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Abstract

High-temperature superconductors belong to the group of strongly correlated
materials. In these compounds, complex repulsive electron interactions and a
large number of degrees of freedom lead to a rich variety of states of matter.
Exotic phases like the pseudogap, charge-, spin- and pair-density waves, but
also the remarkable phenomenon of superconductivity emerge, depending on
doping level and temperature. However, up to now it is unclear what exactly
causes these states, to what extent they are coexisting or competing, and where
their borders in the phase diagram lie. A better understanding could help in
finding the mechanism behind high-temperature superconductivity, but would
also provide a better insight into the puzzling behavior of strongly correlated
materials.

This thesis tries to resolve some of these questions with focus on the un-
derdoped pseudogap regime. Mesa structures of bismuth-based cuprate su-
perconductors were studied using intrinsic tunneling, which allows spectro-
scopic characterizations of electronic density of states inside the material. A
micro/nano fabrication method was developed to further reduce mesa areas
into the sub square-micrometer range, in order to minimize the effect of crystal
defects and measurement artifacts caused by heating induced by the measure-
ment current.

The comparison of energy scales in Bi-2201 and Bi-2212 cuprates shows
that the pseudogap phenomenon is not connected to superconductivity, but pos-
sibly represents a competing spin-singlet order that is universal to all cuprates.
The analysis of the upper critical field in Bi-2201 reveals a low anisotropy,
which gives evidence of paramagnetically limited superconductivity. Further-
more, a new electrical doping method is demonstrated, which enables the re-
versible tuning the doping level of Bi-2212 and study a broad doping range
upon a single sample. Using this method, two distinct critical points were ob-
served under the superconducting dome in the phase diagram: one at the over-
doped side, associated with the onset of the pseudogap and a metal to insulator
transition, and one at optimal doping, associated with an enhanced "dressed"
electron energy. Finally, a novel angular-dependent magnetotunneling tech-
nique is introduced, which allows for the separation of the superconducting
and non-superconducting contributions to the pseudogap phenomenon. The
method reveals that after an abrupt decay of the energy gap for T → Tc, weak
superconducting correlations persist up to several tens of degrees above Tc.



Sammanfattning

Högtemperatursupraledare hör till gruppen starkt korrelerade material. I dessa
material leder komplexa repulsiva elektroniska växelverkningar och ett stort
antal frihetsgrader till en stor uppsjö av materialtillstånd. Exotiska faser såsom
pseudogap, laddning-, spinn- och partäthetsvågor, men också de märkvärdiga
fenomenen hos supraledning uppvisas, beroende på dopningsnivå och temper-
atur. Men än idag är det oklart exakt vad som orsakar dessa tillstånd, i vilken
utsträckning de samexisterar eller konkurrerar och var deras gränser i fasdia-
grammet ligger. En bättre förståelse skulle kunna bidra till att hitta mekanis-
men bakom högtemperatursupraledning, men skulle också ge en bättre inblick
i det svårförklarliga beteendet hos starkt korrelerade material.

Denna avhandling försöker lösa några av dessa frågor, med fokus på det
underdopade pseudogap-området. Mesastrukturer av vismutbaserade koppar-
oxid-supraledare studerades med hjälp av intrinsiska tunnlingsmätningar, som
tillåter spektroskopisk karakterisering av den elektroniska tillståndstätheten.
En mikro/ nanotillverkningsmetod utvecklades för att ytterligare reducera me-
saytorna till under en kvadratmikrometer i storlek, med syfte att minimera ef-
fekten av kristalldefekter och mätfel orsakade av uppvärmning från mätström-
men.

En jämförelse av energiskalor hos kupraterna Bi-2201 och Bi-2212 visar
att pseudogapfenomenet inte har något direkt samband med supraledning, men
möjligen utgör en konkurrerande spinn-singlett ordning som är universell för
alla kuprater. En analys av det övre kritiska fältet i Bi-2201 visar en låg
anisotropi, vilket ger belägg för paramagnetiskt begränsad supraledning. Vi-
dare demonstreras en ny elektrisk dopningsmetod, vilket gör det möjligt att
reversibelt justera dopningsnivån hos Bi-2212 och studera ett brett dopning-
sområde med ett och samma prov. Med hjälp av denna metod observeras
två skilda kritiska punkter under den supraledande kupolen i fasdiagrammet.
En vid den överdopade sidan, associerad med början av pseudogapet och en
metall-isolator övergång, samt en andra vid optimal dopning, associerad med
en förhöjd, "klädda" elektronenergi. Slutligen införs en ny, vinkelberoende
magnetotunnlingsteknik, som gör det möjligt att separera de supraledande och
icke-supraledande bidragen till pseudogapfenomenet. Metoden visar att svaga
supraledande korrelationer kvarstår upp till flera tiotals grader över Tc efter en
plötslig kollaps av energigapet då T → Tc.



Zusammenfassung

Hochtemperatursupraleiter gehören zu den stark wechselwirkenden Materi-
alien, in denen komplexe, repulsive Elektronen-Wechselwirkungen und eine
hohe Anzahl an Freiheitsgraden zu einer Vielzahl von Aggregatzuständen füh-
ren. Exotische Phasen wie das Pseudogap, Ladungs-, Spin- und Paar-Dichte-
Wellen, sowie das bemerkenswerte Phänomen der Supraleitung treten hervor,
abhängig von der Dotierung sowie der Temperatur. Es ist jedoch bis heute un-
klar was genau die Ursache dieser Phasen ist, inwiefern sie koexistieren oder
miteinander konkurrieren und wo genau ihre Grenzen im Phasendiagramm
liegen. Ein besseres Verständnis könnte helfen den Mechanismus hinter der
Hochtemperatursupraleitung zu verstehen, es würde aber auch einen besseren
Einblick in das rätselhafte Verhalten der stark wechselwirkenden Materialien
geben.

Diese Arbeit versucht einige dieser Fragen zu beantworten, wobei der
Fokus auf das unterdotierte Pseudogap-Regime liegt. Mesastrukturen aus Wis-
mut-Cupraten wurden mittels intrinsischer Tunnelspektroskopie untersucht, wel-
ches eine spektroskopische Charakterisierung der Zustandsdichte innerhalb
des Materials ermöglicht. Eine Methode zur Mikro/Nanofabrikation wurde
entwickelt um die Mesafläche auf weniger als einen Quadratmikrometer zu re-
duzieren, um Messverfälschungen durch Kristalldefekte und Selbsterwärmung
durch den Messstrom zu reduzieren.

Der Vergleich der Energieskalen in Bi-2201 und Bi-2212 Kupraten hat
ergeben dass das Pseudogap keinen direkten Zusammenhang mit der Supralei-
tung hat und möglicherweise einen konkurrierenden Singulett-Spinzustand dar-
stellt, welcher universell ist für alle Kuprate. Eine Untersuchung des kritischen
Magnefelds in Bi-2201 ergab eine geringe Anisotropie, welches einen Hin-
weis auf paramagnetisch beschränkte Supraleitung gibt. Des weiteren wird
eine neue elektrische Dotiermethode vorgestellt, welche ein reversibles Ein-
stellen der Dotierung einer einzigen Probe in einem weiten Dotierbereich er-
möglicht. Mit Hilfe dieser Methode wurden zwei separate kritische Punkte
unter dem supraleitenden Dom im Phasendiagramm gefunden. Einer auf der
überdotierten Seite, welcher dem Pseudogap und einem Metall-zu-Isolator Über-
gang zugeschrieben wird und einer im optimal dotieren Bereich, welcher durch
eine „bekleidete“ Elektronenenergie hervorgerufen wird. Zudem wird eine
neuartige winkelabhängige Magnetotunnel-Methode vorgestellt, welche es er-



laubt die supraleitenden und nicht-supraleitenden Beiträge zum Pseudogap zu
separieren. Die Methode offenbart dass supraleitende Korrelationen bis zu
mehreren zehn Kelvin über Tc existieren, nachdem die Energielücke für T→ Tc

vorerst schnell Abfällt.
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ab-plane Crystallographic plane spanned by the a and b lattice vector, in case
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AC Alternating current

APRES Angle-resolved photoemission spectroscopy

BCS-theory Theory of superconductivity by J. Bardeen, L. Cooper and J. R. Schri-
effer

Bi-2201 Bi2Sr2CuO6+δ

Bi-2212 Bi2Sr2CaCu2O8+δ

Bi-2223 Bi2Sr2Ca2Cu3O10+δ

BSCCO Bismuth strontium calcium copper oxide Bi2Sr2Can−1CunO6+δ , with
n = 1,2 or 3

c-axis Crystallographic direction along the c lattice vector, in case of BSCCO
perpendicular to the superconducting layers

CDW Charge density wave

DC Direct current

DOS Density of states

DS Doping state

E-beam Electron-beam

FEBID Focused electron beam induced deposition

FIB Focused ion beam

FIBID Focused ion beam induced deposition

HTSC High-temperature superconductor

ICP Inductive coupled plasma

OD Overdoped



OP Optimally doped

PCB Printed circuit board

PG Pseudogap

RCSJ Resistively and capacitively shunted Josephson junction

RF Radio frequency

RIE Reactive ion etching

SC Superconductor/superconducting

SDW Spin density wave

SEM Scanning electron microscope

SG Superconducting gap

SIS Superconductor-insulator-superconductor

STM Scanning tunneling microscopy

TSFZ Traveling-solvent floating-zone technique

UD Underdoped

UV Ultra violet
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1. Introduction

This chapter provides a short introduction to cuprates and Josephson junctions
before explaining the sample fabrication techniques and measurement meth-
ods that were used in Chapter 2. The main results of the attached papers are
presented in Chapter 3.

1.1 Motivation

Conventional superconductivity can be explained by the BCS-theory: two
electrons couple to an energetically favorable Cooper pair, formed through
electron-phonon coupling [3]. The more recently discovered high-temperature
superconductors (HTSC) [4] can persist in the superconducting state at much
higher temperatures in comparison to conventional superconductors. They also
withstand higher magnetic fields before superconductivity is suppressed, since
they allow the field to partly penetrate the material through Abrikosov vortices
[5]. This means that the superconducting and normal state can coexist within
these unconventional superconductors.

Experiments showed that coupling in this type of superconductor is proba-
bly not, or not solely, due to electron-phonon interactions [6, 7]. The principle
of superconductivity through Cooper pairing is the same for both types, but the
BCS-theory does not specify the principle behind the pairing interactions. For
each group of HTSCs several possible coupling mediators and models were
suggested [8], and the exact pair-coupling mechanism remains unclear. It
might be of electronic origin, where an attractive interaction between elec-
trons binds them to pairs [9]. In a weak coupling scenario, antiferromagnetic
spin fluctuations are suggested as causing pairing: a moving electron creates a
spin-density wave, which then attracts another electron and to form a pair. The
process is similar to Cooper pair formation through interactions of the mov-
ing electron with the lattice, as is the case for conventional superconductors.
However, so far there has been no agreement within the scientific community,
and high-temperature superconductivity remains one of the biggest unresolved
problems of modern physics.

The largest group of HTSCs are cuprates, which are compounds in which
the charge carriers are localized in copper oxide layers. Superconductivity in
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cuprates only emerges within a specific doping range, and shows the highest
critical temperature at an optimal doping point. Undoped compounds are Mott-
insulators, which indicates the existence of strong electronic correlations in
this system. The doping parameter is generally the amount of free charge
carriers, but other factors, like pressure, can influence the doping level as well.

The physics of materials with strong electronic correlations is remarkably
rich and complex and cannot be understood within the conventional theories.
Repulsive electron interactions, a quasi two-dimensional electronic structure,
and many degrees of freedom lead to the emergence of exotic states of mat-
ter, one of which is superconductivity. In the underdoped regime, a depletion
of electronic states around the Fermi energy is seen, known as the pseudo-
gap. And in almost every cuprate, short-range charge-density wave correla-
tions have been observed at low temperatures. These density modulations can
form a nematic order, with a long-range directional, but no positional order.
Other related low-energy ordered states are spin-density waves, which are a pe-
riodic spin density modulation, and the stripe-phase, which is an interleaved,
unidirectional spin-and-charge-density wave. For most of these states it is still
unclear if or how they affect superconductivity and if they coexists or compete
with another.

This work tries to supply some pieces of the puzzle, and contribute to the
understanding of states existing in cuprates at low temperatures. Identifying
the existent energy scales connected to the superconducting state is one of
the keys to understanding HTSC, and might reveal the nature of the pairing
mechanism [10]. In particular, this work attempts to explain the origin of the
pseudogap and how it interacts with superconductivity, as well as the role of
thermal fluctuations in this compounds.

The materials studied are the double-CuO-layer cuprate Bi2Sr2CaCu2O6+δ

(Bi-2212), as well as the single layer compound Bi2+xSr2−yCuO6+δ (Bi-2201),
with a very low Tc. The low Tc, together with the relatively low upper critical
field Hc2, allows a complete suppression of superconductivity at low temper-
atures, meaning normal state properties can be probed without the influence
of large thermal fluctuations. Understanding what suppresses the Tc in Bi-
2201 would provide a clue to understanding the high Tc in other cuprates. A
method to extract Hc2 is proposed, and used to study the field anisotropy in
Bi-2201. Furthermore, electrical doping of Bi-2212 is studied, which is a new
method for altering the doping level of a sample in situ. The method is used for
a detailed doping-dependent study of Bi-2212 without measurement artifacts
caused by sample variations. Above Tc the pseudogap is the dominating spec-
troscopic feature, which makes it difficult to study remaining superconduct-
ing correlations above Tc. A new angular-depended magnetotunneling method
is introduced to study weak superconducting correlations above the critical

2



temperatureTc in the pseudogap state.
The measurement focus is on studying the electron-transport and tunneling

behavior of single crystals and mesa structures. Tunneling experiments can
probe the electronic density of states within the material. However, conven-
tional surface methods, like scanning tunneling spectroscopy or angle-resolved
photoemission spectroscopy (ARPES), only probe local surface properties and
are challenged by the high reactivity of the material and associated surface
depletion. Cuprate single crystals naturally form a stack of superconductor-
insulator-superconductor (SIS) junctions, also called Josephson junctions, along
the crystallographic c-axis. The layered structure facilitates a unique intrinsic
tunneling spectroscopy technique, which allows spectroscopic measurements
of a stack of junctions and therefore provides a view of the interior of the crys-
tal.

By fabricating a set of mesa structures on top of freshly cleaved single crys-
tals, it is possible to measure c-axis tunneling characteristics in a four-probe
configuration. Using different micro- and nano-fabrication methods, the mesa
sizes were reduced to a few atomic layers in height and sub square-micrometer
areas. This was done in order to minimize measurement artifacts through inter-
nal heating, when measuring at higher energies. It furthermore reduces mea-
surement artifacts from stacking faults (defects) in the crystalline structure or
mixing between c-axis and ab-plane transport. Furthermore, the mesas can be
used as contacts to measure ab-plane transport characteristics of the underlying
crystal.

1.2 Cuprates

Cuprates are the class of superconductors with the highest critical temperatures
for bulk materials known today 1. They are ceramic compounds with a layered
crystallographic structure, consisting of copper oxide layers separated by elec-
tronically inert oxide buffer layers. Yttrium barium copper oxide (YBCO) and
bismuth strontium calcium copper oxide (BSCCO) are well-studied cuprate
compounds. Both are part of the few high-temperature superconductors cur-
rently used in industrial applications. Despite their brittle ceramic properties,
it is possible to fabricate long and flexible wires from these compounds [13].
Applications include zero-loss transmission lines, fault current limiters to pro-
tect electrical grids, high-field electromagnets and compact electric motors,
generators, and transformers [14].

1(HgBaCaCuO) with Tc = 135 K [11] and up to 165K under pressure [12].
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Bismuth-based cuprates

The work in this thesis focuses on bismuth-based cuprates. They have the stoi-
chiometric composition Bi2Sr2Can−1CunO2n+4+δ , where n = 1,2,3 is equal to
the number of copper oxide planes. In short they are denoted as Bi-2201, Bi-
2212, and Bi-2223, according to their stoichiometry, and have a single, double,
and triple CuO2 layer, respectively. They form a perovskite-like crystal struc-
ture, as shown in Figure 1.1. The composition of the insulating layer is the
same in all cases, but Bi-2212 and Bi-2223 have an additional calcium layer
between each CuO2 plane. The crystal structure, in combination with a small
and anisotropic coherence length, leads to the formation of a sequence of su-
perconducting and nonsuperconducting planes. This results in a high effective
mass anisotropy and therefore a quasi two-dimensional electronic structure.

Figure 1.1: Crystallographic structures of the Bi2Sr2Can−1CunO8+δ (BSCCO)
family, with n = 1,2 and 3. The CuO2 planes are superconducting, and are sep-
arated by insulating layers. The structure equals a stack of superconducting tun-
neling junctions along the crystallographic c-axis (vertical direction), naturally
formed by the material (Figure modified, original from [20]).

This homologous group has similar characteristics, such as carrier concen-
tration, resistivity, anisotropy, and layerdness [15–17], but their critical tem-
perature shows a large variation, the origin of which remains unclear. Bi-2201,
with its single CuO2 plane, has a much lower critical temperature than multi-
layered cuprates. The highest reported Tc for a pure, but off-stoichiometric
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compound is 10 K, while for an La-substituted compound it is 37 K [18]. Bi-
2212 has a Tc of up to 96 K, and Bi-2223 can have a critical temperature of
up to 108 K [19], where the material was Y-doped in both cases. However, the
high-Tc Bi-2223 is difficult to fabricate as a single crystal and mostly exists as
a phase in Bi-2212 crystals, which complicates the studying of this compound.

Crystal growth

Copper oxides inhere a crystallographic disorder that leads to a decrease in
Tc [18, 21]. The crystal growth process is therefore important when synthe-
sizing high-purity single crystals. Currently, one of the preferred methods for
synthesizing high-purity single crystals is the traveling-solvent floating-zone
technique (TSFZ), shown in Figure 1.2, which allows for good control over
the growth conditions [22]. In this method, the starting materials are mixed
and formed to a rod through sintering. The tip of this so-called "feed rod"
is brought into contact with a crystalline seed rod. The contact zone is then
melted using focused infrared radiation while both rods are rotated, thus en-
suring homogeneity of the melt. As the melted zone is slowly moved along
the feed rod, the material crystallizes directionally, starting from the seed rod.
During the process, impurities travel to the surface or stay within the melt,
which leads to a very pure single crystal ingot. To increase the oxygen con-
tent the process can either be done under an elevated oxygen pressure, or a
subsequent heat treatment under oxygen atmosphere can be used.

Figure 1.2: Traveling-solvent floating-zone technique (TSFZ) to synthesize
high-purity single crystals (Figure from [22]).

5



1.3 Cuprate phase diagram

Cuprates have a quasi two-dimensional structure and inhere highly correlated
electrons. This results in complex electrical properties and a rich variety of
states in the phase diagram. The material properties strongly depend on the
doping level, which is the amount of free charge carriers. In the case of the
parent compound (zero doping), electrons are well localized around a copper
atom, and it would take a large amount of energy to move to the neighboring
unit cell. In this case the material is a (Mott-) insulator and shows an anti-
ferromagnetic order. Reducing the excess oxygen content δ (sometimes also
denoted as x) creates holes in the CuO2 planes, which enhances the charge car-
rier mobility and suppresses the order. At a critical doping level the compound
becomes (poorly) conducting and superconductivity appears at low tempera-
tures. In the phase diagram, superconductivity forms a dome, as illustrated in
Figure 1.3. The critical temperature increases with doping, with a maximum
Tc at optimal doping (OP). Higher carrier concentrations will overdope (OD)
the material, where the critical temperature starts to decrease until supercon-
ductivity vanishes completely at another critical doping level.

In the case of Bi-2212, the material becomes superconducting at δ = 0.05
and has a maximum Tc of about 90 K at δ = 0.16 and shows no further super-
conductivity above δ = 0.27 [23].

The underdoped pseudogap phase

The doping level is not only crucial for superconductivity, it also strongly alters
the properties of the normal state. In the underdoped regime a suppression
of the density of states at low energies is seen below an onset temperature
T ∗, the so-called "pseudogap". The low-bias resistance increases below the
pseudogap opening temperature T ∗, and has a semiconductor like temperature
dependence. The spectroscopic signature of the pseudogap is a reduction of
conductivity in the gap region plus an enhancement of the density of states
(DOS) above the gap energy, due to a conservation of states.

The exact origin of the pseudogap and its effect onto superconductivity is
still unclear. One scenario suggests that it is a precursor to superconductivity
[25–28] and may be caused by fluctuations, small superconducting regions that
stochastically form above Tc, which suppress the intensity of low-energy exci-
tations and causes the gap. Additionally, there is evidence for a nonsupercon-
ducting scenario, including several sorts of order [29, 30], such as the forma-
tion of charge- or spin-density waves (CDW or SDW) and an electron-nematic
order. These are states which occur at low temperatures, in low-dimensional
(quasi two-dimensional) materials that inhere interacting electrons. Charge
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Figure 1.3: Cuprate phase diagram, showing the dome of (d-wave) superconduc-
tivity in green from low to high doping, the antiferromagnetic (AF), pseudogap
(PG), strange metal and Fermi liquid regimes. Superconductivity appears below
the critical temperature Tc, and the antiferromagnetic order appears below the
Néel temperature TN . The PG and strange metal regimes are separated by the PG
onset temperature T ∗. Striped areas indicate spin- (green) and charge-density-
wave states (red). Some of these orders become already apparent at higher onset
temperatures indicated with dashed lines, due to fluctuations. Arrows indicate
possible quantum critical points. (Figure from [24]).

density waves are spatial periodic modulations of the electronic charge with-
out long range order [31]. Spin density waves are a similar phenomena, but
in this case the electron spin density is modulated [32]. In the nematic phase,
electrons organize into a spatial structure that partially resembles the electron
crystal, while still remaining conductive [33].

The overdoped strange metal and Fermi liquid phase

Above the optimal doping point the normal state starts to behave in a metal-like
manner, with a linear resistivity in temperature. However, the resistivity con-
tinuously increases with temperature, and does not saturate at a certain point
(when the electron mean free path is in the order of the de Broglie wavelength)
as it does for a normal metal. This so called "strange metal," or non-Fermi
liquid phase has no well-defined (long-lived) quasiparticles. This can be seen
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in Hall resistance measurements that show a different temperature dependence
than expected for the quasiparticle picture [24]. In the overdoped regime a
closed Fermi surface forms throughout the Brillouin zone and electrons show
a Fermi liquid behavior at low temperatures. However, the crossover between
the strange metal and Fermi liquid regimes is weak, and it is still unclear how
different the two states really are.

1.4 Doping of cuprates

Other ways to chemically dope cuprates are to alter either the ratio of the con-
tained bismuth and strontium, or to substitute lattice atoms with some that have
a different valency, e.g. lanthanum, yttrium, or lead. In this case the doping
level is determined during the crystal fabrication. It is possible to tune the oxy-
gen content of a crystal after its formation by storing it in an atmosphere with
enhanced oxygen partial pressure to effect an increase, or in a vacuum to ef-
fect a decrease in the oxygen content. Simultaneous heating of the crystal will
increase oxygen mobility and therefore the doping speed. However, this might
lead to an inhomogeneous doping of the crystal. Other methods to quickly
dope a cuprate crystal are as follows:

Photodoping

Illuminating a semiconductor with a strong light beam can change its doping
level, since the photons induce additional charge carriers. However, the pro-
cess quickly relaxes due to the very short lifetime (≈ ps) of the induced charge
carriers. Photo-induced doping also works for superconductors and allows a
wide-range variation of the doping level [34, 35]. For some cuprates the doping
state remains stable, as long as the sample is kept at low temperatures. In the
case of photodoping the effect is caused by a charge transfer, which changes
the redox state of the impurity atom [34] as well as the ordering of oxygen
impurities in the lattice [36]. Photodoping always increases the doping level
of the sample, because it creates additional charge carriers.

Electrostatic doping

The application of an electric field can increase or decrease the number of
mobile charge carriers for a number of material systems, including cuprate su-
perconductors [37]. The doping direction is dependent on the field direction,
and the effect is only existent during the time the field is applied. Furthermore,
only a thin surface layer can be modified, since the electric field penetrates
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only to the Thomas-Fermi charge screening length, λT F . 1 nm [38]. Further-
more, material interfaces of a superconductor and a ferroelectric [39] or polar
insulator [40, 41] can be doped persistently, which is the result of by an electric
polarization or trapped charges.

In the case of layered cuprates, an electrostatic charging of the thin insu-
lating layers may lead to a persistent effect for the entire bulk. Another type
of persistent electric field doping that affects the whole material has been ob-
served at large current densities [42]. Similar to photodoping in cuprates, this
is attributed to charge transfer [43] and reordering of oxygen impurities [44].

Resistive switching

A strong electric field or current can change the resistance of complex oxides
non-volatilely and reversibly. This resistive switching is the basis for mem-
ristor devices and resistive random-access memories. This phenomenon is at-
tributed to several mechanisms, including a change of the redox state of some
of the elements, oxygen migration, and filament formation [45–47]. This ef-
fect was also observed in Bi-2212 crystals with a highly depleted surface and
is probably caused by oxygen migration [48–50].

1.5 Josephson junctions

If two superconductors are separated by a thin insulating layer, cooper pairs
are able to cross the barrier through tunneling [51]. The Cooper pairs in each
electrode of this SIS or Josephson junction 1 can be described by a macro-
scopic wave function with phase ϕ j. The wave function decays exponentially
outside of the material and can overlap and couple with the wave function of
the opposing junction through a weak link. The strength of the link depends
on the thickness of the insulating barrier. The arising tunneling current is de-
pendent on the phase difference ϕ of both sides, and is given by the 1st (dc)
Josephson relation

Is = Ic sinϕ, (1.1)

where Ic is the critical current. In this case there is no voltage drop over the
junction, the current is non-dissipative (supercurrent) and the phase difference
is constant. A varying phase difference over the junction leads to an oscillation
of the Josephson current and induces a voltage drop according to the 2nd (ac)
Josephson relation

V =
Φ0

2π

dϕ

dt
, (1.2)

1After B.D. Josephson who first predicted tunneling of Cooper pairs.
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where
Φ0 =

h
2e
≈ 2.07×10−15 Tm2 (1.3)

is the flux quantum. In addition, quasiparticles start to tunnel through the
barrier. The tunneling current of quasiparticles from the first electrode to the
second is given by

I1→2 =
2π

h̄

∫ +∞

−∞

|T |2 N1(E) f1(E)︸ ︷︷ ︸
n1

N2(E + eV )[(1− f2(E + eV )]︸ ︷︷ ︸
n2

dE, (1.4)

where |T |2 gives the probability of tunneling between states of equal en-
ergy, n1 is the number of occupied states on one side, and n2 is the number
of available empty states on the other. Both values are the respective product
of the DOS N(E) and the Fermi-Dirac distribution f (E), which is the prob-
ability that the state is occupied. A current I2→1 flows back in the opposite
direction and can be written in a similar matter, so that the net flow is zero if
both sides are at the same potential. For an energy difference of eV between
both electrodes, the total tunneling current is given by

I =I1→2− I2→1

=
2π

h̄
|T |2

∫ +∞

−∞

N1(E)N2(E + eV )[ f1(E)− f2(E + eV )]dE
(1.5)

and linearly increases with voltage. The quasiparticle tunneling in an SIS
junction can be illustrated as shown in the band structure model in Figure 1.4.
At zero Kelvin, Cooper pairs condensate around the Fermi energy, which cre-
ates a gap in the DOS. The relationship between the energy gap at zero Kelvin
and the critical temperature was found to be [3]

2∆0 = 3.52kBTc. (1.6)

Quasiparticles must have an energy of at least 2∆ to overcome the gap.
There will be no current flow if both sides are at the same potential, since
in this case the occupied states only "see" other occupied states on the other
side. If a voltage is applied, an offset energy arises between both superconduc-
tors. At a threshold of 2∆, quasiparticles can tunnel from occupied to empty
states, and an abrupt increase in the tunneling current is visible in the current-
voltage characteristics. At higher energies, the I-V curve becomes ohmic. For
0 K< T < Tc some quasiparticles have enough thermal energy to cross the gap
and occupy higher states, and a small tunnel current flows even at low voltages.
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(a) (b)

Figure 1.4: Band structure representation of an SIS junction and respective
current-voltage characteristics. (a) The DOS of unpaired electrons in a super-
conductor at 0 K (occupied states are grey). (b) At higher temperatures some
electrons occupy states in the upper band. Figure modified, original taken from
[52].

RCSJ model

As discussed before, in order to describe the behavior of an SIS junction, one
must account for a quasiparticle as well as the Cooper pair current. Further-
more, a real junction also has a geometrically induced capacitance to account
for. This can be modeled by the resistively and capacitively shunted junction
model (RCSJ), as shown in Figure 1.5a for two stacked junctions. It consists
of a resistance to represent the linearly increasing quasiparticle current, a ca-
pacitor to account for the junction capacitance, and a Josephson element. The
total current through the junction can be written as

I = IQP + Icap + Is =
V
R
+C

dV
dt

+ Is.

Inserting Equations 1.1 and 1.2 gives

I =
Φ0

2πR
ϕ̇ +

CΦ0

2π
ϕ̈dt2 + Ic sinϕ. (1.7)

The RCSJ model in Figure 1.5a is plotted on top of a STM picture of the
crystal structure of a cuprate. They naturally form a stack of SIS-junctions
along their c-axis due to their layered structure. The CuO2 layers are coupled
and the structure therefore behaves like a series array of intrinsic Josephson
junctions [53].

Figure 1.5b shows the current-voltage characteristics of a superconduct-
ing tunnel junction. The line at zero bias is the supercurrent branch, and the
curve represents the quasiparticle branch. When the critical current is reached,
it switches to resistive quasiparticle tunneling and becomes ohmic at higher
currents. If the current is reduced, it shows a hysteretic behavior, following the
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(a) (b)

Figure 1.5: (a) RCSJ model for two stacked junctions, consisting of a ca-
pacitance, tunnel junction, and normal resistance (Figure from P. Müller). (b)
Current-voltage characteristics of a superconducting tunnel junction, showing a
zero-voltage supercurrent and a quasiparticle branch (Figure from [51]).

quasiparticle branch down and not switching back to the supercurrent until it
is below a certain retrapping current. The strength of the hysteresis depends on
the quality factor, which is a material dependent property of the junction and
related to the Steward McCumber parameter

βc =
2πIcR2C

Φ0
. (1.8)

For βc > 1 the junction is underdamped and shows a large hysteresis while it
is overdamped for βc < 1 and shows little or no hysteresis.
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2. Fabrication and experimental
methods

2.1 Micro- and nano-fabrication systems

Various micro- and nano-fabrication techniques are needed to fabricate a sam-
ple. This section briefly introduces the systems utilized, which are located in
the nanofabrication clean room facility at the AlbaNova University Center in
Stockholm. All the settings that were used are summarized in Tables 2.1 and
2.2 at the end of this section.

2.1.1 Thin film deposition

Electron beam physical vapor deposition was used to coat the sample with
different thin films. The sample is placed in an ultra high vacuum chamber
and an electron beam heats the surface of a target material, which is located in
a water-cooled crucible. The material evaporates and thereafter condenses on
the sample surface, forming a uniform layer. In this case gold thin films were
used as electrode layers, and calcium fluoride (CaF2) was used as an insulation
layer.

The depositions were carried out in a custom-made deposition system with
a Eurovac electron gun, as shown in Figure2.1. The chamber uses a load-
lock/transfer rod combination for sample loading and a multiple crucible sys-
tem allows for switching between different deposition materials while the sam-
ple is loaded. The sample holder can be tilted along one axis to allow it to cover
the side flanks and edges of the sample. To ensure the right film thickness, the
deposition rate is measured using a thickness monitor.

2.1.2 Photolithography

After deposition, the thin films were patterned using photolithography. A pos-
itive tone photoresist was applied to the sample using spin coating and then
soft baked on a hotplate.

A Canon PPC 210 projection mask aligner was used for resist exposure,
shown in Figure 2.2a. It is equipped with a mercury-vapor lamp and uses UV-
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Figure 2.1: Eurovac e-beam physical vapor deposition system, used for gold and
calcium fluoride thin film deposition.

light with a wavelength of 404.7 nm (h-line). The lithography mask is placed
on top of the objective lens and focused on a sample below, which is covered
with UV sensitive photoresist. Focusing and alignment is done manually with
help of a microscope. A filter blocks the ultraviolet part of the lamp, which still
leaves enough visible light for the alignment. A shutter removes the filter to
expose the resist, and typical exposure times are about 30 seconds. Afterwards,
the sample is immersed in a developing solution. This process allows for the
creation of minimal feature sizes, as small as ≈ 1.5µm.

2.1.3 E-beam lithography

E-beam lithography allows for much smaller feature sizes than would be pos-
sible with UV-lithography. It was used to fabricate mesa etching masks with
areas of less than 1µm2. Figure 2.2b shows the Raith Turnkey 150 system
that was used. It consists of a scanning electron microscope (SEM) and a high
precision laser interferometric x-y-z stage, enclosed in a sound damping shell
to minimize vibrations. A computer-aided design (CAD) program is used to
design the lithography pattern. The minimal feature size strongly depends on
the process parameters used, such as aperture, resist, and etching parameters.
The smallest feature sizes achieved on this system are about 10 nm.
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(a) (b)

Figure 2.2: Lithography systems. (a) Projection mask aligner, located in a room
equipped with UV-filtered light. It is used to pattern mesa masks, contact elec-
trodes, and insulation layers. (b) E-beam lithography system, used to fabricate
mesa masks.

2.1.4 Etching techniques

Reactive ion etching

Two different reactive ion etching (RIE) systems (also called plasma etching)
were used to remove photoresist remains or mill the sample surface. The Ox-
ford Instruments Plasmalab 80 Plus system, shown in Figure 2.3a, is equipped
with a parallel plate reactor and the process gases argon, nitrogen, and oxygen.
A high radio frequency (RF) voltage between the electrodes creates a plasma
and therefore ions. Depending on the process gas used and the process parame-
ters, it is possible to achieve mainly physical sputter etching, chemical etching,
or a mixture of the two. In this system it is also possible to add an inductively
coupled plasma (ICP), which allows for increasing the plasma density without
simultaneously increasing the ion energy.

Using a low RF power and a reactive gas will produce reactants in the
plasma. These chemically react with some of the materials of the sample and
create volatile products, leading to an etching of the surface. In this case oxy-
gen was used, which mainly removes the photoresist and does not affect the
crystal or gold layers (also called ashing).

The Plasmalab 100 is a similar system, but in addition it allows the cooling
of the sample to −150 ◦C during the process, using liquid nitrogen and helium
backside cooling. Running the process with a high RF power, a non-reactive
gas, and a lower pressure (to increase the mean free path of the ions) acceler-
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ates ions towards the sample with a high energy. In this case argon was used
to obtain a sputtering like etching process. The etching rate of a metal film
or the crystal is higher than for the polymer resist layer, so it can be used to
pattern thin films that are covered with a resist mask. The simultaneous cool-
ing avoids the heating of the sample, which could lead to an undoping due to
oxygen diffusion.

(a)

(b)

Figure 2.3: Dry etching systems. (a) Two RIE systems for photoresist ashing and
thin film/crystal etching. The left system is equipped with liquid nitrogen cooling
and allows cryogenic etching. (b) Ion beam etching system for slow Ar-milling
of the crystal.
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Ion beam etching

Ion beam etching (also: ion milling, sputter etching) with argon ions was used
to etch the crystal surface or remove the gold film. A custom made argon-
ion milling system ("Sputnik") was used for this process, shown in Figure
2.3b. The sample is loaded into the ultra-high vacuum chamber via a load-
lock chamber and transfer rod combination and the transfer rod remains in
the main chamber during the process and holds the sample. A Kaufman type
ion gun from Veeco is used to ionize argon gas and accelerate it towards the
sample. An additional electron beam neutralizer can be used to avoid charging
the sample. The main chamber is equipped with a powerful turbo pump, in
order to reach a process pressure of about 5 ·10−7 mbar, despite the argon gas
flow.

2.1.5 Focused ion beam milling and FIBID/FEBID

The FEI Nova Nanolab 200 shown in Figure 2.4 combines an SEM and focused
ion beam (FIB) system for imaging and FIB-milling. The FIB can be used to
selectively mill small areas, e.g. to trim mesas or to remove short circuits. The
system has a rotatable and tiltable sample stage and is equipped with a gas in-
jection system for platinum deposition through focused electron beam induced
deposition (FEBID) or focused ion beam induced deposition (FIBID). This
can be used to bypass broken contacts or deposit etching masks. A trimethyl
platinum based precursor gas (C5H4CH3Pt(CH3)3) is injected closely over the
sample surface using an injection needle. If the beam is swept over the area
where the material should be deposited, the resulting secondary electrons emit-
ted from the sample surface decompose the gas molecules, and a platinum
based material mixture deposits on the surface. The deposited material also
contains other elements like carbon, but has a high enough platinum content to
be conducting. FIBID is faster but has the disadvantage that ions are implanted
underneath the deposition area. Therefore, EBID is used when working on the
crystal and FIBID is used in all other cases.

17



(a) (b)

Figure 2.4: The dual-beam system (a) allows SEM and FIB imaging, FIB milling
and platinum deposition. (b) A view inside the system with a loaded sample
shows the e-beam column on the top, ion-beam column on the upper right, and
the inserted needle for platinum deposition close to the sample.

2.2 Sample fabrication

Cuprates form a natural stack of intrinsic Josephson junctions along their crys-
tallographic c-axis, due to their layered structure. In the simplest setup, it is
possible to measure the c-axis characteristics of a crystal by electrically con-
tacting its top and bottom perpendicular to the orientation of the crystal layers
[53]. The crystal surface deteriorates quickly in contact with humidity in the
air, so a freshly cleaved surface must be used, which is protected by evaporat-
ing a thin gold layer onto it.

However, this simple fabrication method results in a relatively large mea-
sured volume and plenty of intrinsic junctions and a large crystal area are mea-
sured. This leads to measurement artifacts caused by crystal defects and heat-
ing of the sample during measurement (see also Section ??). Furthermore, it
is difficult to estimate the exact number of intrinsic junctions in this case, and
this number is needed to determine the voltage per junction. Therefore small
stacks of junctions with a well-defined size were used in this thesis, so called
mesas1.

There are several different ways to fabricate a mesa, but the general prin-
ciple is the same in all cases. A small single crystal is cleaved, followed by
fabricating and a thin, conductive protection layer on top to avoid deterioration.
An etching mask is fabricated onto the surface, followed by an etching process
to remove a few crystallographic layers of the crystal surface. The area pro-

1The name originates from their similarity in shape with a geological mesa: an
elevated area of land with a flat top and steep cliffs at all sides.
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Figure 2.5: Simple c-axis measurement of a mesa on top of a crystal, in two-
probe configuration. The surface is protected from deterioration with gold films
(yellow), horizontal lines represent boundaries of intrinsic layers.

tected with the mask is not etched, and remains as a slightly elevated feature.
After removing the etching mask, the mesa can be electrically contacted from
the top, while the underlying crystal acts as a ground electrode, as shown in
Figure 2.5. In this setup, the current flows along the c-axis, which enables the
measurement of tunneling characteristics. The material usually cleaves along
its crystallographic ab-plane, due to a relatively weak van-der-Vaals bonding
of the BiO layers, and the crystal layers therefore align parallel with the mesa
top surface.

In this thesis, three different miniaturization methods were used to fabri-
cate a set of six to twelve mesas on one crystal, usually with varying areas of a
few square-micrometers. Their typical height was in the nanometer range, cor-
responding to a small number of crystallographic planes (c' 31 Å for Bi-2212
) with around five to twenty intrinsic junctions.

2.2.1 Crystal preparation

First, a single crystal is crushed into small pieces and a suitable, thin flake
with an edge length of a few 100µm is glued on top of a 5× 5 mm sapphire
substrate using epoxy glue. The sample is heated on a hot plate to harden the
epoxy. The substrate acts as a permanent sample holder, is used as a base for
bonding pads and acts as a heat sink/conductor. The crystal is cleaved either
by gluing another sapphire substrate on top of it and separating them after-
wards, or by using adhesive tape. If the surface does not cleave uniformly, or
the crystal is still too thick, this step is repeated. The result is shown in Figure
2.8b. The freshly cleaved surface is protected from passivation by immedi-
ately evaporating a ≈ 50 nm thick gold film, using e-beam evaporation. Epoxy
remains around the crystal are later removed with a scalpel.
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2.2.2 Mesa fabrication

Self-alignment technique

For the first technique, a line of photorestist with a width of 5-10µm is pat-
terned on the cleaved crystal using UV-lithography. A subsequent RIE process
with low ICP power removes unwanted resist remains on the rest of the sur-
face, which may not be completely removed during development. Each of the
photolithography steps described later in this section are followed by a short
RIE process with the same parameters, and therefore this process will not be
mentioned every time for the sake of easier reading.

The gold film is then removed through wet-etching in a gold-etch solution
and the sample is rinsed with water afterwards. After all gold is removed the
exposed crystal surface is etched for a few seconds and an elongated pedestal
mesa remains under the photoresist mask, as shown in Figure 2.6a.

The exposed crystal surface quickly deteriorates during contact with water
or humidity in the air and becomes electrically insulating in the range of about
half an hour. To reduce the risk of shorts to the sample surface, especially in
areas where the gold film was not entirely removed, an additional insulating
CaF2 layer is deposited with e-beam evaporation. At this point the resist on
top of the mesa line is still present and covered with CaF2. A lift-off in a warm
acetone bath inside an ultrasonic cleaner removes both layers and enables an
electrical contact with the line while the rest of the surface remains insulated.

In the next step a ≈ 1µm layer is added, made from S1813 photoresist.
This is followed by a 200 nm thick gold layer applied using e-beam evapo-
ration. The sample is tilted by ±45◦ during gold evaporation to improve the
film coverage on the crystal flanks and cover uneven areas. The underlying
resist layer mainly acts as planarization layer to even out the height difference
between crystal and substrate and to ensure a continuous film coverage, but it
also improves the insulation. The insulation layer has a window opened around
the pedestal mesa to allow an electrical contact between the mesa line and the
evaporated gold film.

In the following step contact electrodes are patterned from the gold layer
using a photoresist mask and successive Ar-milling. The mask consists of six
individual contact fingers, each of which have one larger area for bonding on
either end. They contact fingers become narrower towards the middle, where
they are aligned perpendicularly with respect to the mesa line, and have a width
about 5-6µm at the crossing point.

After fabricating the resist mask, the sample is milled for about 1.5 h to
completely remove the gold followed by a short etching of the underlying
crystal surface. This removes a few crystallographic layers between the con-
tact fingers, and results in six mesas at the crossing point between the pedestal
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(a) (b)

(c)

Figure 2.6: Self-alignment technique: (a) Crystal with a gold covered pedestal
mesa line after etching. (b) Six self-aligned mesas form at the crossing between
pedestal mesa line and contact fingers. The insulation and planarization layer can
be seen, with a window opened around the mesas. (c) SEM picture of a larger
mesa and two smaller FIB trimmed mesas.

mesa and contact fingers, shown in Figure 2.6b. In this case the contact fingers
(with photoresist on top) act as etching masks. The process is self-aligning and
and has a rather high tolerance for the alignment of the resist mask. Finally
the resist on top of the contact fingers is stripped chemically or with RIE and
a high ICP power, in case the resist was hard baked during fabrication.

The fabricated self-aligned mesas typically have areas up to ≈ 6× 8µm2

and have two contacts for a (quasi) four-probe measurement. To further reduce
the area, each mesa can be trimmed into two smaller mesas using FIB milling,
resulting in areas of sub square-micrometers. In case, however, the mesa loses
one contact and has to be measured in a three-probe configuration. One large
and two trimmed mesas made with this technique are shown in Figure 2.7a.
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(a) (b)

Figure 2.7: Pt-mask mesas: (a) SEM picture of a platinum mask deposited with
EBID on top of the crystal surface. (b) Two finished rectangular Pt-mesas, cov-
ered by contact electrodes.

Permanent platinum mask mesas

Another fabrication technique was used to reduce the mesa area while still
maintaining two electrodes per mesa for a four-probe measurement. For this
technique, permanent platinum etching masks are used. The first process steps
are the same as for the previous technique: a crystal is glued to a substrate,
cleaved, and a gold film is evaporated. Then six masks are deposited using
FIBID of platinum in the SEM/FIB dual-beam system. The areas of the mesas
are individually adjustable, and can be made smaller than it would be possible
with the available photolithography system (edge lengths below 1µm). An
SEM picture of two different sized etching masks after deposition is shown in
Figure 2.7b.

After this process the sample is etched using Ar-milling and mesas emerge
under the Pt-masks. The deposited mask material also contains some carbon,
as mentioned in Section 2.1.5. To improve the conductance of the masks, the
carbon content is reduced using O-plasma ashing.

An insulation and planarization layer is fabricated afterwards, using the
same principle as previously described. The contact electrode fabrication is
also the same, but in this case the alignment is more crucial, since the toler-
ance to completely cover the mesa with a contact finger is about ±1µm in
one direction, depending on the mesa size. A finished sample made with this
technique is shown in Figure 2.10a. More details about the sample fabrication
using Pt-masks can be found in the author’s master’s thesis [1].
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E-beam lithography etching-masks

The Pt-mask method allows further decrease of the mesa area while still main-
taining two electrodes per mesa for measurements. However, since the mask
remains on top of the mesa, the electrodes have an increased contact resistance
compared to the self-alignment method.

To combine the advantages of both techniques, a method was developed
using removable etching masks made with e-beam lithography. This method
enables the fabrication of mesas with sub-micrometer areas which can be mea-
sured in a four-probe configuration without additional contact resistance. How-
ever, this method is also the most complex to fabricate.

An overview of the process steps is shown in Figure 2.7. First a crystal
is glued to a substrate, cleaved, and then the surface is protected with a gold
film (Figure 2.7a+b). Next, a ≈ 250 nm thin layer of negative e-beam resist is
applied on top, which is exposed in the e-beam system to produce the masks.
The alignment is difficult, because the software requires x and y coordinates
for the lithography pattern. Since the relative position of the crystal on the
substrate is unknown, it is necessary to use the SEM to locate it. However, the
sample is covered with an e-beam sensitive resist and any SEM observation
will begin to expose it. To align the masks with minimal resist pre-exposure,
the following procedure is used:

(i) Using an optical microscope, a suitable place for the masks on the crys-
tal surface is chosen beforehand and a picture is taken as reference for later.
The sample is pre-aligned (rotated) to avoid using angular correction of the
e-beam system.

(ii) All beam adjustments (focus, aperture, write field correction, ect.) are
made on the gold covered substrate. A low beam aperture of 10µm is used to
increase the resolution, reduce the pre-exposure dose due to a lower beam cur-
rent density, and increases the depth of focus (≈ 8µm for an 10µm aperture).
The high DOF is needed due the slightly uneven crystal surface and the height
difference between the substrate and the crystal.

(iii) The middle of the mask pattern in the CAD file is defined as x = y = 0
position, and thus the stage coordinate system has to be adjusted accordingly
before the exposure. The e-beam stage is navigated to the desired position on
the crystal using a low magnification (≈ 200×) and quick scan time to reduce
the exposure dose. With these settings the SEM picture is quite noisy, and
shows few details (shown in Figure 2.8, the same crystal as in Figure 2.8b).
Therefore, the microscope picture can be used to help find the exact midpoint
position for the masks. The crystal should only be exposed for a few sec-
onds during alignment, so once the stage is in the correct position, the beam
is switched off immediately. The stage coordinate system is then set to zero
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(g) (h)

(i) (j)

Figure 2.7: (Two page figure) Sample fabrication process steps, using e-beam
etching masks. The left side shows a schematic and to the right are corresponding
pictures taken during fabrication. (a+b) Crystal cleaving and Au-film deposition,
(c+d) etching mask fabrication by e-beam lithography, (e+f) Ar-ion milling of
the surface to produce the mesas, (g+h) mask stripping and fabrication of an
insulation and planarization layer, and (i+j) patterning of contact electrodes.
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Figure 2.8: SEM picture of the same crystal as in Figure 2.8b during alignment
for e-beam lithography. A small aperture and short scan time must be used,
resulting in a noisy picture with few visible details.

at this position and the exposure is commenced (Figure 2.7c+d). The mask
pattern includes alignments marks to make it easier to locate them in the sub-
sequent process steps.

2.2.3 Contact electrodes

After developing the resist, the subsequent process steps are again similar as
in the previous methods. Slow Ar-milling is used to etch the gold layer and
produce the mesas. The etching masks are usually hard baked after milling
and are therefore removed using RIE (Figure 2.7e+f). Afterwards, an insu-
lation and planarization layer from photoresist is made (Figure 2.7g+h) with
a window opened around the mesas. Then a gold layer is evaporated on top
and contact fingers are patterned from this layer using photolithography and a
successive gold etch (Figure 2.7i+j).

Another method to fabricate the contact finger mask involves using e-beam
lithography instead of photolithography. In this case the resist layer has to be
thicker in order to completely cover the crystal. Therefore a double-layer resist
with a total thickness of ≈ 800 nm is used in this case. The exposure is done
using two different apertures for smaller and larger parts of the pattern in order
to reduce the overall exposure time. The alignment is done with help of the
alignment marks, which are made together with the mesa masks. The exposure
takes several hours and the process is more complex, and for this reason UV-
lithography was preferred. However, it can be suitable for prototyping when a
new pattern should be tested and no suitable UV-lithography mask is available.

26



2.2.4 Mending and electrical connection

After the process steps described above the sample is glued on a custom made
printed circuit board (PCB) sample holder using conductive silver paste. The
sample is wired by bonding the PCB board contacts with the bonding pads on
the substrate using aluminum wires. On the back of the sample holder are 20
pins, compatible with a socket in the cryostats. A bonded sample ready for
measurement is shown in Figure 2.10b.

Figure 2.9: Mending a sample using the dual-beam system. Cracked contact
fingers can be bypassed with FIB-induced deposition of platinum and shorts can
be removed using FIB milling.

Before measuring the sample in the cryostat, all contacts are tested for
functionality by measuring the resistance between different contacts. Shorted
or broken contacts might occur, especially at the edge of the crystal or at the
transition between the planarization layer or epoxy and the substrate. This
can be mended in the SEM/FIB dual-beam system. Shorts resulting from gold
remains between contact fingers can be cut using the FIB, and broken contacts
can be bypassed by depositing a platinum patch over the crack using FIBID.
Figure 2.9 shows a sample where several contacts have been patched at the
edge of the crystal, and deep FIB cuts between the contacts were made to
remove possible shorts through remaining gold underneath the planarization
layer.
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(a)

(b)

Figure 2.10: (a) SEM picture of a finished sample, showing the crystal and gold
electrodes that lead towards mesas in the middle of the crystal. The crystal is
glued to a sapphire substrate and the opposite end of the electrodes lead towards
bonding pads. (b) The sample is glued to a PCB sample holder and electrically
connected using bonding wires (one-cent euro coin for size comparison).
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2.2.5 Sample fabrication parameters

Parameter Value Comments

Photolithography
Resist type S18131 Positive tone resist
Spinning 2000 rpm, 60 s Thickness ≈ 1µm
Baking 100◦C, 60 s
Exposure time 30 s
Developer MF-3191

E-beam resist
Mask resist ma-N 24032 Negative tone resist
Spinning 2000 rpm, 60 s Thickness ≈ 250 nm
Baking 100◦C, 60 s
Underlayer resist PMGI SF73 Negative tone resist
Spinning 3000 rpm, 45 s Thickness ≈ 800 nm (total)
Baking 190◦C, 5 min
Developer ma-D 5253

E-beam exposure
Beam voltage 25 kV
Dose 200µAs/cm2

Aperture 10 / 120µm mesas / contact fingers
Write field size 0.02 / 1000µm
Area step size 0.02 / 0.01µm

FEBID
Accelerating voltage 5.0 kV
Beam current 1.6 nA

Table 2.1: Lithography and deposition settings for sample fabrication.
Manufacturers: 1Shipley Microposit, 2Micro Resist Technology, 3MicroChem
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Parameter Value

RIE resist ashing
Process gas Oxygen
Pressure 100 mTorr
Gas flow rate 20 sccm
RF power 10 W
ICP power 50 to 250 W
Process time 2 to 45 min

RIE milling
Pressure 7 mTorr
Process gas Argon
Gas flow 10 sccm
RF power 300 W
ICP power 500 W
Temperature −50◦C
Process time ≈ 3 min

Ion beam etching
Gas flow rate 1.5 sccm
Beam voltage 300 V
Beam current 10 mA
Accelerator voltage 250 V
Discharge voltage 38 V
Resulting crystal etching rate ≈ 2 nm/min

Wet etching, gold film removal
Lugol’s solution I2KI 50% in H2O ≈ 30s

Table 2.2: Etching and milling settings for sample fabrication.
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2.3 Low-temperature measurements

The experiments were conducted in the low-temperature laboratory of the Ex-
perimental Condensed Matter Physics group at Stockholm University.

2.3.1 Cryostats

Two different cryostats from Cryogenics Limited were used for the measure-
ments. Both are cryogen-free and use pulse tube cryocoolers in closed helium
cycles for cooling. The larger cryostat, shown in Figure 2.11a, is equipped
with two cryocoolers and a NbTi-Nb3Sn superconducting magnet to produce
magnetic fields of up to ±17 T. A second helium cycle, in thermal contact
with the cryocoolers, cools a variable temperature sample inset (VTI) space
with a base temperature of 1.6 K. The second helium cycle is circulated with
an external scroll pump, and the helium flow to the VTI is controlled with a
needle valve. The sample is inserted using a single axis rotator inset, shown
in Figure 2.12a. It enables a rotation of the sample in magnetic field, within
an angular range of about 160◦. The sample temperature is monitored using
several temperature sensors located on the sample holder, and controlled with
internal heaters and trough a helium flow regulation. Two Hall sensors on the
sample holder measure the field strength at the sample. They are aligned per-
pendicular which also makes it possible to determine the sample orientation in
a magnetic field using the field components.

A smaller cryostat, shown in Figure 2.11b, is equipped with one cryocooler
and a superconducting magnet for field measurements up to±5 T. This smaller
cryostat has optical access to the sample through three windows, used for tak-
ing radiation measurements, and the sample is loaded trough the front window
using a transfer rod. The system uses an internal 4He cycle and an additional
3He reservoir and can reach base temperatures as low as 300 mK.

2.3.2 Measurement systems

The measurement systems on both cryostats are based on a modular PXI (PCI
eXtensions for Instrumentation) measurement platform from National Instru-
ments and is operated using a home-build LabVIEW based measurement soft-
ware. The platform is equipped with analog-to-digital (A/D) converter and
FPGA (field-programmable gate array) modules for data acquisition and mea-
surement control. A battery of low-noise preamplifiers is connected ahead of
the input channels, and a matrix module connects the sample and the measure-
ment system. Up to 10 V output voltage is generated, current limited and then
send to the sample while measuring the current using a high precision series
resistor.
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The FPGA module facilitates up to eight simultaneous lock-in measure-
ments, which are usually used for low-bias measurements. The module fur-
thermore acts as a waveform generator to acquire I-V curves. A sine signal
is applied to the sample and measured using the A/D converters. Typically
a 1 Hz signal is used and the measurement is taken for one second with an
10 kHz analog-to-digital conversion rate. 100,000 data points are measured
per curve, and usually reduced to 10,000 data points using averaging.

The noise level of the system is very low, with a low deviation compared
to the total data range. A lot of graphs shown in the experimental part of this
thesis are scatter plots, but the high amount of data points and a low deviation
in the range of the dot size makes the plots appear to be line plots.

2.3.3 Measurement setup

The used sample configuration, consisting of a set of a mesas on top of a con-
ducting crystal, allows for the measurement of c-axis mesa characteristics and
ab-plane (in-plane) characteristics of the crystal, as shown in Figure 2.12b. For
ab-plane measurements two outer mesas are used to send the current through
the crystal. The voltage is measured using two mesas in between, which en-
ables a four-probe measurement of the ab-plane between both voltage contacts
without any c-axis contribution.

To measure the c-axis properties of a mesa, one mesa electrode is used to
send a current, and one or several other mesas are used as current minus con-
tacts. The second electrode on top of the same mesa is then used to probe the
voltage and a nearby mesa is used as negative voltage contact. Since no current
flows through the V− mesa, the mesa contact is at the same potential as the
bottom of the measured mesa. Thus, only the c-axis properties of one mesa are
measured. The configuration is quasi four-probe, since two electrodes share
the same contact on top of the mesa. The smallest resistance is determined by
the contact resistance between the electrode and the top of the mesa, which is
usually in the order of the resistance of one intrinsic junction. If the mesa is
trimmed with FIB, it loses one contact and the current and voltage electrode
is shared. In this case the measurement is three-probe, and contains a small
additional resistance from the gold electrode.
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(a)

(b)

Figure 2.11: (a) Cryostat system with a 17 T magnet and 1.6 K base temperature.
It can be equipped with a rotatable sample inset which is inserted from the top.
(b) Smaller cryostat system with a 5 T magnet and 300 mK base temperature. It
has optical access for radiation experiments and is mounted on an optical table.
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(a)

 I+               V+              V-               I-

 I-                I-            I+ / V+           V-

ab-plane

c-axis

(b)

Figure 2.12: (a) Rotatable inset for the 17 T cryostat system shown in Figure
2.11a. The sample holder shown in Figure 2.10b has pins on the backside and
can be plugged into the inset. (b) Schematic of four mesas on a crystal, showing
possible contact configurations for ab-plane (top) and c-axis (bottom) measure-
ments. The horizontal lines represent the layered crystal structure of successive
superconducting and insulating planes and blue arrows indicate the measured re-
gion.
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3. Results and discussion

3.1 Basic properties of intrinsic Josephson junctions

Low-bias resistance

Figure 3.1a shows resistance over temperature curves measured along the c-
axis and ab-plane of a Bi-2212 sample with Tc = 80 K. All resistance curves
were measured with a very small AC voltage in the range of 10−7 V at zero bias
(zero DC offset) using a lock-in technique. The low voltage/current is used to
avoid a suppression of superconductivity through the measuring current. The
ab-plane resistant shows a metallic behavior, it continuously decreases and
drops to zero at Tc. The c-axis resistance is by a factor of 1000 higher. It
shows a semiconductor-like upturn for T → Tc, which is due to the opening of
the pseudogap and usual for underdoped samples. At Tc the resistance abruptly
drops, but a residual resistance remains. This is due to the lower doping level
of the top junction, which tends to deplete during fabrication. It therefore has
a higher resistance and lower Tc than the rest of the stack.

Current-voltage characteristics

A typical current-voltage (I-V ) characteristics of a small Bi-2212 mesa below
the critical temperature is shown in Figure 3.1. This mesa is underdoped with
a Tc = 74 K, has an area A ' 3µm2, and was made with the e-beam mask
method. One can see the critical current of individual junctions as branches,
that switch to the normal (resistive) state one by one. The figure is an intensity
plot of a continuous measurement of a few seconds, and only data points that
were detected several times are shown. In this way the switching noise between
branches is reduced and the branches become more visible. The critical current
of this junction is Ic = 17.3µA, as indicated by an arrow. This corresponds to
a current density of Jc = 577A/cm2 for this junction, which illustrates why a
small mesa area is favorable. For optimally doped junctions, the c-axis current
density can be higher by more than a factor of ten.

The number of intrinsic junctions can be determined by counting the num-
ber of branches, in this case N = 22. The first branch has a lower critical
current due to the lower doping level of the top junction. The small slope of
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Figure 3.1: (a) Zero bias c-axis (blue) and ab-plane resistance (magenta) over
temperature of a sample with Tc = 80K. The sample is underdoped and shows a
semiconductor-like upturn of the c-axis resistance with decreasing temperature,
for T > Tc. (b) Current-voltage (I-V ) characteristics of a Bi-2212 mesa at T = 2K
with 22 intrinsic junctions and an area of A ' 3µm2. Supercurrent branches
switch to the resistive state one by one. The critical current Ic is indicated by an
arrow.

the first branch is the result of a finite contact resistance between gold contact
and the depleted top junction. When reducing the bias, the junction remains in
a resistive state, which results in a hysteresis of the curve, which is common
for underdamped Josephson junctions.

At higher bias the resistance of the mesa becomes ohmic, as shown in
Figure 3.2a for temperatures below and above Tc. The high-bias resistance is
temperature independent, while a low-bias kink is seen at lower temperatures.
This is due to a reduction of electronic states due to the formation of Cooper
pairs around the Fermi energy, which create the superconducting gap.

Intrinsic tunneling spectra

This gap can be seen more clearly in the differential conductivity by plotting
the derivative dI/dV of the curve as a function of applied voltage per junction
V/N, as shown in Figure 3.2b. This intrinsic tunneling spectra is proportional
to the quasiparticle DOS, dI/dV ∝ N(E)2. Due to a conservation of states the
gap is enclosed by two peaks, which are used to calculate the gap energy:

∆ =
Vs e
2

, (3.1)
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where Vs is the peak voltage and e the electric unit charge (see Section 1.5 for
further explanation). At slightly higher voltages a hump can be seen, which
is a signal of the pseudogap (PG). For the shown mesa the gap energies are
∆SG = 26.3 meV and ∆PG = 29.3 meV at T = 2 K. With increasing temper-
ature the superconducting gap closes, the peaks shift towards lower voltages
and disappear at Tc. At this temperature the low-bias conductance remains
suppressed due to the presence of the underlying pseudoga. The gap fills when
the temperature is further increased, while the hump position shows a low tem-
perature dependency, and closes at T ∗ > Tc.
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Figure 3.2: (a) Temperature dependent I-V characteristics at higher bias, for the
same mesa as in 3.1, with Tc ≈ 76 K. It shows curves well below and above as
well as close to Tc. (b) Intrinsic tunneling spectrum (dI/dV ) of the same curves.
The superconducting peak and pseudogap hump of one curve are indicated by a
red and blue arrow respectively.

Self-heating in mesa structures

For measurements at high bias in the resistive or partly resistive state, the heat-
ing power P =V I dissipates within the mesa. In this case the mesa can have an
elevated effective temperature Teff = T0 +RThP with respect to the base tem-
perature T0, depending on the effective thermal resistance RTh and the bias.
This might lead to measurement artifacts, seen for example as a back-bending
(negative differential resistance) in the I-V curve. Furthermore, non-uniform
temperature distribution in larger mesas can lead to the formation of hot-spots,
a small hot area in which the mesa behaves as normal conducting [35]. This
effect leads to controversial discussions about self-heating, and artifacts in in-
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trinsic tunneling spectroscopy data [54, 55].
However, analytical as well as numerical studies, including size depen-

dence and in situ thermometry during measurement, showed that this parasitic
effect decreases with mesa size [10, 56–58] and is nearly absent for very small
mesas, such as the ones used in this thesis. In small mesas the temperature
distribution is uniform [59] and hot-spots do not form. Furthermore, due to
the small area and height, the heat is quickly dumped into the underlying crys-
tal [56, 59]. A small mesa can be seen as a point source, which can spread
heat more effectively than an elongated object. Another reason that very small
mesas do not show a significant self-heating is that in these mesas the high
mean free path of phonons (lp ≈ 1µm), which predominantly contribute to
heat spreading in cuprates, is longer than the mesa height. Phonons generated
within the mesa can travel through the mesa and release their energy inside the
bulk material through electron-phonon or phonon-phonon interactions. There-
fore they do not contribute significantly to mesa heating. The gold electrodes
on top of the studied mesa structures further improve mesa cooling through an
enhanced spreading of the heat power.

The lack of back bending in I-V curves, their temperature independence
at higher bias [see e.g. Figure 3.2a], and the size independence of intrinsic
tunneling characteristics [see e.g. Figure 3.5] indicate a strong reduction of
interfering self-heating in these mesas.

3.2 Superconducting and pseudogap disparity

Comparing different types of BSCCO can help to understand the different
states of matter in these compounds. In this section intrinsic tunneling as well
as transport characteristics of a low-Tc Bi-2201 crystal are studied in detail and
compared with Bi-2212 [see also: attached Paper I]. The focus is hereby on
the underdoped pseudogap regime.

Crystal order of the used sample

The Bi-2201 crystal was grown using the TSFZ method under high oxygen
pressure [22]. It is off-stoichiometric Bi2+xSr2−yCuO6+δ with x = 0.15 and
y = 0.1 and shows a Tc ' 4 K. The ordered x = y = 0 compound of Bi-2201
is non-superconducting at any oxygen doping, as mentioned before in Section
1.2. The crystal structure of Bi-2201 is often more disordered compared to Bi-
2212 and Bi-2223, which is one reason for a low Tc in many of samples of this
type [60]. The crystal structure of the compound was investigated by Liang
et al. [22] using X-ray diffraction measurements. It was demonstrated that
the crystal order is very good (small mosaic spread) and no traces of impurity
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phases were found in the material. The crystal order is comparable to that in
Bi-2212, and significantly better than in Bi-2223, which has the highest Tc.
Thus, the crystal inhomogeneity can be excluded as a reason for the low Tc in
the studied Bi-2201 compound.

Low-bias resistance

Figure 3.3 shows the c-axis resistance over temperature, measured in differ-
ent samples. When cooling, a metallic behavior is seen first, which changes
to a semiconductor-like upturn when approaching T ∗, due to the onset of the
pseudogap. The onset temperature depends on the doping level of the mesa,
generally T ∗ increases with decreasing hole doping [61]. From comparison
with doping-dependent Bi-2201 measurements [61] it was concluded that the
first two mesas with T ∗ ≈ 100 K are nearly optimally doped (OD), while the
third (green) curve shows an underdoped (UD) behavior. The superconducting
transition appears at 4.3±0.3 K for the optimally doped mesa and 3.8±0.4 K
for the underdoped one. For all critical temperatures the mid-point of the tran-
sition was used and the error is due to the width of the transition.
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Figure 3.3: Temperature dependence of the c-axis resistance for differently
doped Bi-2201 mesas with critical temperatures between 3.8 and 4.5 K. The pseu-
dogap opening temperature is marked with T ∗.
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3.2.1 Intrinsic tunneling measurements

Critical current

The current-voltage (I-V ) characteristics do not show any critical current branches
as seen in Bi-2212, shown in Figure 3.1. This was also observed for other low-
Tc Bi-2201 compounds [62] and is probably due to dissipation through thermal
noise, which starts to play a role for very small junction areas and low critical
current densities [63, 64]. In this case the thermal noise kBT is high enough
to suppress the critical current. The effect can be intensified through noise in
the measurement setup. For underdamped (hysteretic) junctions, this causes a
switching from a zero-voltage phase-trapped state to a finite-voltage (resistive)
phase-rolling state of the particle. This phase-diffusion blurs the critical cur-
rent as the mesa area decreases, which can be seen when comparing the critical
current density over voltage for mesas with different areas, as shown in Figure
3.4a. The critical current becomes less pronounced, while the critical current
density and the resistivity at higher bias remain the same. If the mesa size is re-
duced to sub square-micron areas, the critical current is so strongly suppressed
that it is no longer directly visible, as seen for the mesa shown in Figure 3.4b.
In this case the lower doping level of the mesa increases the effect, since the
critical current density decreases with underdoping [65].
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Figure 3.4: (a) J-V characteristics for mesas with different areas. The critical
current smears out for decreasing mesa areas due to phase diffusion. (b) For even
smaller mesas the critical current is no longer visible. A kink in the I-V charac-
teristics can be suppressed by temperature or magnetic field, which indicates its
superconducting origin.

The suppressed critical current leads to a higher zero bias resistance of
the mesa. From this it is concluded that the relatively high resistance of the
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underdoped mesa at low temperatures (see Figure 3.3) is mostly due to thermal
noise and not caused by an overly high contact resistance.

Size dependence

Figure 3.4b shows a kink at about 5 mV that can be suppressed by temperature
and by a magnetic field of a few Tesla, which indicates its superconducting
origin. The tunneling spectra at T = 400 mK, shown in Figure 3.5, reveals a
superconducting gap peak at this voltage. The curves were calculated from I-V
characteristics of six mesas fabricated on the same crystal, with areas between
0.6±0.2µm2 for mesa 3 (m3) up to 2.5±0.3µm2 for mesa 1 (m1). The figure
shows the sum-gap, which is the total voltage over all intrinsic junctions. The
mesa conductivities scale with area, while the curve shape is similar in all
cases, despite the dissipated power during measurement differing by a factor≈
6 at the peaks. In the case of mesa self-heating, the dissipated power would be
higher for larger mesas, which causes size-dependent measurement artifacts.
Therefore, it is concluded that the data is not significantly affected by heating.
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Figure 3.5: The dI/dV curve shows the superconducting sum-gap. Up and down
arrows represent mesas with N = 6 and 5 intrinsic junctions respectively. The
size independence of the curve shape shows that there is no large influence from
self-heating.

Quasiparticle branches

To obtain the true gap value one needs to know the number of junctions in
each mesa, but obtaining a direct determination by counting the branches in
the I-V characteristics is not possible for this compound. Instead, one can
take into account that the Ar-milling process used has a high uniformity with
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a variation of only a few Ångström. Since this is within the range of interlayer
spacing of the superconducting layers, the milling process typically results in
mesas with the same number of junctions on one crystal, with a margin of
one junction. In this case we see two groups with slightly different sum-gap
peak positions, shown in Figure 3.5 and indicated with arrows facing both
upwards and downwards. Using their difference in voltage and assuming this
corresponds to the voltage over one junction, the number of junctions on this
sample was determined to be N = 6 and 5 respectively.

This estimation is also consistent with the high bias (normal state) c-axis
resistivity, ρc = RA/Ns = 20Ωcm at V = 20 mV, where A is the mesa area
and s = 1.215 nm the interlayer spacing of Bi-2201. This value is close to that
measured by other groups for Bi-2201 [61, 62].

Superconducting gap and bosonic mode energy

Knowing the number of intrinsic junctions, one can extract the gap value
∆SG = 0.5±0.1 meV, using Equation 3.1. Furthermore, we get the relation
2∆SG/kBTc = 3.5± 0.6 which is in agreement with the BCS ratio shown in
Equation 1.5. This was also observed in other studies for Bi-2201 [62, 66], and
is a typical value for a superconductor with weak electron-phonon coupling
[27, 67].

An additional dip appears close to the superconducting peak in the dI/dV
characteristics, with energy E = ∆SG+ΩB. For conventional superconductors,
it was shown that ΩB is equal to the phonon energy. If an electron and phonon
interact, it results in a change of the electron velocity and the scattering rate,
which causes a drop in resistivity near the phonon energy. Thus, the effect is
due to strong phonon-mediated coupling in this type of superconductor. Mea-
surements show a similar drop for several cuprate superconductors, providing
evidence that this type of coupling is ubiquitous for high-temperature super-
conductors [68]. The dip to peak ratio is ΩB/2∆SG ≈ 0.62 in the studied com-
pound, which is similar to the average value of about 0.64 for cuprates [69].
From this, one can calculate the bosonic mode energy ΩB≈ 0.7 me., This value
is too small to be associated with phonon or antiferromagnetic energies, and
shows that they are not related. It is instead connected to the superconducting
gap (SG) and might be interpreted as a Bogoliubov quasiparticle bound state,
which is exciton of a broken Cooper pair [70, 71]. Elastic scattering of these
quasiparticles may result in conductance modulations that cause the dip.
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3.2.2 Temperature and magnetic field dependence

Intrinsic tunneling characteristics

Figure 3.6a shows dI/dV curves of mesa 4 (N = 5) from the same sample as
before. A suppression of the sum-gap is seen for increasing temperatures. The
peak diminishes and shifts to lower voltages, which reflects the decrease of
∆SG. At T = 3.9 K the peak-dip structure is no longer visible and only the
underlying V-shaped pseudogap remains, as seen in panel (a).
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Figure 3.6: (a) Temperature and (b) magnetic field dependence of the supercon-
ducting sum-gap for mesa 4. The gap closes with increasing temperature and
field and disappears at Tc or a relatively weak field below 1 T.

The zero bias resistance in Figure 3.6a does not drop very strongly with
respect to the normal state resistance (at 8 K), and has a finite resistivity in
the superconducting state. This is a sign of junction leakiness: in addition to
quasiparticles, Cooper pairs also attribute to the c-axis transport. This means
Bi-2201 shows a weaker two-dimensional electronic behavior compared to
multilayer cuprates. This is probably due to the reduced interlayer spacing
(s≈ 12 Å for pristine Bi-2201 and s≈ 15 Å for Bi-2212 [72]) and the smaller
coherence length.

The superconducting gap and pseudogap coexist at temperatures below Tc,
and both are temperature dependent. To separate both phenomena it is helpful
to study the magnetic field behavior at low temperatures. Figure 3.6b shows
the gap decay for a magnetic field applied along the c-axis (for the same mesa
as in Figure 3.6a) at a temperature of 0.4 K. All magnetic fields presented in
this section were applied along the c-axis direction. The Figure shows that the
peak and dip structures are suppressed by a field of a few Tesla.
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Pseudogap

At higher bias, a second, larger gap becomes visible, which is attributed to the
pseudogap. Figure 3.7a shows the temperature dependence of the pseudogap
for an underdoped mesa with similar area as in the previous plots. The gap
decreases and becomes hardly visible at room temperature. The gap value and
the temperature dependence are similar to that in other cuprates, as shown in
Figure 3.2b or in References [62, 65], for example. This supports the assump-
tion that the pseudogap is universal for all cuprates.
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Figure 3.7: (a) Temperature dependence of the PG. It diminishes with increasing
temperature and becomes barely visible at room temperature. The energy scale is
comparable to that for Bi-2212. (b) Evolution of the PG hump and SG peak/dip
structure with temperature from previous dI/dV curves. This demonstrates the
large difference in energy for both gaps.

The gap energy ∆PG≈ 40 meV (sum gap≈ 0.2 V, Nm4 = 5) is several orders
of magnitude higher than the SG. This large disparity reveals that both gaps
represent different states and are not connected to each other.

The evolution of the pseudogap voltage over temperature is shown in Fig-
ure 3.7a, where ∆PG = Vhump/2 was used. The gap voltage decreases until
T ∗ ≈ 170 K, after which the humps smear out and becomes hard to locate,
which might explain the slight increase after this point. The inset shows the
temperature dependence of the superconducting dip and peak values and il-
lustrates the large energy difference between both gaps. The SG features de-
crease with increasing temperature until they are no longer detectable above
Tc. Furthermore, the difference between dip and peak values decreases when
approaching Tc.

To determine the critical field of the pseudogap, H∗, the c-axis resistance
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Figure 3.8: (a) Pulsed high field measurement of the c-axis resistance. The pos-
itive magnetoresistance at lower fields is due to the suppression of superconduc-
tivity. and the negative magnetoresistance originates from pseudogap suppres-
sion. (b) H∗ can be estimated by interpolating the curve to a field and temperature
independent normal state resistance.

was measured in a high field up to 65 T at T = 1.6 K, shown in Figure 3.8. This
was done in a pulsed field at the High Magnetic Field Laboratory (Hochfeld-
Magnetlabor) in Dresden, Germany. A positive magnetoresistance is seen first,
due to the suppression of superconductivity. With increasing field it changes
to a negative magnetoresistance, indicating that the pseudogap is being sup-
pressed, but there is still a significant magnetoresistance left at 65 T. It is pos-
sible to estimate H∗ = 250±50 T by using a simple linear extrapolation of the
curve and taking the crossing point with a field (and temperature) independent
c-axis resistance, as shown in Figure 3.8b. This value is much higher than the
upper critical field of the material and is another indication that the pseudogap
is not related to superconductivity.

3.2.3 Transport measurements

Figure 3.9a shows the ab-plane resistance over temperature at different mag-
netic fields for an optimally doped crystal. The Tc decreases for increasing
fields and superconductivity is completely suppressed around Hc2 = 10 T. In
this case Hc2/Tc = 2.5, which is similar to reported values of other cuprates
[15, 58, 73].
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Figure 3.9: (a) In plane resistance over temperature for different fields perpen-
dicular to the ab-planes for an optimally doped mesa. (c) Fluctuation conduc-
tance extracted from the data in (a), with ∆σab(T ) = 1/Rab(T )− 1/Rn(T ). The
fluctuations decay exponentially and expand to about twice the Tc.

Superconducting fluctuations

In Figure 3.9a one can see a region where the resistance starts to decrease
slowly with decreasing temperature before reaching its lowest value. This is
due to thermal fluctuations: small stochastically forming superconducting re-
gions that lower the overall resistance of the material.

This behavior is analyzed in detail in Figure 3.9b, which shows the fluctu-
ation conductance (1/Rab−1/Rn)Rn for the curves in (a), with a normal state
resistance Rn ≈ Rab(14 T). The fluctuation conductivity decays almost expo-
nentially, independent of the magnetic field. It drops under 1% at T ≈ 10 K,
which is slightly more than twice the Tc. This value is much lower than T ∗ and
shows that the pseudogap is not related to superconducting fluctuations. The
ratio T/Tc ≈ 2.5, which is also observed for lanthanum doped Bi-2201 with a
higher Tc [61]. Thus the range of fluctuations appears to scale with the critical
temperature.

3.2.4 Overview of Bi-2201 properties

An overview of the measured Bi-2201 properties is given in Table 3.1. It shows
the critical temperature Tc, superconducting gap ∆SG, bosonic mode energy Ω,
upper critical field Hc2(T = 0 K), fluctuation decay temperature Tfl, c-axis re-
sistivity ρc(V = 20 mV) and the pseudogap properties: PG energy ∆PG, open-
ing temperature T ∗ and characteristic field H∗. Furthermore, values scaled to
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Tc or ∆SG are shown for comparison with other cuprates.

Table 3.1: Properties of the studied Bi-2201 compound and scaled values (right
column).

Tc = 3.8 K (UD) to 4.3 K (OP)
∆SG = 0.55±0.1 meV 2∆SG/(kBTc) = 3.5±0.6
ΩB = 0.7 meV ΩB/2∆SG = 0.62
Hc2 = 10±2 T Hc2/Tc = 2.2 T/K
Tfl = 1 K Tfl/Tc = 0.25
∆PG = 40 meV
T ∗ = 90 K (OP) - 170 K (UD)
H∗ = 250±50 T
ρc = 20 Ωcm

3.3 Anisotropy of the upper critical field in Bi-2201

The magnetic field response of a cuprate changes depending on the orientation
of the superconducting layers with respect to the field. The low upper critical
field Hc2 of Bi-2201 allows an analysis of this properties [see also: attached
Paper II].

3.3.1 Fluctiation conductivity

The in-plane resistance of the studied Bi-2201 samples does not show a sharp
transition at Tc, but instead starts to fall off at higher temperatures due to fluc-
tuations. Figure 3.10 shows this behavior for different magnetic fields, and
provides an analysis of the fluctuation conductance. This is the same type of
analysis as shown in Figure 3.10, but in this case it is given for a field parallel
to the ab-planes of the crystal. A field of 17 T shifts the critical temperature,
but does not suppress superconductivity completely.

The fluctuation conductivity (paraconductivity) shows a similar behavior
as for the parallel field: an exponential decay with increasing temperature,
with a field independent slope. The curves follow the relation

∆σab(T,H) ∝ exp−a[T −Tc(H)], (3.2)

where a is a constant and Tc(H) is the critical temperature at a field H. The
critical temperature at zero field is known for this sample Tc(H = 0T) = 4.3 K.
If the respective curve is shifted by this value, the relative shift to the other
curves represent their Tc(H). If all curves are shifted by their Tc(H) extracted
with this method, they overlap nicely, as shown in Figure 3.11a.
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(a) (b)

Figure 3.10: (a) In-plane resistance over temperature for different fields parallel
to the ab-planes and the extracted fluctuation conductance (b), with ∆σab(T ) =
1/Rab(T )− 1/Rn(T ). The extrapolated dashed line in (a) was used as normal
state resistance Rn.

3.3.2 Upper critical field

Knowing Tc(H) also gives Hc2(T ). This was confirmed when measuring the
paraconductivity for fixed temperatures as a function of magnetic field applied
perpendicular to the planes, as shown in Figure 3.11b. The two curves were
measured at temperatures below and approximately equal to Tc, and show a
nearly exponential decay. In a similar manner as for the previous method, the
relative horizontal shift is equal to Hc2(T = 2K)≈ 6 T. This is consistent with
Tc(H = 6T)≈ 2 K extracted from the fluctuation conductivity in a perpendicu-
lar field, and confirms the estimation. This method therefore allows a confident
determination of the characteristic temperature scale Tc(H) and the upper crit-
ical field Hc2(T ). This is difficult to extract from R(T,H) curves, since they
are influenced by complex flux-flow below Tc.

The described method was used to extract the upper critical field for a
perpendicular and parallel alignment to the ab-planes field. This is shown
in Figure 3.12a for two differently doped samples. Solid squares represent
data for H ⊥ ab and solid circles and diamonds for H‖ab, extracted using two
different estimates for Rn. Furthermore the mid-point of the resistive transition
is shown as open circles and squares for parallel field. The data shows that
H⊥c2 behaves almost linearly with temperature, as expected for an upper critical
field

H⊥c2 =
Φ0

2πξ 2
ab
, (3.3)

where Φ0 is the flux quantum and ξab(0) = 5.5± 0.2nm is the coherence
length. In this case the magnetic field causes orbital screening currents, and
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(a) (b)

Figure 3.11: (a) The curves from Figure 3.10b scaled by Tc(H) overlap roughly
to one curve. (b) Field dependence of the fluctuation conductivity at constant
temperatures for a perpendicular field. The horizontal shift represents Tc(H).

superconductivity is destroyed if the critical current is exceeded. This effect
does not depend on the field orientation.

However, H‖c2 shows a nonlinear behavior ∝
√

Tc−T . The upper limit of
Hc2 is set by Pauli paramegnetism. The limit is reached when the Zeeman
energy is high enough to reverse one of the electron spins of a spin-singlet
Cooper pair and therefore break it. This is given by

Hp =

√
3Φ0

πξabd
, (3.4)

with d denoting the thickness of the superconducting layers. This means
Hp ∝ ∆(T ), which coincides with the observed data for H‖c2. As a compari-
son, ∆(T ) obtained from the intrinsic tunneling spectroscopy measurements
was plotted in Figure 3.12a (open triangles). It is shown that they nicely match
the H‖c2 data.

Figure 3.12b shows the magnetic field anisotropy γH = H‖c2/H⊥c2 from the
data in Figure 3.12a. At higher temperatures close to Tc the different critical
field dependencies result in a diverging curve. However, with decreasing tem-
perature the curve saturates, and an extrapolation reveals a very low anisotropy
of γH(T → 0K) ≈ 2. This low value is remarkable, given that the effective
mass anisotropy γm ≥ 300 is much larger [74] . Both phenomena might not
be related to each other, as it seems that γH is independent of γm. This pro-
vides evidence that superconductivity in this compounds is paramegnetically
limited.
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(a) (b)

Figure 3.12: (a) Upper critical field over temperature for a field applied per-
pendicular and parallel to the ab-planes. (b) Temperature evolution of the crit-
ical field dependence is γH = H‖c2/H⊥c2, which at low temperature saturates at
γH(0)≈ 2.

3.4 Electrical doping of Bi-2212

Recently, it was discovered that it is possible to change the superconducting
properties of Bi-2212 z-type structures by applying a large voltage/current
along the c-axis [75]. This doping by current injection has a similar effect
as doping with oxygen. It is possible to decrease the normal state resistance
and significantly increase the critical temperature and critical current. The
effect is persistent and reversible if the current direction is changed. We ob-
served the same effect on our mesa structures and conducted a detailed study
[additionally, see the attached Paper III].

In order to construct a larger part of the doping diagram of a compound,
it is necessary to compare results for different doping levels. However, pro-
ducing samples with different doping levels is time consuming, and measuring
different samples increases the systematic errors due to sample variations. For
these reasons the electrical doping method is ideal for doping-dependent stud-
ies.

3.4.1 Principle of electrical doping

When a DC current is applied to one mesa and the voltage is slowly increased,
the normal state resistance will suddenly begin to drop after a certain threshold
voltage is reached. This usually happens in the range of ≈ 2 V. When the
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current is kept constant, the resistance will decrease in an exponential manner,
as shown in Figure 3.13a. The current minus contact is either a much larger
mesa, or a set of several mesas, in order to spread the current and avoid an
unwanted doping other mesas on the crystal. The resistance change rate is
higher for high currents, with a varying time constant at the range between
minutes and hours. After a sufficient resistance drop, the bias is switched off
and the sample can be characterized in this doping state (DS). The state is
persistent for days if the sample is kept at low temperatures in the cryostat,
but slowly relaxes after several days at room temperature, as shown in Figure
3.15b.

(a) (b)

Figure 3.13: (a) During doping the DC resistance drops according to a stretched
exponential function, with a time constant in the range of hours. (b) Changing the
applied bias polarity (lower panel) will reverse the doping direction. The effect
is non-destructive and repeatable.

Polarity and history dependence

If the polarity of the bias is reversed, the resistance begins to increase again,
as shown in Figure 3.13b. The effect is repeatable, and the general behavior
is the same in both directions. However, at certain doping levels, changing the
polarity no longer influences whether the resistance is increasing or decreas-
ing. Instead, the resistance changes in the same direction for both polarities.
This means the effect depends not only on the applied voltage, but also on the
history. The same voltage can influence the sample differently, depending on
the previous state.
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(a) (b)

Figure 3.14: Doping of a strongly underdoped Bi2212 mesa from the initial state
(1) to a doped state (3). (a) The I-V characteristics show that the critical current
increases and the resistance decreases. The inset shows high bias curves. (b)
The critical temperature decreases by about 15 K and the overall resistance has
decreased.

3.4.2 Effect on superconducting characteristics

Figure 3.14 shows different doping states for a small, FIB-trimmed mesa,
which was initially strongly underdoped (state 1). It was doped with the elec-
trical doping method and the same measurements were repeated (state 2), be-
fore continuing the doping and measuring again (state 3). It is shown that
with continuous doping the overall resistance decreases, the critical current in-
creases strongly by a factor of four (Figure 3.14a), the sum-gap and pseudogap
voltages decrease (Figure 3.15a), and the critical temperature in this case in-
creased by about 15 K (Figure 3.14b), which shows that it was doped towards
optimal doping. While the critical current increased, the superconducting gap
decreased. This opposing trend has been reported before for underdoped Bi-
2212 [65]. It is seen that the behavior is consistent in all respects with classical
doping by changing the oxygen content [76, 77].

If several junctions within a mesa have a different doping level, the more
underdoped junctions are doped more strongly, which equalizes the doping
level of all junctions and therefore makes the sample more homogeneous. This
is because the lower doped junctions have a higher resistance, leading to a
higher field over the junction.
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Figure 3.15: (b) The superconducting sum-gap and the pseudogap in the dI/dV
both decrease with doping. (b) After a few days at room temperature the doped
sample relaxes back into the initial state.

Pulsed doping

Changing the doping level over a broad range takes up to an hour or longer. The
current is increased by a few mA every time the resistance ceases to change
significantly. The process can be accelerated by increasing in larger current
steps, but an excessive current may destroy the mesa or irreversibly alter its
properties.

The sample can tolerate higher currents in form of a short pulse, which
rapidly changes the c-axis resistance. It was possible to repetitively switch be-
tween doping levels of an underdoped mesa, by sending a sequence of short
positive and negative pulses with a voltage of 3.5 V several hundred times in a
row. The resistance always changed back to the previous value and no deteri-
oration was observed.

Doping of Bi-2201

For a sample from the previously studied Bi-2201 it was possible to change the
normal state resistance by a few percent in both directions. In the final state
the Tc was decreased by 0.2 K, so the sample became more underdoped. This
indicates that the process is universal for all BSCCO. To study the change of
superconducting properties in more detail Bi-2212 was focused on, due to the
much higher Tc and the possibility to observe single junctions.
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3.4.3 Doping mechanism

The previously described history dependence indicates that different effects
might be involved in doping samples that differ with respect to their depen-
dence on polarity. Electrical doping shows a weak dependence on the number
of junctions within the mesa, the threshold voltage is usually around 2V for
all samples. Since the electric field scales with the number of junctions, it is
assumed that the phenomenon is not directly related to the field. It might in-
stead depend on a characteristic electron energy that is reached at this voltage.
If an electron with this energy is injected, it can become attached to an ion in
the sample and change its redox state. This charge transfer mechanism was
suggested to be involved in photodoping of cuprates and resistive switching of
similar complex oxides (see Section 1.4 for an explanation of these processes).

Another possibility is that electrons get trapped in the dielectric (insulat-
ing) layers of the cuprate. As a consequence, they are charged electrostatically,
which in turn alters the doping state of the neighboring cuprate layers. This
process would be similar to the floating-gate effect in flash memory devices.
Both previously described processes require a certain electron energy, but they
are not dependent on the direction/polarity.

The displacement field over a junction with ten junctions is estimated to be
D' 2×107 V/cm at V = 2V. A field of this strength can polarize and displace
ions in a complex oxide and can likely have the same effect in cuprates. The
doping state of cuprates not only depends on the concentration of oxygen,
but also on its ordering within the crystal, as well as the orientation of the
oxygen bonds [78]. This oxygen reordering or reorientation is one of the main
mechanism behind photo [36] and electric field doping [42] and may also have
a large influence on electrical doping. The polarization should be dependent
on the electric field direction, so this effect might be the mechanism behind
polarization dependent doping.

The long time scale over which electrical doping takes place is due to a
relatively low ratio of electrons that affect the charge carrier concentration in
relation to the amount that flow through the structure in total. The efficiency is
in the range of ≈ 10−15 and dependent on the applied voltage the efficiency is
higher for high voltages.

Electrical doping does not influence the oxygen content of the sample,
which is evidenced by the fact that the process is reversible and samples re-
lax back to their initial state after several days at elevated temperatures. The
measurements and doping are done under a helium environment, so the only
possibility would be a reduction of oxygen in the sample. However, electri-
cal doped mesas show the characteristics of samples with enhanced oxygen
content. The self-relaxing character of the process also implies that the level
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of disorder in the crystal is not changed, as it is the case when the chemical
composition is altered.

Doping range and comparison with oxygen doping

The doping level of the sample is related to the logarithm of the critical cur-
rent (density), and the superconducting domain in the phase diagram of many
high-temperature superconductors can be approximated as a parabola with the
relation [79]

Tc = T OP
c [1−82.6(p−0.16)2]. (3.5)

This can be used to estimate the doping level p of a sample, by plotting Tc vs.
log(Jc), as shown in Figure 3.16, and horizontally scaling the data points to the
parabola obtained by the relation mentioned above (denoted as a dashed line).
The figure shows data points for a large range of samples for classical oxygen
doping, and for electrically doped z-type junctions. It can be seen that both
nicely follow the parabolic behavior.

Figure 3.16: Doping diagram comparing oxygen (O) and electrically (I) doped
samples. The critical current density has a logarithmic dependency on the doping
level p.

During sample fabrication, mesas tend to slightly undope, due to an out
diffusion of oxygen. For this reason there are more data points on the under-
doped side. The electrical doping efficiency is higher for initially underdoped
samples, which show the strongest change when doped electrically. It is pos-
sible to shift the sample properties all the way towards a slightly overdoped
state with this method, but so far it has not been possible to reach a strongly
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overdoped state. The mesa is usually destroyed by an excessive current, or
starts to change towards a lower doping before this state is reached.

3.4.4 Z-type junctions

Z-type junctions (also: zig-zag or step-like junctions) are isolated stacks of
junctions that are fabricated using a double-sided fabrication technique (for a
description of the fabrication method see Reference [80]). The junction stack
is in contact with the rest of the crystal through thin crystal bridges on the top
and bottom, which are covered with a gold layer, as shown in Figure 3.17a.
The contact area between the gold layer and crystal surface is large, which
minimizes the contact resistance. In the superconducting state, the bridge re-
sistance is zero, meaning the total contact resistance is practically zero as well.

This is the advantage over mesa structures, which will always have a spu-
rious contribution from a finite contact resistance. However, both types of
samples have their advantages and disadvantages. Due to a limited thermal an-
choring of z-type junctions with the rest of the sample, they are prone to self-
heating. Small mesas have good thermal anchoring, as previously explained in
Section 3.1, and are therefore less influenced by self-heating. A comparison of
both types of junctions allows to exclude possible artifacts.

3.5 Quantum phase transitions in Bi-2212

The phase diagram of cuprates shows a rich variety of states, as previously
described in Section 1.3. However, different positions of phase transitions or
critical points have been observed experimentally using different samples and
measuring methods. This may be due to the existence of several critical points,
but might also be due to measuring artifacts of some of the measurements, or to
sample-to-sample variations. Electrical doping provides a method to measure
doping-dependent properties in situ on the same sample and using the same
measuring method. This was done using mesa and z-type junctions, and is
described in this section [see also Paper IV and the respective supplementary
material].

3.5.1 Low-bias characteristics

Figure 3.17b shows the low-bias resistance over temperature of a z-type junc-
tion for different doping states. The data is normalized so that all curves have
the same origin. It can be seen that at low doping, the curves show a semicon-
ductor/insulator like upturn, which is due to the opening of the pseudogap. At a
certain doping level the curves behave in metal-like fashion and the resistance

56



continuously decreases, before it drops rapidly at the transition temperature.
The transition between both states occurs at p = 0.19, which is a slightly over-
doped state.

(a)

(b) (c)

Figure 3.17: (a) Schematic of a z-type junction, fabricated with a double side
fabrication method [courtesy of Y. Simsek]. (b) Normalized low-bias resistance
over temperature of an electrically doped z-type junction shows a metal to insula-
tor transition in the slightly overdoped regime p = 0.19. (c) The slope of curves
in the thermal activation plot represents the thermal activation energy UTA, which
is proportional to the pseudogap energy.

At high bias the current-voltage characteristics of this type of junctions is
disturbed due to self-heating, which prevents a confident extraction of pseudo-
gap energies. However, the strength of the semiconductor like upturn in R(T )
curves is related to the PG energy [81]. The energy required for an electron to
overcome the gap is the thermal-activation energy UTA, which scales with the
resistive upturn as

R
T

∝ eUTA/kBT , (3.6)

where kB is the Boltzmann constant. Therefore, UTA can be extracted from the
slope of the curves when plotting ρ/T over 1/T , as shown in Figure 3.17c.
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3.5.2 High-bias characteristics

Figure 3.18a shows the current density over voltage characteristic for different
doping states of a small mesa at T = 2K. It was fabricated using e-beam masks
and initially underdoped, with p' 0.12. Using I-doping it was altered to a final
overdoped state with p' 0.176. With doping the resistance decreases and the
critical current density Jc increases, as previously shown in Figure 3.14a. It can
also be seen that the distance between branches remains constant with doping,
which indicates that the mesa is uniformly doped.

(a) (b)

Figure 3.18: (a) Current-voltage characteristics of an electrically doped mesa.
The critical current density increases significantly with doping. (b) At higher
bias a threshold voltage Vth appears, which shifts the high bias resistance of un-
derdoped samples.

At higher bias the slope of the curves remains constant and is independent
of the doping level, as shown in Figure 3.18b. However, the linear portion of
the curve is shifted with doping by a threshold voltage Vth, which can be seen
when extrapolating it towards the intersection with the x-axis. In the overdoped
state the line crosses zero and Vth disappears.

One can see that a back bending starts to occur for the optimally doped
state. However, the dissipation power at the sum-gap kink decreases by about
40% (0.27 mW to 0.166 mW), so the back bending probably has another origin
than self-heating. It might be caused by a non-equilibrium gap suppression
[82] due to an increased current density at optimal doping.
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3.5.3 Doping diagrams

The phase diagram in Figure 3.19a shows pseudogap energies of samples with
different oxygen or current doping. The energies were obtained from the hump
in dI/dV curves for mesa structures. Thermal activation energies of z-type
junctions (obtained as shown in Figure 3.17c) coincide with the mesa data. In
both cases they point towards a critical point at the slightly overdoped state
p = 0.19. This is the same doping level at which the metal to insulator transi-
tion was previously observed (Figure 3.17b) and is caused by the onset of the
pseudogap.

(a) (b)

Figure 3.19: Doping diagrams comparing oxygen (red) and electrical doped
samples (blue). Open blue points are from mesa structures and solid blue points
z-type junctions. Different symbol types represent different samples. (a) Data
obtained from low bias characteristics: PG energies from spectroscopic data for
mesa structures and thermal activation energies from z-type junctions. They point
towards a critical point at p = 0.19, at which a metal to insulator transition was
observed. (b) High-bias characteristics obtained from the threshold voltage Vth.
Another critical point can be seen, in this case at optimal doping p = 0.16.

Plotting the threshold voltage obtained from high-bias characteristics (see
Figure 3.18b) in a similar manner reveals another critical point at optimal dop-
ing p = 0.16. This is shown in Figure 3.19b for oxygen and current doped (O
and I-doped) samples.

High-bias (energy) measurements do not carry any information about the
gap. Hence, this data must represent an additional energy that must be over-
come by the electron in order to tunnel. Possible explanations for this "dressed"
electron energy [83] could be Coulomb blocking, inelastic tunneling, or a
strong coupling to bosonic modes. Another alternative could be an indirectly
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observed magnetic order that is evidenced in this type of measurement e.g.
through an inelastic excitation of paramagnons. The threshold energy appears
at optimal doping and increases as superconductivity is suppressed. This in-
dicates a connection between this energy and superconductivity, which may
even be detrimental to superconductivity.

This is, to our knowledge, the first time that two distinct critical points have
been observed on the same sample using the same measuring method. Using
different types of junctions (mesas and z-type) as well as comparing them with
oxygen doped samples excludes the possibility that these properties are sample
specific.

3.6 Superconducting correlations above Tc in Bi-2212

The superconducting state appears below the critical temperature, but signs of
superconductivity exist already above the critical temperature, which makes
the border onto the normal state blurry. This signatures can be interpreted
as superconducting fluctuations [74] or precursor correlations. In the latter
case Cooper pairs are assumed to form at much higher temperatures than Tc,
but without a macroscopic phase coherence, which is suppressed by phase
fluctuations of the superconducting order parameter [25].

The similarity of the pseudogap to the superconducting gap, together with
its higher onset temperature, has led to the assumption that the pseudogap is a
consequence of precursor superconductivity. Common spectroscopic methods
probe the density of states, but they can not distinguish between superconduct-
ing and nonsuperconducting contributions. In this section a new measurement
technique is introduced that makes use of high sensitive tunneling character-
istics measured at different magnetic field angles to measure superconducting
features above Tc [see also the attached Paper V].

3.6.1 Angular-dependent magnetotunneling

When a magnetic field is applied to a cuprate in the superconducting state, cir-
culating screening currents will appear within the ab-planes. Superconductiv-
ity will finally be suppressed above Hc2 (see Equation 3.3.2), since the screen-
ing currents exceed the critical current of the material. However, if the field is
applied parallel to the layers, screening currents can not form due to the two
dimensional character of the material. In this case superconductivity is sup-
pressed at the much higher field Hp (see Equation 3.3.2). In this case the field
splits the spin-singlet Cooper pairs (Zeeman splitting) and therefore suppresses
superconductivity. Usually Hp > Hc2 by a factor of 100, which leads to a large
anisotropy of the magnetic field response.
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Figure 3.20: Tunneling characteristic (dI/dV ) at T = 2K of a small mesa without
field and with a magnetic field of 10T applied parallel and perpendicular the
copper oxide layers. The mesa has N = 16 junctions and a Tc ≈ 81K.

Accordingly, a field parallel to the superconducting layers does not affect
the shape of the tunneling characteristics (dI/dV ) compared to a measurement
at zero field, due to the much higher critical field in this direction. This is
shown in Figure 3.20 for a small underdoped Bi-2212 mesa with Tc = 80K.
However, the superconducting features are suppressed when a magnetic field
of H = 10T is applied along the c-axis.

The sample is aligned in the field using the rotatable cryostat inset. Align-
ment is crucial, especially for the parallel field, since even a small misalign-
ment will create a perpendicular field contribution and therefore orbital cur-
rents in the planes. To assure a good sample alignment, the sample is rotated
in field while observing the c-axis resistance. A minimum in the resistance
indicates that the field and the crystal planes are parallel.

Figure 3.21a shows the temperature dependence of dI/dV curves for H(‖)
and H(⊥). The superconducting gap peak decreases and moves towards lower
voltages with increasing temperature. Above Tc only the pseudogap remains
visible in the spectra.

If the parallel field characteristic is now divided by the perpendicular one,
the resulting dI/dV (‖ / ⊥) curves should show only that part of the spectra
which is due to superconductivity. This is shown in Figure 3.21b, which re-
veals the superconducting sum-gap peak as well as the following dip in more
detail. Above Tc the curve is flat, indicating that the pseudogap contribution is
absent in this method. All types of orders that are not dependent on circulat-
ing screening currents in a magnetic field are suppressed, including charge or
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(a) (b)

Figure 3.21: (a) Temperature dependence of dI/dV curves for a 10 T field ap-
plied parallel and perpendicular to the planes. The SC gap closes with increased
temperature and is no longer visible above Tc. The underlying pseudogap is still
present at this temperature, but further diminishes at higher temperatures. (b)
Dividing the dI/dV measured at a magnetic field parallel to the superconducting
layers with one measured at perpendicular field reveals only the superconducting
part of the spectrum, which gives a much higher sensitivity.

spin-density waves.
Most of the previously shown dI/dV curves are calculated from I−V char-

acteristics. To improve the accuracy of this method, the curves were measured
with different approaches. A DC bias voltage was slowly altered from high
to low voltages. At the same time a small AC voltage is used to measure the
resistivity at this bias with a lock-in method. The measurement is averaged
over one second before the DC bias is lowered to the next value. This method
reduces noise to a large extent. However, the measurement of one curve takes
more than half an hour, depending on the voltage range and step size, and the
temperature has to remain constant during this entire period. After every tem-
perature change the cryostat and sample temperature therefore had to settle for
about one hour before starting the measurement. In this way the temperature
variation was kept within the range of a few mK. The sample was then rotated
towards the next field alignment and a second measurement was taken at the
same temperature.

The high resolution of this method allows for locating small features when
zooming in to the previously shown dI/dV (‖ / ⊥). This is shown in Figure
3.21b for the low bias part of curves around Tc, which reveal a peak at zero
voltage. This is due to the c-axis critical current, which is quickly suppressed
and disappears at around 6 K above Tc. This is due to phase fluctuations of the
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Figure 3.22: (a) A zoom in onto the low-bias region of dI/dV (‖ / ⊥) curves
around Tc shows a superconducting peak at zero bias, which quickly disappears a
few degrees above Tc. (b) Enlarging the superconducting peaks of the same type
of curves shows that weak signals of the gap are still visible well above the Tc,
but on a much lower scale.

weakly coupled junctions.
When the y-axis scale is largely decreased for dI/dV (‖ /⊥) curves around

Tc one can see that signatures of the gap are still seen at much higher temper-
atures than Tc, as shown in Figure 3.22b. In this case, weak gap features are
still seen 20 K above Tc for another sample with higher Tc, small residuals of
the sum-gap peak could be seen up to 50 K above Tc. This is because the gap
is not dependent on the weak coupling between layers. Small superconducting
fluctuations will reduce the DOS, and can therefore be seen in the tunneling
spectra.

3.6.2 In-plane angular resistance

A similar behavior of superconducting correlations can be observed with a dif-
ferent approach. Figure 3.23 shows the angular dependency of the in-plane
resistance of the same sample. It was measured at H = 10T for different tem-
peratures and at an angular range of nearly 360◦. This was again done by
stabilizing the temperature, and then measuring the first part while slowly ro-
tating the sample. The rotator stage has a range of about 180◦. In order to
measure a full rotation, the field direction in the cryostat was reversed and the
measurement was repeated over the same rotational range.

Below Tc, the angular magneto-resistance has a minimum at Θ= 0◦, which
corresponds to a field parallel to the ab-plane. The cusp-like peak is due to the
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Figure 3.23: Angular dependence of the in-plane resistance at a magnetic field
of 10 T, for different temperatures around Tc. The cusp-like resistance drop at
fields parallel to the planes is due to the absence of circular currents in this quasi
two-dimensional material.

quasi two-dimensional characteristic of the material. Orbital currents appear as
soon as a perpendicular field contribution is present and increase the resistance.
The cusp quickly smears out with T → Tc, but weak signatures remain at more
than 20 K above Tc.

3.6.3 Temperature evolution

Figure 3.24a shows the superconducting peak and pseudogap energies over
temperature for two different samples. This figure illustrates how the super-
conducting peak rapidly decreases for T → Tc, while the pseudogap has a weak
temperature dependence. However, the SC peak does not vanish above Tc but
persists up to several tens of Kelvin above it. At lower energies it starts to
smear out and shows a positive offset when eVpeak/(2N) approaches the ther-
mal energy kBT .

An overview of the data is given in Figure 3.24b, which shows relative am-
plitudes over temperature. In this case the respective (y-axis) amplitude in the
spectra was plotted, and not the energy (voltage) of the feature. All amplitudes
decrease with temperature, but at a different rate. (i) The c-axis supercurrent
decays the fastest, since it depends on the weak interlayer phase coherence.
(ii) The ab-plane angular magneto-resistance cusp persists until higher tem-
peratures as it depends on the superconducting order parameter and on phase
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(a) (b)

Figure 3.24: (a) SC gap (solid symbols) and PG hump energies (open symbols)
over temperature for two different samples. The superconducting gap rapidly
closes in an exponential, BCS-like manner when approaching Tc., but weak sig-
nals of the gap are still visible at higher temperatures. The sum-gap smears out
(represented by the error bars) and the gap energy seemingly increases as it ap-
proaches kBT . (b) Evolution of the relative amplitudes over temperature from the
previously shown data.

coherence within the plane, which is more robust than the interlayer coherence.
(iii) The superconducting peak in the DOS persists up to≈ 1.5×Tc. This char-
acteristic depends on the amplitude of the order parameter. (iv) The pseudogap
characteristics show a relatively weak temperature dependence. Well above Tc,
at T = 120K the amplitudes of the PG and SC gap features differ by three or-
ders of magnitude. This is another indication that the pseudogap is not related
to superconductivity, as was already discussed in Section 3.2.

The observed superconducting correlations above Tc can be explained by
either strong fluctuations caused by the low dimensionality of the material,
or by precursor pairing with an onset of Bose-Einstein condensation at Tc.
However, in the latter case the border would be less distinct than was observed
here and the condensate amplitude should remain large even above Tc. The
rapid BCS-like SC gap decay and the fact that no additional onset temperature
for precursor pairing was observed indicate that cuprates might resemble the
BCS scenario with strong superconducting fluctuations.
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4. Conclusions

Intrinsic tunneling, transport and magnetotunneling measurements were per-
formed on the cuprates Bi2Sr2CaCu2O6+δ (Bi-2212) as well as on the low-Tc

(≈ 4 K) Bi2+xCa2−yCuO6+δ (Bi-2201) compound. Different micro- and nano-
fabrication methods were used to fabricate a set of small mesa structures on top
of freshly cleaved crystals, which enable c-axis characterizations of a mesa as
well as ab-plane measurements of a small part of the crystal. For this, a new
fabrication technique was implemented, which uses mesa etching masks made
by e-beam lithography.

It was found that the superconducting properties of Bi-2201 scale down
with Tc. This could be observed for the superconducting gap, bosonic mode
energy, upper critical field and fluctuation decay temperature. However, the
pseudogap energy, as well as its opening temperature and characteristic field,
are similar to other cuprates and do not scale down. This indicates that both
phenomena are probably not connected to each other, and are of different ori-
gin. The pseudogap seems to be a universal property for all cuprates, not
connected to, and maybe even competing with superconductivity.

A new method to extract the upper critical field Hc2(T ) in Bi-2201 was
proposed, which uses scaling of fluctuation conductivities above Tc. A low
Hc2 anisotropy of ≈ 2 was found for this compound, which is very small com-
pared to its effective mass anisotropy of ≈ 300. The anisotropy decreases at
higher fields and saturates when the field reaches the paramegnetic limit of the
cuprate. This provides evidence for paramagnetically limited superconductiv-
ity.

Furthermore, a new electrical doping method for Bi-2212 mesa structures
was studied. It was found that it is possible to reversibly and persistently alter
the normal state resistance, critical current, superconducting gap, and critical
temperature by applying a high voltage across the mesa. This electrical dop-
ing has the same effect as doping through altering the oxygen content. It is
assumed that charge transfer within the crystal layers and/or the reordering of
oxygen vacancies are responsible for this behavior.

The electrical doping method allows in situ doping studies of Bi-2212
mesas without systematic errors due to sample variations. The method was
used to study the pseudogap behavior in Bi-2212 over a broad doping range.
Two distinct critical points where revealed under the superconducting dome of
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the phase diagram. One at the overdoped side (p = 0.19), which is associated
with the onset of the pseudogap and metal to insulator transition in the c-axis
resistance. A second critical point occurs at optimal doping (p = 0.16) and
might be due to the appearance of an additional "dressed" electron energy.

Finally, a new angular-dependent magnetotunneling technique was intro-
duced. It allows for the detection of superconducting features in the tunneling
characteristics, which are usually hidden beneath the pseudogap. It revealed
that the superconducting peaks rapidly flatten in a BCS manner for T → Tc and
the major part of the superconducting condensate vanishes above Tc. However,
small superconducting correlations are still present at ≈ 1.5×Tc.
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