice of
the superconducting W-based thin �lms fabricated by focused ion beam of thickness
200 nm. (a) STS images taken at 2 T for temperatures from 1.2 K to 3.0 K,
where the liquid phase is visualized by the disappearance of the vortex lattice but
showing an homogeneous and shallow superconducting gap-like feature in the tunneling
conductance curves [Guillamon09]. (b) Some images of the STM/S experiment at
100 mK increasing the magnetic �eld from 1.072 T to 1.200 T at steps of 0.004 T.
When increasing the �eld in a certain range, the central bundle is gradually distorted
[Guillamon11].

λ, which in this material is of about 850 nm [GuillamonThesis], the vortex lines penetrate

the sample parallel to each other and without bending. Therefore, within this limit, the

vortex lattice can be considered as a two-dimensional system [Brandt95, Kes83].

The behavior of the vortex lattice has been intensively characterized in previous work

of LBTUAM by means of STM/S for a wide range of temperatures and magnetic �elds,

�nding very interesting physical phenomena in the study of its dynamics. In particular,

it has been visualized for �rst time how this two-dimensional vortex lattice depins and

melts (Fig. 4.11(a)) when temperature is increased [Guillamon09, GuillamonThesis]. At

the highest temperatures, an isotropic liquid phase sets in before the sample is driven to

its normal state, which is characterized by the disappearance of the vortex lattice, but

by the presence of a shallow and spatially homogeneous gap-like feature in the tunneling

spectra.

In addition, the behavior of the dynamics of the vortex lattice was studied in detail

by increasing the magnetic �eld at the minimum temperature (0.1 K). By following and

analyzing the trajectories of the vortices, it was found that the vortex lattice moves in

a bundle towards a direction parallel to the pinning lines or depressions observed in the

topography [Guillamon11, GuillamonThesis]. In Fig. 4.11(b) it can be observed how

for a determined magnetic �eld range, the central bundle is gradually distorted when

increasing the magnetic �eld.
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Regarding the rich physical phenomena that arise in the dynamical behavior of this

two-dimensional vortex lattice, it seems promising to extend this kind of studies under

the application of a transport current. This has constituted the aim of this work within

this thesis, which will be described in the following sections.

4.3.3 Characterization with other techniques

The use of other experimental techniques in the characterization of this kind of samples

provides a complementary information for its characterization by means of CDSTM/S. As

among the di�erent samples and con�gurations tested in this thesis, the W-based thin

�lm of thickness 100 nm was the one for which its dynamical behavior under current

�ow could be further studied by means of CDSTM/S, in this section we will focus our

description for this sample.

Transport measurements

The superconducting state of this thin �lm was characterized by transport experiments.

The measurements were performed in INA in collaboration with the same group who

fabricated the samples by FIBID. Transport measurements were performed using the

conventional two-terminal con�guration at di�erent temperatures, magnetic �elds and

transport currents applied through the sample. See Fig. 4.12(a) for a schematics of the

experiment.
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Figure 4.12: (a) Schematics of the two-probe con�guration used for the transport
measurements performed in INA. Resistance of the thin �lm of thickness 100 nm (b) as
a function of temperature at zero magnetic �eld and (c) as a function of the magnetic
�eld at 1 K. These measurements give a value for the critical temperature Tc between
4 and 5 K and for the upper critical �eld Hc2 at 1 K of about 5 T.
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The temperature dependence of the resistance of the thin �lm is shown in Fig.

4.12(b). At a temperature between 4 and 5 K, the superconducting transition occurs,

giving a Tc in accordance to the one obtained in other samples used in previous work

[GuillamonThesis]. Note that the �lm has a residual resistance of about 0.2 Ω in its

superconducting state. This resistance comes from the Au thin �lms that were evaporated

prior to the fabrication of the thin �lm, but not from the thin �lm itself, whose resistance

in its superconducting state goes down to zero (see, for instance, [GuillamonThesis]).

This residual resistance can produce overheating e�ects when applying large currents.

For instance, when applying a current Isample of 20 mA, a heating power of about 80 µW

is dissipated. For this reason, we will restrict the CDSTM/S measurements presented in

this work for low transport currents, below 1 mA.

Moreover, measurements of the resistance of this sample as a function of the magnetic

�eld at 1 K give a value for the upper critical �eld Hc2 of about 5 T (see Fig. 4.12(c)). Its

resistance was also measured while applying a transport current through the �lm at low

temperatures and zero magnetic �eld. For temperatures below 3 K, it was not possible

to observe the superconducting transition, because the critical current value of the �lm

was above the limit of the currents that could be applied with the experimental set up

used. Moreover, the temperature of the sample increased signi�cantly due to overheating.

At 3 K and zero �eld, the superconducting transition could be observed, despite this

temperature increased up to 5 K, especially after the superconducting transition took

place. These measurements give an estimate for the critical current density of the �lm

Jc(∼3 K, 0 T) of about 3.5·108 A/m2.

These measurements suggest that improvements should be implemented in future

work in order to reduce the residual resistance coming from the Au �lms used for

the electrical contacts, which could allow to perform CDSTM/S experiments under the

application of higher currents. One possibility would reside in the use of superconducting

materials for these contacts, but this is an aspect that is left in this thesis for future work.

AFM measurements

An important characteristic of this kind of samples is the excellently �at and large

surfaces that they show, which makes them very suitable to study by means of STM/S.

In particular, the topography of this 100 nm thick W-based �lm, whose lateral size is of

100 µm × 100 µm, was characterized before its measurement by means of CDSTM/S

using atomic force microscopy (AFM) in INA.

From those measurements, it was obtained that for this �lm, the corrugation was

very little, being of about 0.6 nm. These results are shown in Fig. 4.13. Other thin

�lms of di�erent thickness were also tested, showing a corrugation also below 1 nm. It is

important to note that using this substrate (SiO2) is so far very di�cult and improbable
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Figure 4.13: AFM image (a) and line scan (b) obtained for the thin �lm of dimensions
100 µm × 100µm × 100 nm, showing a corrugation of about 0.6 nm. The measurements
were performed in INA as a previous characterization of this sample, which was the
one further characterized by means of CDSTM/S in this thesis.

to grow a W-based thin �lm of a large lateral size (100 µm × 100 µm) and thickness less

than 25 nm observing a corrugation below 1 nm in AFM measurements. The di�culty

would reside more in the nature of the substrate rather than in the deposition technique

itself.

4.3.4 CDSTM/S studies

In these experiments, di�erent con�gurations and sample preparations were tested, as

commented above. We have always used a tip of Au in the STM, the thin �lms have

always been fabricated in INA and they have always been maintained under vacuum

conditions except for the few days that took to mount them in the STM and to locate

the tip close or on top of the sample. In our �rst experiments, the W-based thin �lm

was fabricated by FIBID on top of a SiO2 substrate with other two superconducting thin

�lms grown on top at its two sides to contact the sample with the two Au �lms. The

substrate was then transported to LBTUAM and it was glued on top of a kapton foil

which was previously glued to the sample holder using an isolating glue adequate for

low temperature experiments, such as Araldit. Later, carefully the wires were contacted

to the two Au �lms using a silver paste epoxy. A photograph showing the sample

holder after this procedure is presented in Fig. 4.14. Complementary, we also tried to

fabricate the thin �lm at the end of this process. For that purpose, the substrate with

the Au �lms was glued on top of the kapton foil in the sample holder and the wires were

contacted to the Au �lms. Then, the whole sample holder with the substrate and the

wires was inserted inside the FIBID chamber and the W-based thin �lm was fabricated.

Despite this procedure preserved much more the surface of the sample from possible

room temperature contamination, in our testings by means of CDSTM/S we did not

notice any di�erence.
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Figure 4.14: Photograph taken with an optical microscope showing the con�guration
of the sample holder. In the zoom, the location of the W-based thin �lm between the
two Au �lms and the two superconducting contacts fabricated by FIBID on its opposite
sides is presented. The blue cross indicates the initial position of the tip on top of the
sample and the blue dashed line, the path of the tip over the sample.

Once the sample holder was prepared, we mounted it in the STM head and try to

carefully locate the tip on top of the sample's surface. For that purpose, in this kind

of experiments the substrate needs to be glued in a orientation that allows the tip to

be displaced to the Au �lm for cleaning, using the linear positioning stage [Suderow11].

The path of the tip over the sample is indicated in Fig. 4.14 by a blue dashed line.

Moreover, the location of the Au tip on top of, ideally, the center of the W-based thin

�lm is di�cult and requires a very sharp tip. Despite the experimental di�culties, after

several trials, we succeeded in locating the Au tip on top of di�erent W-based thin �lms.

An example is shown in Fig. 4.15.

In the following, we will focus on the characterization of the W-based thin �lm of

thickness 100 nm, where the dynamics of the vortex lattice could be studied in detail by

means of CDSTM/S. Note that in this material the value of the superconducting gap

is high (∆ ∼ 0.66 meV) and the currents applied in this work are below 1 mA, so that

depairing e�ects due to the application of a current can be disregarded (see also equation

3.3). Consequently, under the applied currents, which are below 1 mA in all cases, as

it will be described in the following, we have not observed any increase in the zero bias

tunneling conductance as a consequence of the application of the current. Instead, we

have observed vortex motion, whose understanding constitutes the aim of our research

in this system.
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Figure 4.15: Photograph showing the location of the Au tip on top of the central part
of one of the W-based thin �lms tested in this thesis. The lateral dimensions of all the
�lms are of 100 µm × 100 µm. The photograph was taken using an optical microscope.

4.3.4.1 Topography measurements

As a �rst step, the topography of the sample was studied by STM. Flat surfaces over

large scanning areas of about few µm2 could be found, showing a typical corrugation of

about few nm. In Fig. 4.16(b) a typical example is shown.

Moreover, we could distinguish periodic linear structures parallel to a direction tilted

about 45◦ respect to the x -axis. These features are similar to the linear depressions

observed in previous STM/S work of LBTUAM [GuillamonThesis] and are due to the

sweep of the ion beam when scanning the area over the substrate where the thin �lm is

going to be fabricated (see Fig. 4.16(a)). As it will be explain in the following, they play

an important role in the symmetry of the vortex lattice and also in its dynamics under

current �ow, because they can act as pinning sites.

4.3.4.2 Characterization of the static vortex lattice

In order to understand the dynamics of the vortex lattice under current �ow, it is

necessary to study the behavior of the vortex lattice without the application of any

current.

At the lowest temperature (200 mK) vortices were observed at several �elds. At

intermediate �elds, such as 0.5 and 1 T, the vortex lattice is characterized by the presence

of regions with hexagonal symmetry, which is distorted in the areas close to the linear

features found in the topography (see Fig. 4.17). In particular, at 1 T, stripe-like patterns

connecting vortices appear in a direction parallel to the linear depressions found in the
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Figure 4.16: (a) Schematic diagram of the sample con�guration used in the experiment,
where the lines produced by the sweep of the ion beam in the fabrication of the thin �lm
are highlighted. The orientation of the scanning area respect to this lines is indicated
superimposing the example of STM image shown in (b). A typical STM image taken
at 200 mK over an area of 801 nm × 801 nm is presented in (b). A bias voltage of 3.52
mV and a tunneling conductance of 0.28 µS was used as set point. In the lower panel,
a line scan along the direction marked by a blue line in the STM image is presented.
It shows a corrugation of few nm and a periodicity of the linear structures of about 0.2
µm, corresponding to the lines produced by the sweep of the ion beam.

topography. These linear patterns are always present in the images and they correspond

to �uctuations of vortices between equivalent energy positions. This is due to the linear

dependence of the energy of a vortex line on its length, which is, for that reason, usually

given per unit of length (see equation 1.10 in Chapter 1). The length of a vortex reduces,

in this case, to the thickness of the �lm. This is also the reason why vortices tend to

be located close to the linear depressions found in the topography and to �uctuate in

between locations aligned to these features, where the thickness of the �lm remains

constant and, consequently, their energy too. In fact, the tendency of vortices to form

rows parallel to the linear surface depressions, characteristic of this kind of samples, has

also been observed in previous work of LBTUAM [GuillamonThesis, Guillamon08b].

4.3.4.3 Dynamics of the vortex lattice under current �ow

In this thesis, it has been characterized the behavior of the vortex lattice under current

�ow at the single vortex level. Here, similarly to what has been explained in the

CDSTM/S studies performed in NbSe2 under an applied magnetic �eld, we will refer

to the current density value J which is �owing through the sample, instead of to the

magnitude of the corresponding current Isample, in order to disregard the e�ect of the

particular dimensions of the sample. In the case of this type of superconducting thin

�lms, as the value of its penetration depth λ (λ = 850 nm [GuillamonThesis]) is much

larger than its thickness, being of 100 nm in this case, the applied transport current is
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Figure 4.17: Characterization of the vortex lattice at 200 mK and intermediate magnetic
�elds. (a) Simultaneous zero bias STS (left) and STM (right) measurements taken at
0.5 T over a scanning area of 400 nm × 400 nm using a bias voltage of 3.48 mV
and a tunneling conductance of 0.29 µS. (b) Simultaneous STS (left) and STM (right)
measurements taken at 1 T over a scanning area of 456 nm× 456 nm using a bias voltage
of 3.54 mV and a tunneling conductance of 0.28 µS. The hexagonal symmetry of the
vortex lattice is distorted at a location close the pinning lines found in the topography,
which are highlighted by the red dashed lines. The corrugation of the topography
images is of few nm, as indicated by the line scans taken along the directions indicated
by blue lines in each case.

going to be homogeneously distributed over the whole sample. Thus, we can use the

expression 4.2 in order to estimate the current density which �ows through the sample.

In this case, we take w = 100 µm and t = 100 nm, according to the dimensions of the

�lm previously speci�ed. Moreover, the direction of Isample is always parallel to the one

de�ned by the linear depressions found in the topography of the sample, described above.

In this thesis, we have studied the dynamics of the vortex lattice under the application

of a transport current at very low temperatures and also at temperatures close to Tc,

obtaining di�erent results. For that reason, these studies will be described separately.

Vortex motion at very low temperatures

In this case, we have applied a transport current Isample ∼ 450 µA, which gives a

current density of 4.5·107 A/m2 and it is low enough to maintain the base temperature

of the experiment; i. e. 0.2 K. Therefore, overheating e�ects can be disregarded here.

Under these conditions, we have followed in detail the evolution of the vortex lattice for

�elds around 1 T. We have chosen this magnetic �eld range because at 1 T the vortex
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lattice was previously characterized without the application of any transport current, as

shown above.
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Figure 4.18: (a) Topography image of the scanning area of 249 nm× 249 nm used for the
magnetic �eld ramp around 1 T performed at 0.2 K and 4.5·107 A/m2 �owing through
the sample. The corrugation is of about 2 nm, as shown in the line scan shown in the
lower panel taken in the direction indicated by the blue line in the STM image. The
contrast of the image has been optimized in order to highlight the topographic features.
(b) First (upper panel) and last (lower panel) zero bias tunneling conductance images
of the series. The vortex lattice con�guration changes completely from 1.100 to 1.166
T. The role of the pinned vortex A is described in the text. In all the STS images, the
set point used for the bias voltage and the tunneling conductance is 3.13 mV and 0.32
µS, respectively.

The scanning area of 249 nm × 249 nm in which we have focused our study is shown

in Fig. 4.18(a). As it can be appreciated, it is centered around one of the characteristic

lines which appear in the topography of this sample (see Fig. 4.16) and has a corrugation

of few nm due to the linear depressions found at the corners of the scanning area. Over

this area, we have systematically increased the magnetic �eld from 1.100 to 1.166 T at

steps of 0.006 T. For each magnetic �eld value, between two and three images were taken

in order to disregard any drift in the position of the vortices when slightly increasing the

magnetic �eld value. Each image is constructed of 64 × 64 pixels and took about 1.75

hours to take. The �rst and last images of the series are shown in Fig. 4.18(b), in which

it can be appreciated that the vortex lattice con�guration has completely changed. We

also studied other regions of this sample, observing a similar behavior.

The �rst thing that is worthy to mention here is that under 4.5·107 A/m2 of current

density �owing through the sample, even at very low temperatures, a rather distorted
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vortex lattice appears at a magnetic �eld of 1.100 T, as it can be appreciated in the

�rst image of the series shown in Fig. 4.18(b). The lack of de�nition is due to the

vortices that are moving rapidly below the tip, consequently becoming washed out. We

can appreciate that vortex A does not participate in this movement. It seems that it

is strongly pinned, and that vortices around it �nd several quasi equivalent positions

in two main directions: perpendicular and parallel to the linear features found in the

topography. This produces a certain appearance of rotation of vortices around A. As

the magnetic �eld is increased, few vortices are pushed into the sample, producing local

vortex rearrangements. At 1.166, we observe a change in the orientation of the vortex

lattice, ending in one better de�ned and ordered, where vortex A remains in the same

position (see the lower panel of Fig. 4.18(b)).

1.100 T 1.106 T 1.112 T 1.118 T

A A A A

1.124 T 1.130 T 1.136 T 1.142 T1.124 T 1.130 T 1.136 T 1.142 T

A A A A

1.148 T 1.154 T 1.160 T 1.166 T

A A A A

Figure 4.19: Zero bias tunneling spectroscopy maps taken over the scanning area shown
in Fig. 4.18(a) at the base temperature, 0.2 K, under 4.5·107 A/m2 �owing through
the sample for di�erent magnetic �eld values very close to 1 T. The set point used for
the bias voltage and the tunneling conductance is the one speci�ed in Fig. 4.18. The
position of the pinned vortex A is indicated in each image. Under such current �ow, at
very low temperatures, two di�erent regimes can be distinguished, as indicated by the
red dashed line. Up to a magnetic �eld of 1.136 T, the vortex lattice is stressed and
the action of the current on the vortices is favored. However, its action is suppressed
for magnetic �elds above 1.136 T, where the vortex lattice is reoriented, releasing the
stress and acquiring a more stable con�guration.

In order to analyze in detail the changes that occur in this magnetic �eld ramp, it

is better to consider all the images in the series, which are shown in Fig. 4.19. In

these, we can observe that the change between the two regimes described above occurs
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when increasing the magnetic �eld from 1.136 to 1.142 T, which is indicated by the red

dashed line in this �gure. At this point, it can be appreciated how the lattice changes

its orientation and a more stable con�guration is reached. Note that vortex A remains

static in the whole series.

1.100 T 1.106 T 1.112 T 1.118 T

α

1.124 T 1.130 T 1.136 T 1.142 T1.124 T 1.136 T 1.142 T

1.148 T 1.154 T 1.160 T 1.166 T

Figure 4.20: Linear Fourier transforms of the images shown in Fig. 4.19. Note that
these images have been �ltered in order to neglect the noise from other components and
highlight the modulations which appear in the three high symmetry directions of the
vortex lattice. The red dashed lines indicate the directions of the two brightest Bragg
peaks that we have analyzed. In the �rst frame, the angle α that de�nes such direction
respect to the horizontal one is indicated for clarity.

Moreover, we have analyzed the Fourier transforms of the images, which are presented

in Fig. 4.20, in order to describe quantitatively this situation. In this �gure, it can be

observed that there are always two brightest peaks in the Fourier transform, whose height

indicates the magnitude of the amplitude of the modulation of the zero bias normalized

tunneling conductance in a direction of the image parallel to the one in which these

appear, which is indicated by a red dashed line. In addition, it is clearly shown how the

direction in which the two brightest peaks appear changes drastically between 1.136 and

1.142 T, indicating that the orientation of the vortex lattice has changed.

We have further analyzed these Fourier transforms, measuring the height of the two

brightest peaks and the angle α in which their direction is aligned respect to the horizontal

one, as illustrated in the �rst frame of Fig. 4.20, as a function of the magnetic �eld. The

results are summarized in Fig. 4.21. Note that the units of the height of the Bragg peaks
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Figure 4.21: Evolution of α (red points), de�ned in the �rst frame of Fig. 4.20, and
the height of the brightest Bragg peaks shown in the Fourier transforms of Fig. 4.20
(blue points) as a function of the magnetic �eld. Note that the height of the peaks
is given in arbitrary units, because it corresponds to the di�erence between the zero
bias normalized tunneling conductance values inside and outside the vortices along the
direction indicated by the red dashed lines in Fig. 4.20.

are arbitrary because they correspond to the di�erence between the zero bias normalized

tunneling conductance values inside and outside the vortices along the direction of the

image in which these peaks appear, that is indicated by the red dashed lines in Fig.

4.20. The evolution of α with the magnetic �eld presented in the upper panel of Fig.

4.21, clearly shows how the orientation of the vortex lattice changes when increasing the

magnetic �eld between 1.136 and 1.142 T. At this stage, the stress that the lattice has

accumulated by slightly increasing the magnetic �eld, which also produces slight vortex

rearrangements, is released. Consequently, this stress release leads to a more stable

vortex lattice, whose orientation is aligned with the one of the linear depressions found

in the topography.

This behavior is also re�ected in the evolution of the height of the brightest peaks

as a function of the magnetic �eld, shown in the lower panel of Fig. 4.21, which can

be taken as a good measurement of the order of the vortex lattice along the direction

in which these peaks appear. For magnetic �elds below 1.136 T, the vortex lattice is

clearly stressed, which is re�ected by the increase and subsequent decrease of the height

of the Bragg peaks. These oscillations re�ect how when increasing the magnetic �eld

vortex rearrangements occur. The overall vortex density remains constant, but local

vortex motion is produced by few vortices pushing into the sample. Remarkably, at a

determined magnetic �eld value, in this case of 1.142 T, a change in the orientation

of the vortex lattice occurs. As explained above, at this stage, the accumulated stress
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is released, resulting in a more stable lattice to the action of the current. This fact is

re�ected in the continuous increase of the height of the Bragg peaks when increasing the

magnetic �eld above 1.142 T.

The physical phenomena arising from the study of the behavior of vortices in type II

superconductors under an external driving force has been a matter of intense research

in the past decades. When a current is applied to a superconductor or, equivalently, if

there is a magnetic �eld gradient along the sample, vortices move in the form of �ux-

bundles, whose concept was introduced by Anderson [Anderson62]. It consists of a group

of vortices bound together into a "bundle" by the interaction of their magnetic �elds and

wavefunctions. For that reason, its characteristic dimension is of the order of the London

penetration length λL, up to which the magnetic �eld of a �ux line extends. This concept

is usually applied to explain the "creep" motion of vortices when they are depinned due

to temperature from pinning sites. For instance, it was used to explain the voltage noises

observed in transport experiments in Vanadium during �ux �ow [VanGurp68]. Later on,

there have been many studies about the way the vortex lattice in a type II superconductor

depins and �ows; see reference [Blatter94] for an overview of them. It is worth to mention

that in previous work of LBTUAM [Guillamon11] it has been studied also by means of

STM/S how in these W-based thin �lms vortex arrangements in a bundle are governed

by the release of accumulated stress, which can give rise to vortex motion in the form of

avalanches.

Within this framework, a qualitative interpretation of our observations is the

following: due to the morphological characteristics of our sample, the vortex lattice tries

to align with the observed linear structures. This means that these linear inhomogeneities

de�ne an associate pinning landscape. In our image, of lateral dimensions smaller than

the penetration length, we show the behavior of a small part of a bundle of vortices. The

external current �ows parallel to the linear structures, creating a Lorentz force on the

vortices perpendicular to those. We believe that this force, combined with the strong

pinning of vortex A and the linear pinning structure due to the lines, generates a complex

landscape of energy minima for the bundle separated by small energy barriers, which can

be overcome by quantum tunneling or, eventually, by thermal activation. The increase

of the density of vortices selects, for a certain value, a con�guration in which the lattice

matches the topographical linear structures, overcoming in this way the e�ect of the

Lorentz force.

To sum up, in this work, we have observed that the applied current acts helping the

system to �nd an energetically favorable con�guration within the available phase space.

This experiment is rather unique and constitutes, to the extent of our knowledge, the �rst

direct imaging of vortex motion under the action of a constant current directly applied

through the sample. In order to explore further the vortex dynamics which arise when

the force exerted on the vortices comes only from the application of a transport current,

higher transport currents should be applied. Nevertheless, it is a di�cult task due to
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the overheating e�ects that would appear at higher current densities with the sample's

con�guration used here, as previously commented. This limitation should be improved

in the future and, for that reason, this aspect is left in this thesis as an opened question

for future work.

Melting of the vortex lattice driven by current �ow

Complementary, we have studied the e�ect of the application of a transport current

in this sample for temperatures close to Tc, where a rich phenomenology appears close to

the melting transition of this two-dimensional vortex lattice, which was studied in detail

in previous work of LBTUAM [Guillamon09, GuillamonThesis]. In this case, we have

applied a �xed magnetic �eld of 1 T and we have made temperature ramps from 1 to 4

K at steps of 0.25 K under di�erent current density values �owing through the sample.

In this case, we also took between two and three images at each temperatures, without

observing any thermal drift in the positions of the vortices. Each image contains 64 ×
64 pixels and it took about two hours and a half to take.

T = 1.5 K  T = 2.5 K  

1.5  

4.5 

6.0 

J  

(107 A/m2)  

Figure 4.22: Zero bias tunneling spectroscopy maps under 1 T at two di�erent
temperatures, 1.5 K (left column) and 2.5 K (right column), for di�erent current density
values: 1.5·107 A/m2 (upper row), 4.5·107 A/m2 (middle row) and 6.0·107 A/m2 (lower
row). The size of the scanning area was of 345 nm × 345 nm and the set point for the
bias voltage and the tunneling conductance was of 3.13 mV and 0.32 µS, respectively.
Note that the contrast has been maximized in order to highlight the features found
in the STS maps. Thermally activated processes are favored by the application of a
transport current, being observed at lower temperatures than expected.

In Fig. 4.22, some selected images are shown, where it can be appreciated that as

the temperature and the current density increase some stripe-like patterns appear in the

zero bias conductance maps. These stripes follow a direction parallel to the characteristic
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linear depressions or linear features found in the topography and, thus, to the one in which

the current is applied. In particular, at temperatures close to the melting transition and

at high current densities, these stripe line patterns cross each other, as observed in Fig.

4.23 in the zero bias conductance map taken at 3 K and under 4.5·107 A/m2 of current

density �owing through the sample.

These patterns cannot be associated to a vortex motion produced by the application

of a transport current, because this motion is always driven in a direction perpendicular

to the one in which the current and the magnetic �eld are applied due to the action of

the Lorentz force. Therefore, the origin of the formation of these channels of vortex �ow

at temperatures close to Tc might reside in a thermally activated process.

Figure 4.23: STS map at zero bias voltage at 3 K under 1 T and 4.5·107 A/m2 of
current density �owing through the sample. The same size of scanning area and set
point for the bias voltage and tunneling conductance as in Fig. 4.22 was used here.
The contrast has been optimized in order to highlight the channels of vortex �ow.

A similar behavior has been observed in the stages that precede the melting transition

of the vortex lattice in this two-dimensional system [Guillamon09, GuillamonThesis].

Moreover, the establishment of vortex �ow in channels parallel to the direction of one of

the high symmetry axis of a two dimensional vortex lattice when increasing temperature

has been predicted theoretically [Zhuravlev99]. In reference [Zhuravlev02] it is also

predicted a �uctuation of these vortex chains due to thermal activation processes in

the stages preceding the formation of the isotropic liquid phase, in which the thermal

energy overcomes the repulsion between vortices and these can jump in between chains.

In this work, we have observed that thermal activation processes occur at

temperatures close to the one at which the melting transition of this two-dimensional

vortex lattice takes place, but, remarkably, due to the application of the current, these

processes occur at lower temperatures than expected. Therefore, it seems that the current

�ow favors the melting transition in this system, which is also in qualitative accordance

with our observations in NbSe2, where Tc was observed to decrease when increasing the

current density �owing through the sample.
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4.4 Conclusions

To summarize, in this chapter CDSTM/S measurements in two compounds which are

the prototypical examples of type II superconductors in the so-called clean and dirty

limit; namely NbSe2 and a W-based thin �lm fabricated by FIBID, have been presented.

These observations constitute, as far as we are concerned, the �rst experiments in which

a vortex lattice has been directly visualized under the action of a constant transport

current applied through the sample.

In both systems NbSe2 and the W-based thin �lm, thermal activation processes at

temperatures close to their respective Tc are favored by the application of a transport

current, occurring at lower temperatures than expected without the application of any

current. However, whereas in NbSe2 these processes occur due to pair breaking e�ects on

the high energy part of the gap distribution, whose contribution is the only one attainable

at this temperature range, in the W-based thin �lm these are due to the formation of

thermally activated one-dimensional channels of vortex �ow.

Moreover, in the amorphous W-based thin �lm, at very low temperatures and under

a moderate current �ow, we have observed that the action of the applied current on

the vortices of a small part of a bundle is favored at magnetic �elds for which the

con�guration of the bundle is stressed, where it can �uctuate between several quasi

equivalent con�gurations of energy minima. However, once that vortex rearrangements

produced by slightly increasing the magnetic �eld lead to a release of the accumulated

stress, the con�guration of the bundle matches the topographic linear features, being

much more stable to the action of the current. Therefore, the main e�ect of the current

resides in helping the system to �nd an energetically favorable con�guration among

the multiple ones to which it can access. In order to explore further the action of the

application of a transport current in this system, higher currents should be applied. For

that purpose, improvements should be implemented in the electrical contacts of the thin

�lm in order to avoid overheating e�ects, which limit the range of currents which can be

applied in this kind of experiments.
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5
Temperature dependent tunneling

spectroscopy in heavy fermion

compounds

5.1 Introduction

When a magnetic impurity is embedded in a metal, the Kondo e�ect occurs and its

magnetic moment is screened by the conduction electrons (see Fig. 5.1 (a)). This

explanation was �rst proposed by Kondo [Kondo64] for the increase in resistivity

observed some time before when cooling down dilute magnetic alloys [VanDenBerg,

VanDenBerg62, MacDonald62], as shown in Fig. 5.1 (b). A periodic array of such

magnetic atoms in a solid generates a localized heavy band, due to their localized

magnetic moments, which hybridizes with the itinerant light electron band. This is

often referred as a Kondo lattice [Hewson, Lacroix79]. When temperature approaches

the absolute zero, this hybridization process generates the so-called heavy fermion ground

state [Stewart84]. Nevertheless, sometimes this hybridization is incomplete and it allows

the magnetic moments to interact among themselves through Ruderman-Kittel-Kasuya-

Yosida (RKKY) interaction [Ruderman54, Yosida57].

In heavy fermion compounds, the localized magnetic moments come from the

localized f electrons belonging to the rare earths and actinides which are present in
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Figure 5.1: (a) Schematic illustration of the Kondo e�ect around an isolated magnetic
impurity, represented in red. The screening electron cloud is symbolized in blue.
(b) Increase of the resistivity with decreasing temperature observed in dilute AuFe
alloys, which provided experimental evidence of the Kondo e�ect [MacDonald62]. (c)
Example of a typical T -δ phase diagram of heavy fermion compounds, being δ the
tuning parameter which describes the interplay between the local Kondo e�ect and the
magnetic intersite interactions. In this case, the competition between the formation of
a Kondo lattice and a magnetically ordered phase (for instance, an antiferromagnetic
one) is shown. For a critical value of the tuning parameter δc, a magnetic quantum
critical point (QCP) is reached.

the composition of these intermetallic compounds. When cooling down, depending on

the hybridization strength, many di�erent phases arise. Thus, at low temperatures

there is a competition between the hybridization of the localized heavy band with the

conduction electron one and the intersite magnetic interactions or RKKY ones. If the

latter is predominant, it can give rise to the formation of di�erent magnetic ordered

phases. Eventually, superconductivity can also appear at low temperatures [Steglich05].

Moreover, these phases can be tuned by the application of pressure, magnetic �eld or

doping [Lohneysen07, FlouquetRoad, P�eiderer09]. In Fig. 5.1 (c) a possible phase
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diagram for heavy fermion systems is shown in terms of the tuning parameter δ, which

describes the competition discussed above.

Most of this type of compounds have been extensively characterized using macroscopic

techniques, such as speci�c heat, thermal conductivity or resistivity measurements

[FlouquetRoad]. Nevertheless, in several cases, measurements of their local electronic

properties are still to be made. It is true that the application of the STM in

the study of heavy fermions has opened new possibilities, as demonstrated by the

successful measurements reported in PrOs4Sb12 [Suderow04], PrFe4P12 [Suderow08Pr],

YbRh2Si2 [Ernst11], URu2Si2 [Schmidt10, Aynajian10] and in CeRhIn5 and CeCoIn5

[Aynajian12, Allan13], which provide signi�cant information about their respective

electronic structure in some of the phases which emerge at low temperatures. In

particular, from atomic resolved ones, the heavy fermion band structure has been

obtained [Schmidt10, Aynajian12, Ernst11].

Nevertheless, there are still many other compounds and/or phases which remain

uncharacterized. For instance, the study the establishment of an antiferromagnetic phase

from the temperature dependence of the shape of the tunneling spectra in comparison

to the one obtained from a heavy fermion phase emerging close to the absolute zero

has not been achieved before. Moreover, despite there has been a noteworthy progress

in understanding the low temperature band structure of URu2Si2 and its changes

when entering the so-called hidden order phase, as it will be explained below, its

superconducting phase has not yet been characterized by means of high resolution

tunneling spectroscopy.

Ce, U 

Ru, Rh 

Si 

a = b 

c 

Figure 5.2: ThCr2Si2 crystal structure [Aoki93] of the heavy fermion compounds used
in the studies presented in this chapter, where the lattice constants in the three
independent spatial directions are denoted by a, b and c.

In order to understand these issues, in this chapter we discuss measurements in the

heavy fermion and antiferromagnetic phases of, respectively, CeRu2Si2 and CeRh2Si2,

and in the superconducting phase of URu2Si2. All of them have the same tetragonal
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ThCr2Si2 crystal structure (see Fig. 5.2) and their main physical properties are described

as follows.

On the one hand, CeRu2Si2 and CeRh2Si2 are two cerium tetragonal heavy

fermion compounds, which are at low temperatures in the paramagnetic (PM) and

antiferromagnetic (AF) ground state, respectively. CeRu2Si2 is probably the heavy

fermion compound best studied and one of the few systems whose Fermi surface has

been totally characterized by de Haas-van Alphen measurements [Takashita96, Suzuki10,

Aoki93]. It consists of three ellipsoidal hole sheets centered around the Z point, a large

spherical hole sheet centered also around Z and a multiply connected electron sheet

(see Fig. 5.3(a)). CeRu2Si2 is close to a quantum critical point (QCP), which can be

reached by increasing the unit cell size by doping which La or Ge, that corresponds to

the application of a negative pressure of about -0.3 GPa [Knafo09, Kambe97, Quezel88,

Haen99]. The behavior of the speci�c heat [FlouquetRoad, Besnus85, Fisher91], the

resistivity [Haen87] and the Grüneisen parameter Ωe(T ) [Lacerda89] deviates from the

one expected for a Fermi electron gas at very low temperatures, as a signature of the

establishment of a heavy fermion ground state. The extrapolations at zero temperature

of the electronic term in the speci�c heat γ, the coe�cient A of the Fermi liquid law in

resistivity AT 2 and Ωe give, respectively, γ = (C/T )T→0 ∼ 350 mJ mol−1 K−2, A ∼ 1

µΩ cm K−2 and Ωe(T = 0 K) ∼ +200. For this compound, the coherence temperature

Tcoh, below which the quasiparticles begin to interact, is of about 9 K and the e�ective

masses of its carriers range from 120m0 to the bare electron mass m0 [Takashita96].

CeRu Si CeRh Si(a) (b)CeRu2Si2 CeRh2Si2(a) (b)

Figure 5.3: Electron and hole Fermi surfaces of (a) CeRu2Si2 and (b) CeRh2Si2 in
di�erent bands determined by de Haas-van Alphen measurements and band structure
calculations. Details can be found in references [Aoki93] and [Araki01] for CeRu2Si2
and CeRh2Si2, respectively.

In contrast, the ground state of CeRh2Si2 is antiferromagnetic with a rather high Néel

temperature TN ∼ 36 K [Knafo10, Godart83], due to the prevalence of the magnetic

intersite interactions which are enhanced by reducing the volume of the atomic unit
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cell [Aoki12]; i. e., by switching from Ru to Rh atoms. Its Fermi surface consists of

a pancakelike hole sheet, a cigarlike electron sheet and another closed electron sheet

of di�erent topology (see Fig. 5.3(b)), as determined using band structure calculations

[Araki01]. The values of the parameters described above at very low temperatures are,

for this compound, γ ∼ 23 mJ mol−1 K−2 [Graf97, Settai97], A ∼ 1.4 × 10−3 µΩ cm

K−2 [Araki02, Boursier08] and Ωe . −20 [Graf97, Villaume08]. Here, the e�ective masses

range from 6m0 to 0.36m0 [Suzuki10, Araki01].

Figure 5.4: Fermi surface of URu2Si2 in its paramagnetic phase determined using band
structure calculations [Ikeda12].

On the other, URu2Si2 is perhaps the most enigmatic heavy fermion compound

because below THO = 17.5 K it exhibits a phase whose order parameter is still un-

known [Mydosh11]. Above such temperature, it behaves as a paramagnetic Kondo lattice

and its Fermi surface is complex. According to band structure calculations [Ikeda12], it

consists of two hole pockets around Z and another four electron pockets around Γ and

X. The outer hole pocket around Z comes from an hybridized band and the outer

electron sheet around Γ is partially hybridized (see Fig. 5.4). At THO = 17.5 K,

URu2Si2 undergoes a second order phase transition, with a huge change in entropy

[Palstra85, Maple86] to the so-called hidden order (HO) phase. There have been many

attempts for determining the order parameter of such phase; for instance, see reference

[Chandra13] for the most recent one, but it is still a controversial problem. By means of

STM/S, this intriguing phase has been intensively characterized in atomically resolved

experiments [Haule09, Schmidt10, Aynajian10, Hamidian11].

In this peculiar phase, superconductivity emerges at even lower temperatures as

discovered in 1985 [Palstra85], but the properties of this phase remain unknown.

Results from macroscopic measurements, such as speci�c heat or thermal conductivity

[Knetsch92, Brison94, Yano08, Kasahara09], point towards the presence of zeros in the

superconducting gap in some parts of the Fermi surface, which is characteristic of

unconventional or reduced symmetry superconductivity [Mineev99]. Moreover, some

evidence for multiple gaps has been provided by the value obtained for the upper

superconducting critical �eld [Dubi11, Brison95]. Quasiparticle pairing mechanisms from
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(a) (b)

s-wave fit

d-wave fit

Figure 5.5: (a) Point-contact measurements in the superconducting phase of URu2Si2.
In the insets: temperature and �eld dependence of the peak in the dI/dV curves close
to zero bias voltage, which is associated with superconductivity. (b) Temperature
dependence of the extracted superconducting gap values. These �t better with a d -
wave superconducting order parameter [Hasselbach92].

the hidden-order phase have been proposed from measurements of the angle dependence

of the upper critical �eld [Brison95, Altarawneh12]. Concerning local measurements,

some previous point contact measurements gave some insight, pointing towards a d -

wave superconducting order parameter [Hasselbach92, Naidyuk96] (see Fig. 5.5). In

this thesis, the characterization of this phase has been done by means of tunneling

spectroscopy using a superconducting tip of Al, as it will be described in detail in the

following sections.

In this chapter, tunneling spectroscopy measurements in di�erent heavy fermion

compounds will be presented. In the �rst half, the ones performed in CeRu2Si2 and

CeRh2Si2 will be described and compared. The method used for analysis will be also

explained and discussed. In the second half, the measurements performed in URu2Si2
using a superconducting tip of Al will be shown, focusing in its superconducting phase.

5.2 Comparative study between the paramagnet CeRu2Si2

and the antiferromagnet CeRh2Si2

Tunneling into a heavy fermion system, as explained above, can provide very useful

information about the local electronic properties found in its magnetic ground state.

In particular, in this thesis tunneling spectroscopy experiments in a wide temperature

range (from 150 mK to 45 K) have been performed in two Ce-based heavy fermion
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systems located at the two sides of a magnetic quantum phase transition (see Fig.

5.6) [Maldonado12b]. These kind of phase transitions occur at zero temperature when

changing from a heavy fermion phase to a long-range magnetic ordered one through what

is called a quantum critical point (QCP). It is reached at a critical value of the tuning

parameter δ, which describes the competition between the Kondo e�ect and the intersite

magnetic interactions. In practice, δ could be pressure, magnetic �eld or doping.
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Figure 5.6: Location of CeRu2Si2 and CeRh2Si2 in the T-δ phase diagram of heavy
fermion compounds, where δ is the tuning parameter, which describes the interplay
between the Kondo e�ect and the magnetic intersite interactions. For a critical value
of this parameter, δc, a quantum critical point (QCP) is reached at zero temperature.
It separates the Kondo lattice regime characterized by a coherence temperature Tcoh,
where CeRu2Si2 is located, from the magnetically ordered one, which in this case is
antiferromagnetic and, therefore, established below the Néel temperature TN , where
the ground state of CeRh2Si2 is located. The insets are schematics of a tunneling
experiment between a Kondo lattice (upper right) or an antiferromagnet (lower left)
and a normal Au tip.

These experiments have been performed using a normal tip of Au and, correspond-

ingly, a sample of CeRu2Si2 and another one of CeRh2Si2, which allow to compare their

experimental results (see the insets of Fig. 5.6 for schematics of these experiments).

These samples are single crystals grown by Czochralski method in CEA (Grenoble),

such as the ones used in the works described in references [Knafo10, Aoki12]. They were

cleaved along the basal plane of their crystal structure (see Fig. 5.2) at room temperature

conditions, before mounting them on the microscope and cooling down. After cleaving

these samples around 10 times each, we found them more di�cult to cleave than, as it

will be described in the following, the one of URu2Si2. Most of the times it was hard to

break the samples, and once it was achieved, despite the surfaces looked shiny, they were

not as �at as the ones achieved in URu2Si2 when examined with an optical microscope.

In particular, in the case of CeRu2Si2, surprisingly, the surfaces that were parallel to the

c axis seemed to be shinier and (optically) �atter than the ones along the basal plane.

During this thesis, STM measurements were performed on samples cleaved into both
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perpendicular orientations, but no di�erence was noticed neither in the topography nor

in the spectroscopy when cooling down. In Fig. 5.7 photographs of the samples used in

these experiments are shown. During the experiments, using the linear positioning stage

of the microscope [Suderow11], we changed the scanning window for searching a clean

area where reproducible images could be obtained, because some kind of contamination

was unavoidable due to the room temperature cleaving procedure described above.

(a) (b)(a)
AuCeRu2Si2

(basal plane)
CeRu2Si2
(along c)

(b)
AuCeRh2Si22 2

Figure 5.7: Photographs of the samples used in the experiments. (a) From left to right:
a CeRu2Si2 sample cleaved along the basal plane, an Au sample which acts as a tip
preparation pad and a CeRu2Si2 sample cleaved in a perpendicular direction (i. e.,
along the c axis). (b) A CeRh2Si2 sample cleaved along the basal plane and glued next
to one of Au, that is the tip preparation pad.

In these systems, the characteristic energy scales are determined by their characteristic

temperatures T∗, and given by kBT∗, where kB is the Boltzmann constant. As for

CeRu2Si2 and CeRh2Si2 T∗ can be taken as the coherence Tcoh ∼ 9 K and the Néel

TN ∼ 36 K temperatures, respectively, their characteristic energy scales are of about

some meV. For this reason, in our experiments the tunneling spectra are taken at a high

bias voltage range and normalized at a voltage well above 20 mV.

5.2.1 Measurements at very low temperatures

When performing the experiments, the �rst thing was to characterize the topography

of the samples at the lowest temperature (i. e., 150 mK). Over large areas the surfaces

found were irregular, showing step-like features, such as the ones presented in Fig. 5.8(a).

At this locations, when the area was reduced to a scale comparable to interatomic

distances, some modulations were found which might be associated to some kind of

atomic arrangements at the surface (see Fig. 5.8 (b)). Nevertheless, in both compounds

clear atomic resolved images could not be achieved, due to perhaps the room temperature

cleaving procedure, that exposes the sample's surface to ambient contamination, or to

the roughness of the surface itself, as it was observed before cooling down.
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(a) (b)
1/a

≈ a

Figure 5.8: Measurements of the topography of CeRu2Si2 at 150 mK. The images were
obtained using a set point of 50 mV for the bias voltage and a conductance of 0.01
µS for the tunneling junction. In (a) an area of 135 nm × 135 nm characterized by
a corrugation of about 3 nm is shown, whereas in (b) both the size of the area (5
nm × 5nm) and the corrugation (of about 1 nm) are reduced. These kind of images
were obtained similarly in both compounds (CeRu2Si2 and CeRh2Si2). The features
observed in (b); i. e., the periodicity in the direct image together with the position of
the brightest Bragg peaks in its Fourier transform (see red circles in the inset), can be
correlated to a lattice parameter of about 0.4 nm.

The tunneling spectroscopy at 150 mK is characterized in both compounds by the

presence of a V-shaped dip around the Fermi level. Nevertheless, as presented in Fig. 5.9,

there are di�erences in the behavior observed in each of the compounds. The width of the

V-shaped dip is larger in CeRh2Si2 than in CeRu2Si2. In CeRh2Si2, two di�erent kinds of

normalized tunneling conductance curves can be distinguished, showing, respectively, dip

and shallow minima at zero bias voltage. However, the dips found in both types of curves

present very similar widths. Moreover, although the tunneling spectra observed in both

compounds change slightly as a function of the position (see Fig. 5.9), these features were

reproducible over clean surfaces, which also showed reproducible topographic features,

such as the ones discussed above.

In order to understand this V-shaped features observed in the tunneling spectra

of these compounds, it is important to notice that when tunneling into systems with

localized states, such as these compounds due to the presence of localized f electrons

associated to Ce atoms, single particle tunneling theory does not apply [Haule09, Ernst11,

Schmidt10, Aynajian10, Ternes09, Hamidian11]. Therefore, the tunneling conductance

at very low temperatures cannot be taken as directly proportional to the local density of

states of the sample. In this case, the band structure of the heavy fermion system can

be simpli�ed by the presence of two bands: one containing quasilocalized states, directly

linked to the heavy carriers because it is the result of the hybridization between the

localized f electron energy levels and the conduction band, and a light electron band,
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Figure 5.9: Examples of the tunneling spectra found in (a) CeRu2Si2 and in (b)
CeRh2Si2 at 150 mK. The tunneling conductance values are normalized to the ones
measured well above 20 mV. In (b) the two types of tunneling curves found in CeRh2Si2
are shown in di�erent panels.

which couples to the light electron states of the tip [Ernst11, Schmidt10, Aynajian10].

Therefore, the observed tunneling spectra can be interpreted in terms of a Fano line

shape [Fano61, Li98, Madhavan98, Wahl04, Zhu12, CalvoThesis]; i. e., the result of

the interference between two tunneling channels, one into the quasilocalized states and

another one into the itinerant ones. Depending on the dominance of each channel,

di�erent shapes in the tunneling conductance curves are obtained, varying from a peak

to a symmetric dip. The former results when tunneling occurs preferentially into the

quasilocalized states, whereas the latter is a consequence of a preferential tunneling into

the itinerant ones. This symmetric dip is similar to the shape of the tunneling features

observed in both CeRu2Si2 and CeRh2Si2 at very low temperatures. Moreover, this kind

of symmetric dips had been previously observed in the tunneling spectra measured on

top of single Ce adatoms [Li98] and were also interpreted as a tunneling process which

occurred preferentially into the itinerant electron channel, interacting destructively with

the quasilocalized states. Such a destructive interference was understood to be the cause

of the observed reduction in the tunneling conductance at the energy of the quasilocalized

states. For this reason, the tunneling spectra can be �tted to an inverted Lorentzian

function centered around zero bias voltage; i. e., a modi�ed Fano formula [Fano61]. The

details of this expression, together with the results of the �ttings are described in the

next section.

Schematic band diagrams for these kind of tunneling processes at zero temperature

together with the expected tunneling conductance curves are presented in Fig. 5.10.

In particular, these schematics have been proposed for tunneling into a Kondo lattice

(see Fig. 5.10(a)) and into a system with localized Kondo levels (see Fig. 5.10(b)),

which correspond, respectively, to the heavy fermion compounds studied in this work,
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Figure 5.10: Schematic band diagrams for zero temperature tunneling processes
between an Au tip and (a) a Kondo lattice, such as CeRu2Si2 and (b) a system
with localized Kondo levels, such as CeRh2Si2. The blue dashed arrows represent
the predominant tunneling channel and the reddish ones the interaction with the
quasilocalized states, as discussed in the text. In the lower panels are shown the
corresponding shape of the expected tunneling spectra resulting from these processes at
zero temperature. The width of the V-shaped dips found in the tunneling conductance,
Γ1 and Γ2, depends on the width of the quasilocalized states band and it will be
described in the next section.

CeRu2Si2 and CeRh2Si2. Notice that the band diagrams proposed are one possibility

among many others and, of course, they are di�erent from their respective real band

structures. Moreover, the width of the V-shaped dip expected to appear in the tunneling

spectra of both compounds is di�erent depending on the width of the band containing

quasilocalized states and it will be further described in the next section.

5.2.2 Thermal evolution of the tunneling spectra

The tunneling spectra measured at 150 mK have been followed as a function of

temperature for both compounds. The results are shown in Fig. 5.11, where it is

observed that the V-shaped dip disappears at 9.5 K for CeRu2Si2, whereas for CeRh2Si2
it remains up to 45 K. The former agrees well with the value for its coherence temperature

Tcoh inferred from thermal expansion measurements and the latter is close to the Néel

temperature TN found in this compound. These curves have been �tted by the expression

g(V, T ) = goff +A
( eV

Γ
)2

1+( eV
Γ

)2
, which is equivalent to a modi�ed Fano formula (see reference

[Fano61] for more details) with the asymmetry parameter q = 0 and the energy value

where the resonance is centered εs = 0. Here, Γ is the resonance width, which at
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zero temperature can be taken to be of the order of the width of the band containing

quasilocalized states. Its size depends on the value of the e�ective massm∗ of the carriers

in the heavy fermion system, increasing as m∗ decreases approaching the bare electron

mass m0. goff and A are, respectively, the conductance at zero bias voltage and the

amplitude of the dip. Their values depend on both the coupling of the wavefunctions of

the tip and the sample and the local density of states of the sample, as discussed in the

previous section.
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Figure 5.11: Temperature dependence of the normalized tunneling conductance curves
observed in (a) CeRu2Si2 and (b) CeRh2Si2. The curves have been shifted vertically by
0.5 for clarity and they correspond to the ones most frequently obtained over the surface
of each compound, according to the histograms shown in Fig. 5.13. For CeRh2Si2 the
two di�erent kinds of V-shaped dips, presenting deep and shallow minima at zero bias
voltage are shown, respectively, in the left and right panels of (b). The red lines are
the �ts to the inverted Lorentzian function described in the text. The values of the
corresponding �tting parameters are shown in Fig. 5.12.

The values of the �tting parameters obtained are presented in Fig. 5.12. The

tunneling conductance curves taken at each temperature slightly change with the position

of the tip over the sample's surface and we have tried to select the most signi�cative

ones. In order to discuss the variations respect to these most signi�cative ones at each

temperature, we show the rest of the results in a histogram (see Fig. 5.13). At the lowest
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circles, respectively.). The latter is normalized to its corresponding value at the lowest
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respectively, CeRu2Si2 and CeRh2Si2. The lines in the lower panels are the Fermi liquid
�ts following the normalized expression discussed in the text.
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Figure 5.13: Histograms for the values of goff (green) and Γ (blue) for (a) CeRu2Si2
and (b) CeRh2Si2, for several di�erent temperatures. The distribution of values are the
result of �tting tens of normalized conductance curves at di�erent arbitrary positions
at each temperature to the inverted Lorentzian function described in the text. The
most signi�cative values are highlighted by �lled bars for clarity.

temperature (150 mK), the values for the width Γ are di�erent in these compounds, being

larger for CeRh2Si2 (Γ2(0.15K) ' 5.5 meV) than for CeRu2Si2 (Γ1(0.15K) ' 4 meV).

In addition, in the case of CeRh2Si2, two di�erent types of dips are obtained at 150 mK,

with deep and shallow minima which give a di�erent value of goff , showing both roughly

the same width Γ2.

Regarding the evolution with temperature of Γ and goff in these compounds, the

former evolves in a similar way in both compounds. Nevertheless, goff presents a very
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Chapter 5. Temperature dependent tunneling spectroscopy in heavy fermion compounds

weak temperature dependence in CeRu2Si2, whereas its behavior in CeRh2Si2 strongly

depends on the shape of the tunneling curves. In particular, for the ones showing shallow

minima, goff does not present an important variation with temperature, similarly as what

is observed in CeRu2Si2. Nevertheless, for the deep V-shaped dips, goff signi�cantly

increases with temperature.
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Figure 5.14: (a) Schematic illustration of a partial gap opening in the light part of the
band structure of CeRh2Si2 at certain positions of its surface. The band diagrams for
tunneling processes between an Au tip and a sample of CeRh2Si2 at zero temperature
have been constructed in analogy to the ones shown in Fig. 5.12. The resulting V-
shaped tunneling conductance curves are presented in (b), showing the same width Γ2,
but di�erent depth.

In order to further analyze the thermal evolution of Γ, it has been compared with the

one predicted for a Fermi liquid. This comparison is presented in Fig. 5.12 (lower panels)

for both compounds, where the values of Γ have been normalized to their respective low

temperature values so that the Fermi liquid prediction for temperature broadening can

be written as Γ/Γ(T = 0) =
√

1
2(π T

T ∗ )
2 + 1 [Schiller00]. In this work, T ∗ is taken to be

the one for which the observed V-shaped dip disappears for each compound; i. e., the

coherence Tcoh and Néel temperature TN for CeRu2Si2 and CeRh2Si2, respectively. It is

observed that the evolution of Γ with temperature is similar in both compounds, roughly

following the Fermi liquid prediction. The only di�erence between these compounds

remains, then, in their respective characteristic energy scales given by their respective

values of Γ1 and Γ2 at 150 mK.

The weak evolution of goff with temperature observed in CeRu2Si2 resembles the

one observed in the paramagnetic phase (i. e., for temperatures above the one for

the hidden order phase transition) of URu2Si2 (see reference [Aynajian10] for further
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5.3 Study of a heavy fermion superconductor: URu2Si2

details). In contrast, in CeRh2Si2 it has been found that the value of goff is di�erent

depending on the position of the surface, distinguishing two main values which evolve

di�erently with temperature. This shows that a magnetically ordered phase strongly

in�uences the tunneling spectra. In CeRh2Si2 two antiferromagnetic sublattices appear

at low temperatures [Kawarazaki00], which can lead to a di�erent magnetic moment

arrangement at di�erent locations, depending on the orientation of the termination plane

of the sample's surface. This di�erence of the values for goff with the position could

be also associated with an additional partial gap opening in the light part of the band

structure at certain locations (see Fig. 5.14). This hypothesis could be reinforced by

the di�erent behavior observed in the magnetic correlation length of each compound by

neutron scattering experiments. In CeRh2Si2, it reaches quickly interatomic distances

on cooling [Flouquet12], whereas in CeRu2Si2, as it is very closed to a QCP, its value

is slightly higher at very low temperature, being of about a few atomic distances

[Regnault90]. Therefore, it seems that the tunneling spectra of CeRh2Si2 could be more

prone to depend on local size e�ects than the one of CeRu2Si2.

5.3 Study of a heavy fermion superconductor: URu2Si2

Tunneling spectroscopy in an unconventional superconducting system using a supercon-

ducting tip is a very useful tool to probe its electronic density of states close to the Fermi

level. It is especially suitable to use a superconducting probe in systems for which the

shape of their local density of states deviates from the well known s-wave BCS-like one

(see Fig. 1.14(a) in Chapter 1). In this section, we focus in the study of the supercon-

ducting phase of URu2Si2 using a tip of Al [Maldonado12]. The experimental procedures,

the scanning tunneling spectroscopy measurements and its analysis will be described and

discussed.

5.3.1 Experimental

Before describing the experiment, it is adequate to describe the use of a superconducting

tip for performing tunneling spectroscopy measurements. For that purpose, it is

necessary to review the properties of the tunneling processes between two ideal BCS

superconductors. Therefore, let us consider two ideal s-wave BCS superconducting

electrodes, namely the tip and the sample in a STM, at very low temperatures. Their

respective densities of states at very low temperatures are given by

Nt,s(E) =
E√

E2 −∆2
t,s

(5.1)
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for E > e∆ and reduces to zero for E < e∆. Here, ∆ is the superconducting

gap at zero temperature and the subindexes t and s stand for the tip and the sample,

respectively. As presented in Section 2 and following single particle tunneling theory, the

tunneling current between these electrodes can be written as

I ∝
∫ +∞

−∞
Ns(E − eV )Nt(E)[fs(E − eV )− ft(E)]dE (5.2)

where ft,s are the respective Fermi occupation functions of the electrodes. Thus,

inserting the expression 5.1 in 5.2 and making the integral, it is easy to get that,

at zero temperature, the tunneling current for voltages below the sum of both gaps

∆t + ∆s/e (being e the electron charge) is zero. At V = ∆t + ∆s/e, the tunneling

current sharply increases due to the huge amount of empty quasiparticle states available

for tunneling from one electrode to another, as their density of states diverges at the

energy corresponding to the superconducting gap. The derivative of the tunneling current

respect to the voltage shows correspondingly a peak at V = ∆t + ∆s/e (Fig. 5.15).

Note that for a �nite temperature, an additional peak can be found in the tunneling

current at the di�erence of both gaps; i. e., |∆t − ∆s|/e, which can be appreciable

when the temperature is high enough so that the exponential e−∆∗/kBT (being ∆∗ the

smallest gap value between both) in the Fermi distribution function cannot be neglected.

The tunneling current at V = |∆t − ∆s|/e increases exponentially with temperature,

according to the thermal broadening behavior of the Fermi distribution function. Here,

as we are considering superconducting materials with a low energy gap, the temperature

of measurement can be considered low enough (150 mK) to neglect such additional peak

in the tunneling current. Consequently, no features in the tunneling spectra are observed

for bias voltages below ∆t + ∆s/e, which would be observable at higher temperatures.

See references [Wolf, VanDuzer, Suderow02, Rodrigo04b] for a more detailed description

of these processes. Therefore, using as the tip electrode a superconductor with a well-

known local density of states, the local density of states of the sample can be easily

deconvoluted [Crespo09, Guillamon07].

In the case the superconducting sample does not follow BCS theory, for instance it is

a d -wave superconductor, the shape of the tunneling conductance curves presents some

deviations (see Fig. 5.16). Although the tunneling conductance shows again quasiparticle

peaks at V = ∆t + ∆s/e, the tunneling conductance increases steeply above the value

for the superconducting gap of the tip V = ∆t/e, given that ∆t is smaller than the one

of the sample ∆s, showing a pronounced shoulder. Due to the characteristic V-shape of

the local density of states of a d -wave superconductor, such a shoulder appears in the

tunneling conductance curve.

Applying a small magnetic �eld, we can destroy the superconductivity of the tip

and obtain again normal-superconducting tunneling features as discussed in Chapter 2.

Moreover, it was explained that the density of states of the superconducting sample could
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Figure 5.15: (a) Schematic band diagram of a tunneling process at zero temperature
between an ideal BCS superconducting tip (represented in blue) and an ideal BCS
superconducting sample (in red) made out of di�erent materials, which is represented
by di�erent values of their superconducting gap ∆t,s for, respectively, the tip and the
sample. Note that in this con�guration a bias voltage V is applied to the sample, which
decreases its Fermi level by an energy eV . (b) I(V) curve obtained when applying a
bias voltage ramp to the sample electrode. Its numerical derivative; i. e., the tunneling
conductance G0, is represented in (c) as a function of the bias voltage V . Note that
the values of G0 are normalized to a bias voltage well above the ones for which the
superconducting features appear, here at |∆t + ∆s/e|.

be obtained in a more direct way than when using a superconducting tip, because the

tunneling conductance at very low temperatures is directly proportional to the density

of states of the sample (see equation 2.8).

Here, we are going to use this property not only for obtaining the density of states

of the superconducting sample, but also to study its evolution with temperature. For

that purpose, let us consider the expression for the tunneling current, but specifying its

temperature dependence, that is given by

I ∝
∫ +∞

−∞
Ns(E − eV, T )[fs(E − eV, T )− ft(E, T )]dE (5.3)

Note that here the temperature dependence of the density of states of the sample

Ns is di�erent from the one found in the Fermi occupation function, which is merely

the thermal broadening. In general, from this expression the density of states of the

sample Ns can be deconvoluted from the integral at any temperature. This way, the

evolution of the density of states of the superconducting sample or, equivalently, of

the value for the superconducting gap can be obtained as a function of temperature

[Crespo06a, Guillamon08c].
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Figure 5.16: Similar scheme as in Fig. 5.15 but particularized for a tunneling process
between an ideal superconducting BCS tip (in blue) and a d-wave superconducting
sample (in blue), where the superconducting gap value of the tip ∆t is smaller than the
one of the sample ∆s.

In this work, we use a superconducting tip of Al to characterize the superconducting

phase of URu2Si2. Among the di�erent superconducting materials which could act as

a tip electrode, Al is particularly adequate because, �rstly, it accurately follows BCS

theory, so that its density of states is very well known and the density of states of URu2Si2
can be easily deconvoluted. Secondly, Al has a critical temperature Tc of about 1.2 K

[Cochran58], close to the one of URu2Si2, which is of about 1.5K [Matsuda11]. Finally,

the critical �eld of Al is very low, of the order of 0.04T (see reference [Guillamon07]).

Therefore, this allows to use the tip as a normal probe by applying a slightly higher

magnetic �eld so that it does not a�ect much the tunneling spectra of the superconducting

sample under study.

The sample of URu2Si2 is a single crystal grown by the Czochralski method in a tetra-

arc furnace with argon gas atmosphere in CEA, Grenoble (see reference [Matsuda11]

for more details about the growing technique). It was broken along the basal plane

of the tetragonal structure (i. e., the a-b plane; see Fig. 5.2) at room temperature

ambient conditions using a ceramic blade. After obtaining a nice, shiny and �at surface

as observed using an optical microscope, it was mounted on the sample holder together

with an Al and Au samples (see Fig. 5.17).

When cooling down the experiment, the �rst step was to prepare and characterize the

tip. Using the positioning system described in Chapter 2 (see reference [Suderow11] for

further information), the tip of Al was displaced on top of the Al sample, which acted

as a preparation pad. This is because the tip is prepared by mechanical annealing from
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Figure 5.17: (a) Schematics of the con�guration of the sample holder used in this
experiment. (b) Photograph of the samples of URu2Si2, Au and Al mounted in the
sample holder, which was taken in a direction perpendicular to its surfaces. (c) View
of the STM experiment before cooling down. Photographs were taken using an optical
microscope.

repeated indentation. This process of repeatedly indenting and retracting the tip over

a distance of some hundreds of nm using the z piezo is monitored and controlled by

measuring the conductance of the junction as a function of the displacement of the tip

respect to the surface of the sample. After some thousands of repeated indentations and

retractions, clean stepped-like conductance versus displacement curves are obtained (see

Fig. 5.18), from which it can be identi�ed few-atom Al contacts. Note that each jump

in the conductance value occurs at an integer multiple of the quantum of conductance

G0 = 2e2/h, which evidences the quantization of the conduction channels when the tip

is indented or retracted from the surface of the sample and, therefore, its termination

in few atoms [Agrait03]. It is important to notice as well that the observed steps are

not �at but they present a negative slope, which is characteristic of Al nanocontacts,

as studied in reference [Cuevas98]. This is due to the orbitals associated to Al atoms

which produce more than one channel available for the conduction of electrons along the

nanoconstriction.

When the tip is prepared, it is totally pulled out of the surface of the Al sample

and clear tunneling curves characteristic of a superconductor-superconductor (S-S) or a

normal metal-superconductor (N-S) tunneling junction are observed when tunneling on

top of the Al or the Au sample, respectively. These curves were presented and discussed

in Chapter 2 (see subsection 2.2.5 and Fig. 2.13).

Once the tip was characterized, it was brought to the sample of URu2Si2
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obtained in STM experiments at 150 mK using an Al tip and sample, close to the
contact regime. The blue and red curves correspond to elongation (tip retraction)
and contraction (tip indentation), respectively. Both curves reproduce the step-like
features characteristic of Al-Al single-atom point contacts. Each step corresponds to a
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= 2e2/h and has a negative slope, as discussed in the text.
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Figure 5.19: Characterization of the URu2Si2 sample at 150 mK. (a) Typical STM
topography image obtained over a large area of a corrugation of about 8 nm using a set
point of 1.25 mV of bias voltage and 0.4 µS of tunneling conductance of the junction.
Inset: tunneling spectra at high energies showing a Fano-like feature around the Fermi
level, which �ts well with a Fano function (red line). Its shape is qualitatively similar to
the ones observed in reference [Aynajian10] over a Ru terminated surface, as discussed
in the text. Over small �at regions, some atomic-like features could be observed in the
topography by making a Fourier �lter (see Fig. 5.20). In (b) the result of such Fourier
Filter is shown, together with a typical line scan. From both the position of the Bragg
peaks in the �ltered Fourier transform and the periodicity found in the line scans, it can
be inferred a lattice constant of about 0.3 nm, which suggests that it would correspond
to a Ru terminated surface.

for measurement. Before performing tunneling spectroscopy experiments in its

superconducting phase, which will be explained and discussed in detail in the following

section, the sample was characterized by tunneling microscopy, taking images of its

topography, and also by tunneling spectroscopy at high energies.

The topography of this sample shows large irregular clean surfaces of a typical

corrugation of about 8 nm, such as the one showed in Fig. 5.19(a). The images obtained
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(a)
(b)

1/1/a

(c)
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Figure 5.20: Illustration of the Fourier �ltering procedure. (a) Typical topography
image over a scanning area of the order of 10 nm × 10 nm taken at a conductance of
0.27 µS and a bias voltage of 1.87 mV, which showed four Bragg peaks in its Fourier
transform, as highlighted by red circles in the inset. A zoom was made over a small �at
region of that image, as shown in (b), and a �lter was applied by selecting the brightest
peaks in its Fourier transform, indicated by circles in the right panel. In (c) the result
of the �lter is shown both in the direct and reciprocal space in the left and right panels,
respectively.

are independent of the value of the �xed tunneling current in the feedback control.

Among these surfaces, small �at regions can be found where atomic-like features could

be resolved. In order to make a quantitative analysis of those features, a Fourier �ltering

was done, as illustrated in Fig. 5.20 for clarity. After this �ltering, from both the position

of the brightest Bragg peaks in the reciprocal space and the periodicity found in the scan

lines of the �ltered images it could be inferred a lattice parameter of about 0.3 nm, which

could possibly correspond to a Ru terminated surface (see Fig. 5.19(b)). Moreover,

within those �at areas the tunneling conductance at high bias voltages presented a

Fano-like feature around the Fermi level (see the inset of Fig. 5.19(a)), such as the

ones discussed in the previous section for the Ce-based compounds. A �tting to a Fano

function [Fano61] gives an asymmetry parameter q = −0.2 and a width of 12 meV. The

width is similar to the one determined in previous work for this compound [Aynajian10]

and its asymmetric shape is qualitatively similar to the one observed in the same work

over a Ru terminated surface (see supplementary information of reference [Aynajian10]).

This seems to be in agreement with the conclusions inferred by the analysis of the

topography.

5.3.2 Tunneling spectroscopy

For performing the tunneling spectroscopy measurements in the superconducting phase

of URu2Si2, that will be described as follows, the set point was �xed to 1.25 mV for the
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bias voltage and a value of 0.4 µS for the conductance of the junction. Moreover, the

tunneling conductance curves have been always normalized to the conductance obtained

at a bias voltage well above the one for which the superconducting features appear. For

simplicity, these details are not going to be speci�ed in the following.

Measurements at zero magnetic �eld

The tunneling spectra of URu2Si2 measured at 150 mK and without applying any

magnetic �eld are presented in Fig. 5.21, showing two examples. These tunneling

features were not observed over the whole surface of the sample, only over small �at

regions of a lateral size about 10 nm, where the features were homogeneous despite

they slightly change from one of those areas to another. The shape of the tunneling

conductance curves clearly deviates from the BCS predictions. As discussed in the

previous section, a steep peak is found at a voltage equal to the sum of the expected values

for the superconducting gap of Al and URu2Si2, but the observed tunneling conductance

increases steeply above 0.2 mV, which is comparable with the superconducting gap value

of Al, showing a pronounced shoulder.
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Figure 5.21: Tunneling spectroscopy observed in URu2Si2 at 150 mK over two di�erent
positions of its surface using a tip of Al in its superconducting state (no magnetic �eld
was applied). In the upper panels the tunneling current versus bias voltage curves are
shown, whereas in the lower panels the corresponding normalized tunneling conductance
curves are represented.

The density of states of URu2Si2 was deconvoluted from the integral in 5.2. The

density of states used for the Al tip was directly obtained from the normalized tunneling

spectra measured previously on top of an Au sample also at 150 mK, as explained above.

The results of this deconvolution made from the examples of tunneling spectra shown in
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Figure 5.22: Analysis of the features found in the tunneling spectra of URu2Si2 at
150 mK and zero magnetic �eld shown in Fig. 5.11. (a) Comparison between the
experimental (points) and the calculated (red lines) normalized tunneling conductance
as a function of the bias voltage. The calculation has been done by di�erentiation of
the integral in equation 5.2 using the experimentally determined normalized density of
states of Al for the tip and the deconvoluted normalized density of states for URu2Si2
shown in (b).

Fig. 5.21, together with the calculated normalized tunneling conductance curves using

the deconvoluted density of states for URu2Si2, are presented in Fig. 5.22. Note that

the obtained density of states for URu2Si2 at every position is V-shaped at low energies,

shows well developed quasiparticle peaks and has always a �nite value at the Fermi level.

As explained in the previous section, this V shape at low energies is the responsible

of the presence of the shoulder observed in the tunneling conductance curves and it is

the one expected for an unconventional superconductor; i. e., one which has nodes in

its gap function along some directions of its Fermi surface. Nevertheless, the shape of

the density of states changes slightly with the position. This could be related either to

tunneling into di�erent bands or at di�erent directions of the reciprocal space.

Note also that the particular topographic features or even the unavoidable

contamination of the surface of the sample, due to the room temperature cleaving

procedure, can produce the inhomogeneities observed in the tunneling spectra.

Measurements under magnetic �eld

By application of a low magnetic �eld, such as 0.1 T, parallel to the c axis of the crystal

structure of URu2Si2, the tip of Al is driven to its normal state because this �eld is higher

than its critical one, as previously discussed. Nevertheless, this �eld does not a�ect much
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the superconductivity of the sample, because this magnetic �eld value is well below its

the upper critical one, µ0Hc2 ∼ 3 T, in a direction parallel to the c axis [Brison95].
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Figure 5.23: Tunneling spectroscopy at 150 mK and under 0.1T, which drives the tip
of Al to the normal state, at two di�erent positions of the surface of URu2Si2. (a)
The tunneling current versus bias voltage curves are shown in the upper panels and the
corresponding normalized tunneling conductance curves, in the lower panels. The red
lines are the smoothing of the experimental values for avoiding noise �uctuations, which
give directly the density of states shown in (b). This is due to the direct proportionality
between the tunneling conductance and the density of states of the sample at very low
temperatures when using normal tips (see equation 2.8).

In Fig. 5.23 the observed tunneling spectra under 0.1 T together with the directly

inferred density of states, as explained in the previous section, are shown at two di�erent

positions. The superconducting gap value is taken as the energy of the in�exion point

in the quasiparticle peak of the density of states; i. e., the �rst maximum observed

in the derivative of the normalized density of states shown in Fig. 5.23(b) (see below

and, in particular, the inset of Fig. 5.25(b) for more details). This criteria gives values

of about 0.215 meV for the superconducting gap of URu2Si2 at 150 mK. These are in
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perfect accordance with the ones expected using BCS theory (∆0 = 1.76kBTc). Note

that similar inhomogeneities in the tunneling spectra were observed over the surface of

the sample under the application of this magnetic �eld value, which consequently gives

some little changes of the inferred density of states of the sample with the position. In

addition, the density of states obtained here, using a normal tip, is slightly di�erent

than the one presented above using a superconducting tip. It can be appreciated that

when the tip is normal, the quasiparticle peaks are located at about 20% higher energies

and they seem to be wider. Moreover, the density of states close to the Fermi level is

observed to decrease by 10% and, hence, it seems that, although a magnetic �eld of 0.1

T is applied perpendicular to the sample's surface, at some particular positions, better

developed BCS-like curves are observed. This is opposite to the behavior expected if the

tip was close to a superconducting vortex generated in the sample, which should lead to a

decrease in the gap size and an increase in the conductance at the Fermi level. Therefore,

this behavior might imply that in URu2Si2 the nodes in the gap function tend to close

and the gap opens as a consequence of the application of a magnetic �eld. Consequently,

in such case, U-shaped BCS-like gap features are expected to develop in the density of

states of this superconductor for energies close to the Fermi level. In particular, the

broadening of the quasiparticle peaks observed in the tunneling conductance under 0.1

T, may account for a paramagnetic e�ect, which splits the superconducting gap in two

subbands of spin up and spin down electrons [Tedrow71]. Another possible explanation

for the di�erence in the shape of the deconvoluted density of states obtained for URu2Si2
using a superconducting and a normal tip might reside in our deconvoluting method,

which, as previously explained, is based on single particle tunneling theory. Despite this

is a good approach, the development of a new theory for tunneling into a heavy fermion

superconductor needs to be developed. In this case, the distribution function for the

heavy fermion superconducting electrode should be described by the one corresponding to

a Fermi liquid and can lead to a di�erent deconvoluted density of states, which probably

would be the same when using either a superconducting or a normal tip. The development

of such di�erent theoretical approach has been left in this thesis for future work.

Moreover, it is important to notice that this superconducting ground state emerges

from the HO phase, where evidence for an anomalously low carrier density has

been provided by thermal conductivity measurements [Behnia05]. Such decrease in

the density of carriers is of one order of magnitude respect to the one of other

magnetically ordered heavy fermion compounds. This low carrier density can make

the superconducting properties sensitive to the local crystal structure. Thus, this

can make the superconducting features found in the tunneling spectroscopy to be

inhomogeneous depending on the local termination found over the sample's surface. A

complex superconducting order parameter, showing line and point nodes at di�erent parts

of the Fermi surface (see reference [Kasahara09]), can produce as well an inhomogeneous

superconducting behavior.
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Temperature evolution of the density of states

Although the features shown in the tunneling spectroscopy at both zero and 0.1 T of

magnetic �eld applied along the c axis of the crystal showed clear superconducting

signatures, it was necessary to follow them as a function of temperature in order to

further check this.
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Figure 5.24: Temperature evolution of the tunneling spectroscopy of URu2Si2 at 0.1T.
The normalized tunneling conductance curves are taken at 150 mK and from 200 mK
to 1.6 K at steps of 100 mK. These have been shifted vertically for clarity.

In this thesis the tunneling spectroscopy of URu2Si2 was measured as a function of

temperature at 0.1 T in detail in order to follow more directly the evolution of the density

of states of the sample, without taking into account the contribution of the density of

states of the tip, which under such magnetic �eld remains featureless for energies close

to the Fermi level.

In Fig. 5.24 the observed thermal evolution of the tunneling spectra of URu2Si2 at

0.1 T is presented. The curves were reproducible over certain regions of the surface

of the sample, despite some inhomogeneities were found, as discussed above. It was

observed that the superconducting features are reduced up to their disappearance at

about 1.5 K, when a �at tunneling spectra was obtained. The density of states of

URu2Si2 was deconvoluted at each temperature from the thermal broadening given by

the Fermi function, as explained in the previous section. Afterwards, the behavior of the

density of states as a function of temperature was analyzed.

It was observed that the value of the density of states at the Fermi level remains

constant when the temperature is increased. Moreover, the resulting density of states

at each temperature was numerically di�erentiated and its �rst maximum (i.e., the
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Figure 5.25: Analysis of the temperature dependence of the density of states of URu2Si2.
(a) Comparison between the experimental (points) and calculated (red lines) normalized
tunneling conductance curves shown in Fig. 5.14. The red lines are the result of
the integration and numerical di�erentiation of equation 5.3 using the deconvoluted
density of states of URu2Si2 from the tunneling spectroscopy measurements. In (b) the
evolution of the superconducting gap ∆ of URu2Si2 with temperature is shown. The
values for ∆ are determined by the position of the in�exion point of the quasiparticle
peak found at each temperature in the deconvoluted density of states. This procedure
is exempli�ed in the inset for the lowest temperature case (150 mK).

in�exion point of the quasiparticle peak) was taken as the superconducting gap value at

each temperature. Its evolution with temperature, together with the calculated thermal

evolution of the tunneling conductance curves, is shown in Fig. 5.25. Although the

former seems to follow the behavior predicted for a s-wave BCS superconductor, with

this procedure it is di�cult to distinguish this behavior from the one corresponding,

for instance, to a d -wave superconductor, because in such case a very similar thermal

evolution of the gap value is expected [Won94] (see Fig. 1.14(b) in Chapter 1). For that

reason, with the uncertainty of this method, it is not possible to determine the symmetry

of the order parameter of this compound.

5.4 Conclusions

In this chapter, tunneling spectroscopy measurements of some heavy fermion systems

in a wide temperature range have been presented. Although irregular surfaces have

been found in all of them, their tunneling spectra reveal clear signatures of the di�erent

electronic phases that are established at very low temperatures.
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On the one hand, the formation of the heavy fermion and antiferromagnetic phases

of, respectively, CeRu2Si2 and CeRh2Si2 at very low temperatures have been studied

by temperature dependent tunneling spectroscopy. Their tunneling features, namely

V-shaped dips, present a di�erent width and a di�erent behavior with the position

depending on the compound. These di�erences, together with their di�erent thermal

evolution, directly re�ect the establishment of di�erent magnetic heavy fermion ground

states. Moreover, it would be very interesting to study the behavior of the tunneling

spectra of CeRu2Si2 under Rh doping, especially in the vicinity of the quantum critical

point. Here, this aspect is left as an open question which invites for future research.

On the other, the superconducting phase of URu2Si2 has been characterized using a

superconducting tip of Al. The features observed in its tunneling spectra at 150 mK show

opened gap structures with values very close to the ones expected for a weak coupling

superconductor. Moreover, the density of states presents a V-shape for energies close to

the Fermi level, which is more clearly revealed at zero �eld; i. e., when using the Al tip in

its superconducting state, and it evidences the presence of nodes in the superconducting

gap along some directions of the Fermi surface.

More detailed measurements over large and atomically �at surfaces and, ideally,

after in-situ sample cleaving, would give further insight in the origin of the spatial

inhomogeneities observed in the tunneling spectra of URu2Si2. In addition, it would

be very interesting to investigate further the symmetry of the superconducting order

parameter of this compound. For that purpose, the study of the symmetry of the

vortex lattice at magnetic �elds close to its upper critical one would give more clues.

Nevertheless, the vortex lattice has not been visualized yet by means of STM/S and,

therefore, this remains as an open question for future research. It is noteworthy

to remark that the vortex lattice has been visualized by means of STM/S in a

similar superconducting heavy fermion compound, CeCu2Si2. The results are described

in Appendix A (section A.3), which give some insights about the symmetry of its

superconducting order parameter.

Although there are still many questions to be answered in these systems, which

indeed deserves further research, tunneling spectroscopy seems an appropriate and

powerful experimental tool for exploring the local electronic properties of heavy fermion

compounds at very low temperatures.
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The main conclusions of this thesis are summarized as follows:

(a). A new scanning tunneling microscope has been developed for performing STM/S

measurements while applying a constant transport current through the sample,

ranging from zero to 30 mA. It operates at temperatures down to 7 mK and it is

equipped with a superconducting magnet able to apply magnetic �elds up to 10 T

in a direction perpendicular to the surface of the sample. The characterization

of its operation leads to an energy resolution of 26 µeV and to an electronic

temperature of 150 mK without the application of any current. Nevertheless,

these values correspondingly increase to 35 µeV and 200 mK when applying a

transport current, due to the additional wiring and electronics, whereas the imaging

procedure remains unaltered.

(b). In our current driven experiments in NbSe2 we have observed a reduction in the

contribution of the low energy part of its distribution of superconducting gap values

at zero �eld. At 0.1 T, it has been observed a reduction of the peak in the density of

states of the lowest energy localized state, located at the center of the static vortices,

by the application of a current. We propose that these observations could be due, on

the one hand, to a pair breaking e�ect produced by the inhomogeneous magnetic

�eld generated by the also inhomogeneous current distribution obtained at zero

�eld and, on the other, to the action of the homogeneously distributed current at

0.1 T reducing the small sized gaps on parts of the Fermi surface, similarly as what

temperature and magnetic �eld produce.

(c). The observed vortex lattice dynamics under current �ow at temperatures close to

Tc in both NbSe2 and the W-based thin �lm suggests that thermally activated

processes are favored by the application of a current. Moreover, in the thin �lm

we have studied the dynamical behavior of a small part of a vortex bundle at very

low temperatures and under the applied current in a well de�ned one-dimensional
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pinning potential. It can be qualitatively understood considering that the current

helps the system to �nd an energetically favorable con�guration within the complex

landscape of energy minima, which sets in due to the combination of the Lorentz

and pinning forces acting on the bundle. By increasing the magnetic �eld to a

certain value, the consequent rearrangement of the vortices in the bundle selects

a released and stable con�guration, which matches with the direction of the linear

pinning potential.

(d). The tunneling spectroscopy experiments performed as a function of temperature

and without applying any current in the heavy fermion compounds studied have

also lead to signi�cant results. We have determined the coherence and Néel

temperatures of, respectively, the prototypical heavy fermion CeRu2Si2 and the

antiferromagnet CeRh2Si2. Moreover, we have determined the superconducting

energy gap of the unconventional superconductor URu2Si2 using a superconducting

tip of Al, whose evolution with temperature follows the predictions of BCS theory.

Our observations suggest that rather opened gap structures and gap nodes are

present in the Fermi surface of this compound.
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Las principales conclusiones de esta tesis son las siguientes:

(a). Se ha desarrollado un nuevo microscopio de efecto túnel para realizar medidas de

STM/S durante la aplicación de una corriente constante a lo largo de la muestra,

en el rango entre cero y 30 mA. Éste opera a temperaturas de hasta 7 mK y

está equipado con un imán superconductor capaz de aplicar campos magnéticos

de hasta 10 T en una dirección perpendicular a la super�cie de la muestra. La

caracterización de su funcionamiento ha proporcionado una resolución en energía

de 26 µeV y una temperatura efectiva de 150 mK, sin la aplicación de corriente. Sin

embargo, estos valores aumentan correspondientemente a 35 µeV y 200 mK cuando

se aplica una corriente debido al cableado y a la electrónica adicional, mientras que

el procedimiento de toma de imágenes se ve inalterado.

(b). En nuestros experimentos bajo conducción de corriente en NbSe2 hemos observado

una reducción en la contribución de la parte de baja energía de su distribución

de valores del gap superconductor a campo cero. A 0.1 T, se ha observado una

reducción del pico en la densidad de estados del estado de energía más baja, situado

en el centro de los vórtices estáticos, por la aplicación de una corriente. Proponemos

que estas observaciones podrían ser debidas, por un lado, a un efecto de ruptura

de pares producido por el campo magnético inhomogéneo generado por la también

inhomogénea distribución de corriente obtenida a campo cero y, por otro, a la

acción de la corriente homogéneamente distribuida a 0.1 T que reduce los valores

del gap de pequeño tamaño en partes de la super�cie de Fermi, de manera similar

al efecto que producen la temperatura y el campo magnético.

(c). La dinámica de vórtices observada bajo corriente a temperaturas próximas a

Tc, tanto en NbSe2 como en el nanodepósito basado en W, sugiere que los

procesos térmicamente activados se ven favorecidos por la aplicación de la corriente.

Además, en el nanodepósito hemos estudiado el comportamiento dinámico de una
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pequeña parte de un "bundle" de vórtices a muy bajas temperaturas y bajo la

corriente aplicada en un potencial de pinning unidimensional bien de�nido. Éste

puede entenderse cualitativamente considerando que la corriente ayuda al sistema

a encontrar una con�guración de energía favorable dentro del complejo paisaje

de mínimos de energía que se establece debido a la combinación de las fuerzas

de Lorentz y de pinning que actúan sobre el "bundle". Mediante el aumento del

campo magnético hasta un cierto valor, el consecuente reordenamiento de vórtices

producido en el "bundle" selecciona una con�guración relajada y estable, que

coincide con la dirección del potencial de pinning lineal.

(d). Los experimentos de espectroscopía túnel realizados en función de la temperatura

y sin corriente aplicada en los compuestos de fermiones pesados estudiados

han proporcionado también resultados signi�cativos. Hemos determinado las

temperaturas de coherencia y de Néel del fermión pesado modelo CeRu2Si2 y

del antiferromagnético CeRh2Si2, respectivamente. Además, hemos determinado

la energía del gap superconductor del superconductor no convencional URu2Si2
utilizando una punta de Al superconductor, cuya evolución con la temperatura

sigue las predicciones de la teoría BCS. Nuestras observaciones sugieren que unas

estructuras del gap bastante abiertas y nodos en el gap están presentes en la

super�cie de Fermi de este compuesto.
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A
Collaboration with MPI Stuttgart

A.1 Introduction

This appendix contains a summary of the collaborations done during a stay of three

months in the group headed by Dr. Peter Wahl in Max Planck Institute (MPI) for Solid

State Research in Stuttgart (Germany). These activities constitute part of the Ph. D of

M. Enayat and the postdoctoral stay of Dr. Z. Sun. In this appendix, these activities

will be described, explaining brie�y the experimental techniques used and focusing in the

description of the measurements performed in the superconducting phase of the heavy

fermion compound CeCu2Si2.

A.2 Experimental techniques

The set up used for performing the experiments during this stay consists of a home-made

STM installed in a dilution refrigerator.

The cryostat is a modi�ed MX400 Oxford Instruments dilution refrigerator able to

reach a base temperature of 7 mK and of a cooling power of 400 µW at 100 mK. It is

also equipped with a superconducting magnet able to apply magnetic �elds up to 14 T

in a direction perpendicular to the surface of the sample. The system has been modi�ed

in order to allow for its continuous operation at the base temperature on time scales up
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to ≈ 170 hours. Concerning the thermometry assembly, the temperature is monitored

at the di�erent cooling stages of the refrigerator using temperature sensors provided by

Oxford Instruments similar to the ones described in Chapter 2. Moreover, a calibrated

RuO2 temperature sensor is installed below the mixing chamber and close to the STM

head. The details of the cryostat can be found in reference [Singh13].

(a) (b)(a) (b)

Figure A.1: Design (a) and photograph (b) of the microscope used in MPI (Stuttgart),
where its main parts are indicated. Details can be found in reference [White11].

The home-made STM head is made out of sapphire, which optimizes the microscope

for high mechanical sti�ness and a good thermal conductivity (see Fig. A.1). It is

mounted on a speci�cally designed home-made copper piece (see Fig. A.2) attached

to the coldest part of the dilution refrigerator; i. e. the mixing chamber, in order

to locate the STM head at the center of the superconducting magnet. Moreover, this

microscopy system allows for in-situ sample cleaving and sample exchanging without the

need of warming up or venting the system. This is achieved by using a vertical sample

manipulator which passes though a cleaving stage mounted on the 4 K plate of the

refrigerator and a mechanical shutter mounted in the still plate, which act as radiation

shields. The sample is cleaved in-situ by rotating the manipulator so that it is transferred

into a movement of the shutter of the cleaver, which knocks o� a rod glued on top of the

sample's surface (Fig. A.3). For that reason, the con�guration of the microscope is such

that the sample holder is situated above the tip position in order to allow this in-situ

sample cleaving and its exchange.

In this system, important technical improvements have been done in order to reduce

the mechanical and electromagnetic noise level, which are not going to be described here.

Moreover, the operation of the microscope at very low temperatures was characterized

similarly as what has been described in Chapter 2, by measuring the tunneling spectra

between an Al tip and a Au sample. This leads to an energy resolution of the same order

of magnitude and to a similar electronic temperature for the experiment; i. e., 140 mK.

The di�erence remains in that here the lock-in technique is used for obtaining the value
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Figure A.2: Design (left) and photograph (right) of the home-made support system for
the STM head used in Max Planck Institute in Stuttgart [Singh13].

Figure A.3: Design of the cleaver used in the set-up used in MPI (Stuttgart) for the
studies described in the following sections [Singh13].

for the tunneling conductance. With this technique, this value can be directly obtained

from the output of the lock-in when a small alternate component is added to the bias

voltage signal applied to the experiment.

Finally, more details about this system, including its construction and operation, can

be found in references [Singh13, White11].
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A.3 Characterization of the superconducting phase of

CeCu2Si2

A.3.1 Motivation

There is a large number of f -electron heavy fermion superconductors, which has increased

signi�cantly over the past decades [P�eiderer09]. In particular, CeCu2Si2 was the �rst

heavy fermion superconductor discovered by Prof. F. Steglich in 1979 [Steglich79]. In

general, these compounds have a low critical temperature; for instance, 0.6 K in the

case of CeCu2Si2, which requires the use of a dilution refrigerator in order to reduce the

temperature of the experiment below their Tc. Although there has been a great e�ort to

characterize the superconducting properties of these compounds, the pairing symmetry

and the mechanisms leading to superconductivity are still under debate.

For that reason, and given that STM/S is a powerful technique to access to the

local properties of heavy fermion compounds, as demonstrated by the successful studies

in several compounds (PrOs4Sb12 [Suderow04], PrFe4P12 [Suderow08Pr], YbRh2Si2
[Ernst11], URu2Si2 [Schmidt10, Aynajian10], CeRhIn5 and CeCoIn5 [Aynajian12,

Allan13]), we found very interesting to characterize the superconducting phase of

CeCu2Si2 by means of STM/S. It is the �rst heavy fermion compound in which

superconductivity has been detected [Steglich79] and it has been extensively studied.

Ce 

Cu 

Si 

a = b 

c 

Figure A.4: Crystal structure of CeCu2Si2, where a and c are the lattice parameters
along the basal plane and the z-axis, respectively. In this compound, a ∼ 0.4 nm and
c ∼ 1 nm [Neumann88].

CeCu2Si2 has a tetragonal ThCr2Si2 crystal structure [Neumann88] (see Fig. A.4),

which is similar to the one found in the other heavy fermion compounds studied in

this thesis. At low temperatures, a paramagnetic phase close to an antiferromagnetic

quantum critical point is established in this compound, with a coherence temperature of

about 15 K [Stockert11]. Nevertheless, here we will focus on the local characterization

of its superconducting phase, which appears below 0.6 K. This phase has been
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characterized by other macroscopic techniques, such as resistivity [Vieyra11] and speci�c

heat measurements [SeiroPrivate], giving a critical temperature Tc ∼ 0.6 K and an upper

critical �eld µ0Hc2 ∼ 2T (see Fig. A.5).

(a)

(b)

Figure A.5: (a) Resistivity [Vieyra11] and (b) speci�c heat [SeiroPrivate] measurements
in the superconducting phase of CeCu2Si2.

In the following, STM/S measurements in a single crystal of CeCu2Si2 will be

described. It was grown by a self-�ux method combined with a Bridgman cooling

technique (details of the growing technique can be found in reference [Seiro10]). The

sample was in-situ cleaved following the procedures described in the previous section and

cooled down to 0.2 K, which was the minimum temperature achieved in the cryostat. A

photograph of the sample used in this experiment just after extracting it from the STM

head taken with an optical microscope is shown in Fig. A.6.

Figure A.6: Photograph of the sample of CeCu2Si2 mounted in the sample holder just
after performing the experiments. The image was taken using an optical microscope.

As usual in this thesis, the tunneling conductance curves have been normalized for bias

voltages well above the ones for which the superconducting features appear. Nevertheless,

it was observed that those features do not change signi�cantly neither under di�erent
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set points for the bias voltage and for the tunneling current nor under di�erent values of

the lock-in modulation.

A.3.2 Topography measurements

When cooling down, the �rst thing to characterize was the topography at the lowest

temperature; i. e., 0.2 K. In CeCu2Si2 we could �nd very �at large areas as the ones

shown in Fig. A.7(a). When scanning over small areas, some atomic-like features were

observed (see Fig. A.7(b)). Di�erent line scans taken along two perpendicular directions

give a di�erent periodicity. One of them gives a lattice constant d1 ∼ 0.3-0.2 nm (see red

line in Figs. A.7(b) and (c)), which could be consistent with a Cu terminated surface.

Moreover, the line scan in the perpendicular direction (blue line in Figs. A.7(b) and (c))

gives a lattice parameter d2 ∼ 0.4-0.5 nm, which could evidence the presence of atomic

rows in such direction. This latter periodicity is also manifested in the Fourier transform

of the image, whose corresponding Bragg peaks are highlighted in blue in the inset of

Fig. A.7 (b).

2.43 Å 1 461.46Å

(a) (b)( )

1/d2

0.00 Å

0 000Å
FFT

( )
30

 

15

 

0 00(c)

15

30

 

ei
gh

t (
pm

)

d2
5

10

 

ei
gh

t (
pm

)

0 1 2
0

H
e

Distance (nm)
0.0 0.3 0.6 0.9
0

H
e

Distance (nm)

d1

Figure A.7: Topography measurements in CeCu2Si2. (a) Topography image of about
50 nm × 50 nm, obtained using a setpoint of 100 mV for the bias voltage and 60 pA
for the tunneling current. Scanning over a small area of about 10 nm × 10 nm, images
like the one in (b) are obtained using a setpoint of 100 mV for the bias voltage and 80
pA for the tunneling current. Inset: Fast Fourier Transform (FFT) of the image shown
in (b) showing two Bragg peaks highlighted by blue circles. (c) Line scans along two
perpendicular directions, where two kind of periodicities d1 and d2 can be distinguished,
as discussed in the text.

From the results discussed above, it is di�cult to determine whether the surface of

the sample contains Cu terminated atomic rows or if, as a whole, it is terminated in

another atomic plane of di�erent orientation. In addition, these areas are characterized

by the presence of an slope of about 12◦ when scanning along the perpendicular direction

(y-axis, in the images presented in Fig. A.7). This fact can give some clues about the
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atomic-like features observed in the surface, but more detailed measurements in areas

where such slope might be reduced will help to clarify the atomic termination of the

observed surfaces.

A.3.3 Measurement of the superconducting gap

The tunneling spectra for energies close to the Fermi level taken at 0.2 K over the areas

shown above was characterized by the presence of a V-shaped feature centered around

zero bias voltage (see Fig. A.8(a)). Despite this V-shaped dip went down only by 20% of

the tunneling conductance value for voltages well above the superconducting gap, where

the data were normalized, it was homogeneous over the whole surface of the sample.
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Figure A.8: (a) Normalized tunneling conductance curve as a function of the bias
voltage at 0.2 K in CeCu2Si2. (b) Temperature dependence of the normalized tunneling
conductance curves as a function of the bias voltage. The curves are the result of
averaging tens of them obtained at each temperature at arbitrary points over the surface
of the sample. The curves have been shifted vertically by 0.2 for clarity.

We have followed this feature as a function of temperature (see Fig. A.8(b)). It

disappears at 0.6 K, which is comparable with the expected Tc previously observed in

the bulk by resistivity [Vieyra11] and speci�c heat measurements [SeiroPrivate] shown

in Fig. A.5.

Following the method described in Chapter 5 (section 5.3.1), the density of states

of CeCu2Si2 was taken as directly proportional to the tunneling conductance obtained

at 0.2 K. Its temperature evolution was extracted by deconvoluting the density of

states at each temperature from the thermal smearing given by the Fermi function. In

analogy to the criteria used for the analysis of URu2Si2 using a normal tip (see section
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Figure A.9: (a) Temperature evolution of the measured (points) and calculated (red
lines) normalized tunneling conductance curves as a function of the bias voltage. (b)
Superconducting gap value ∆ as a function of temperature. ∆ is normalized to the
value obtained at the minimum temperature of the experiment, ∆0 = 83 µeV, and the
temperature to its critical value Tc = 0.6 K. Inset: Example of the determination of
the gap value from the �rst derivative of the deconvoluted density of states at 0.2 K.
The energy position of the �rst peak is taken as a good measurement of ∆. Error bars
in (b) come from the uncertainty given by the Fermi function, which increases with
temperature.

5.3.2) and in reference [Maldonado12], the energy position of the �rst peak obtained

in the �rst derivative of the density of states was taken as a good measurement of the

superconducting energy gap ∆. The value obtained at 0.2 K, ∆(0.2 K) = 83 µeV,

agrees well with the one predicted by BCS theory for a superconductor with Tc = 0.6

K (∆0 = 1.76kBTc). The temperature evolution of ∆ obtained from di�erentiating the

corresponding deconvoluted density of states at each temperature, together with the

calculated tunneling conductance curves at each temperature, is shown in Fig. A.9. It

is obtained that ∆ follows a BCS-like evolution with temperature. Nevertheless, as also

discussed for the case of URu2Si2, with the uncertainty of this method it is di�cult to

determine the symmetry of the order parameter, because for a d -wave superconductor a

very similar evolution of ∆ versus temperature is expected [Won94] (see also Fig. 1.14(b)

in Chapter 1).

A.3.4 Direct visualization of the vortex lattice

Under the application of a moderate magnetic �eld, the vortex lattice could be visualized,

identifying vortex cores. The vortex lattice has been followed as a function of the

magnetic �eld at 0.2 K, as shown in Fig. A.10. At 2 T, the spectroscopy map at

zero bias voltage did not show any contrast and the tunneling conductance curves

were completely �at, evidencing that the sample has transited to its normal state and
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giving a measurement for µ0Hc2 ∼ 2 T, which is comparable to the ones obtained from

macroscopic measurements [Vieyra11].

T = 0.2 K

Hc2

0.5T 1T 1.5T 2T

μ0H

Figure A.10: Normalized zero bias tunneling spectroscopy maps at 0.2 K over a scanning
area of 150 nm × 150 nm as a function of the magnetic �eld. The one obtained at 2 T
does not present any contrast and the tunneling spectra are absolutely �at, evidencing
the transition of CeCu2Si2 to its normal state and, thus, giving a measurement for
µ0Hc2.

The averaged distance between the vortex cores d decreases with the magnitude of

the applied magnetic �eld B as expected for a triangular vortex lattice (see Fig. A.11).

It follows the well-known expression d =
√

2√
3

φ0

B [Ketterson], where φ0 is the �uxoid.

Usually, this expression is reduced to d ≈ 50nm√
B(T )

, which gives the distance in nanometers

if the magnetic �eld is expressed in Tesla.
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Figure A.11: Averaged distance between vortices d as a function of the applied magnetic
�eld B. Black points correspond to the experimental data and the red line to the
calculations using the well-known expression described in the text.

Moreover, the evolution of the zero bias tunneling conductance along a line crossing

a vortex core at 1.6 T has been analyzed. The results of the radial average of the

tunneling conductance values at zero bias voltage σ(r, 0) as a function of the radial
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distance from the vortex center r are shown in Fig. A.12. These data were �tted to

one minus the Ginzburg-Landau expression, which is used in reference [Eskildsen02] for

similar purposes, giving

σ(r, 0) = σ′0 + (1− σ′0)× (1− tanh |r|
ξ

) (A.1)

where σ′0 is the normalized zero bias tunneling conductance measured at zero �eld

and ξ the superconducting coherence length. This �tting gives ξ ≈ 9.3 nm, which

is comparable to the value obtained for the superconducting coherence length of this

compound in reference [Rauchschwalbe82], being of about 100 Å.
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Figure A.12: Evolution of the radial average of the normalized zero bias tunneling
conductance σ(r, 0) at 0.2 K and 1.6 T as a function of the radial distance from the
vortex center r (blue points). The red line is the �t to equation A.1, which gives ξ ≈
9.3 nm. Inset: Normalized zero bias tunneling conductance map at 0.2 K and 1.6 T
over an area of about 90 nm × 90 nm. The spatial distribution of σ(r, 0) is indicated
by a blue line passing through a vortex core for clarity.

A.3.5 Discussion

The STM/S data presented above allow us to characterize the superconducting phase

of the heavy fermion compound CeCu2Si2. Although the superconducting gap feature

found at the base temperature of the cryostat consists of a shallow dip, whose normalized

zero bias tunneling conductance is �nite and of a higher value than the one found,

for instance in URu2Si2 (see section 5.2.2 and reference [Maldonado12]), it can be

associated to superconductivity due to its spatial homogeneity, its disappearance at 0.6

K and, furthermore, due to the visualization of vortex cores at di�erent �elds up to its

disappearance at 2 T, as previously shown.

Apart from the case of URu2Si2 mentioned above, the presence of a �nite value of the

normalized tunneling conductance at the Fermi level has been also observed at higher

temperatures in CeRu2 [Sakata00b] and, recently, at a comparable temperature (T = 0.25
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K) in CeCoIn5 [Allan13]. One possible explanation could reside in considering that at

very low temperatures the bulk of the sample is superconducting but its surface remains

in the normal state over a small thickness. Thus, a shallowed superconducting gap is

measured at the surface of the sample by proximity e�ect from the superconducting

bulk. The shape of the obtained tunneling spectra (Fig. A.8(a)) resemble the ones

measured in a normal conductor close to a superconductor using planar tunneling

junctions [Gueron96, Belzig96], where the superconducting gap is reduced when going

far away from the interface between the normal metal and the superconductor.
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Figure A.13: Evolution of the anisotropy of the vortex lattice with the magnitude of
the applied magnetic �eld normalized to µ0Hc2 = 2 T. The dashed line describes the
behavior of the isotropic case. The error bars have been calculated by error expansion.

The symmetry of the vortex lattice, especially for magnetic �elds close to µ0Hc2,

can provide some insight into the symmetry of the order parameter [Sakata00, Xu96].

Distortions from the hexagonal symmetry of the vortex lattice predicted by Abrikosov

have been reported in the heavy fermion superconductor CeCoIn5 by neutron-scattering

measurements [Bianchi08] and, recently, by means of STM/S [Allan13], which evidence

the non-conventional character of its superconducting properties. Nevertheless, up to

the extend to our knowledge, the symmetry of the vortex lattice of 122-heavy fermion

compounds has not been studied yet. Motivated by these observations, we have analyzed

the anisotropy of the vortex lattice of CeCu2Si2 at di�erent magnetic �elds. We de�ne

anisotropy as Average(d1, d2, d3)/Minimum{d1, d2, d3}, where d1, d2 and d3 are the

averaged distances between vortices in the three independent directions of the lattice.

The results are shown in Fig. A.13, where it can be observed that the anisotropy increases

with the magnitude of the applied �eld. Therefore, from this behavior it can be inferred

that there is some kind of anisotropy in the superconducting order parameter, which

could not be determined by the temperature evolution of the superconducting gap (see

Fig. A.9(b)). Nevertheless, more detailed measurements within vortex cores, which are

under way, may help to determine the symmetry of the superconducting order parameter

of CeCu2Si2.
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A.4 Conclusions

To summarize, in this appendix it has been described the experimental system used in

MPI during a stay of three months. Its description provides another successful realization

of a home-made STM installed in a dilution refrigerator. This re�ects that STM/S at

very low temperature is a powerful and adequate technique to study the local electronic

structure of materials for which their characteristic energy scales are reduced to few meV

around the Fermi level.

Moreover, the measurements performed in the superconducting phase of CeCu2Si2
provide a value for the superconducting energy gap of 83 µeV, which evolves with

temperature following BCS predictions. Under a moderate magnetic �eld, vortex cores

are visualized and these provide a value of the superconducting coherence length of about

10 nm. Remarkably, the anisotropy of the vortex lattice increases with the magnitude of

the applied magnetic �eld, evidencing an anisotropic character of the superconducting

order parameter of this compound.

Despite more detailed measurements, which are under way, may help to clarify

the nature of the superconducting order parameter in CeCu2Si2, we hope that these

measurements can be useful to characterize the superconducting phases of other heavy

fermion compounds.
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