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Abstract

In this thesis, intrinsic Josephson junctions, naturally formed in the strongly
anisotropic high-temperature superconductor Bi2Sr2CaCu2O8 (Bi-2212), are
studied experimentally. For this purpose, small mesa structures are fabricated
on the surface of single crystals using micro- and nano-fabrication tools, focused
ion beam is used to reduce the area of the mesa-structures down to ≈ 1 × 1 µm2.

The properties of charge transport across copper-oxide layers inside the mesas
are studied by intrinsic tunneling spectroscopy. Temperature, bias and magnetic
field dependences of current-voltage characteristics are examined.

In the main part of the thesis, the behavior of intrinsic Josephson junctions in
magnetic fields B parallel to the copper-oxide planes is studied. Parallel magnetic
fields penetrate the junctions in the form of Josephson vortices (fluxons). At high
magnetic fields, fluxons are arranged in a regular lattice and are accelerated by a
sufficient high transport current. As the fluxon lattice is moving through the mesa,
it emits electromagnetic waves in the important THz frequency range. Properties
of Bi-2212 mesas in this flux-flow regime are studied in this thesis.

The following new observations were made during the course of this work: a
crossover from thermal activation above Tc to quantum tunneling below Tc is seen
in the interlayer transport-mechanism, the Fraunhofer pattern of Ic(B) is observed
clearly in Bi-2212, superluminal electromagnetic cavity resonances and phonon-
polaritons are observed in Bi-2212.

It is argued that the employed technique for miniaturization of mesas and the
obtained results can be useful for a better understanding of fundamental prop-
erties of high-temperature superconductors and for the realizations of coherent
flux-flow oscillators and coherent phonon-polariton generators in the important
THz frequency range.
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Sammanfattning

I denna avhandling studeras intrinsiska Josephson övergångar experimentellt.
Dessa bildas naturligt i den stark anisotropiska högtemperatursupraledaren
Bi2Sr2CaCu2O8 (Bi-2212). Små strukturer, så kallade mesor, fabriceras på ytan av
Bi-2212 monokristaller med hjälp av mikro- och nano-fabrikationsverktyg. Foku-
serad jonstråle används sedan för att reducera mesa-arean ner till runt 1 × 1 µm2.

För undersökningen av egenskaper hos laddningstransporten mellan närligg-
ande kopparoxidplan används intrinsisk tunnlingsspektroskopi. För detta ända-
mål mäts ström-spänningskarakeristika för strömmar längs den kristallografiska
c-axeln, och c-axel resistansens temperatur-, magnetfält- och strömberoende stu-
deras.

Huvuddelen av avhandlingen behandlar egenskaper hos intrinsiska Joseph-
son övergångar i magnetfält B parallella med kopparoxidplanen. Parallella mag-
netfält penetrerar övergångarna i form av Josephson-vortexar (fluxoner). I höga
magnetfält bildas ett gitter av fluxoner som kan accelereras av en tillräcklig hög
transportström. Fluxoner som rör sig genom mesan emitterar elektromagnetiska
vågor i det teknologiskt viktiga men svårtillgängliga frekvensområdet runt 1 THz.
Egenskaperna av Bi-2212 mesor i detta så kallade flux-flow tillstånd studeras i
detta arbete.

I avhandlingen presenteras flera nya resultat: 1) en ändring i mekanismen
hos laddningstransporten mellan kopparoxidplan observeras vid den kritiska tem-
peraturen: från termisk aktivering över Tc till multipartikel tunnling under Tc,
2) Fraunhofer-modulering av Ic(B) observeras, 3) superluminala geometriska re-
sonanser observeras och 4) fononpolaritoner observeras i Bi-2212.

Metoden att minimera mesastorleken och de erhållna resultaten ger en bättre
förståelse av högtemperaturledare och kan användas för att konstruera en möjlig
koherent strålningskälla för både THz vågor och fonon-polaritoner.
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Chapter 1

Introduction

1.1 Motivation

25 years after the discovery of high-temperature superconductivity in the cup-
rates, its mechanism is still unclear. Apart from the much higher transition tem-
peratures, several additional differences between cuprates and conventional low-
temperature superconductors exist (an overview gives for example Ref. [1]). In
contrast to conventional superconductors, where the superconducting gap has s-
wave symmetry, the gap in cuprate superconductors is highly anisotropic and in-
dications for a d-wave symmetry exist. Also the pairing mechanism seems to be
different and it is not clear if it is due to phonons as in conventional superconduc-
tors. Furthermore, the normal state of the cuprates is not completely understood
either, for example a so-called pseudogap exists in the electronic density of states
at temperatures above the superconducting transition.

The crystal structure of cuprates is special as well: it consist of supercon-
ducting copper-oxide layers, which are separated from each other by insulating
layers of other metal-oxides. In strongly anisotropic cuprates, charge carriers are
confined to the copper oxide layers and interlayer transport occurs via tunneling.
Due to the alternation of superconducting and insulating layers, a single crystal
of high-temperature superconductors like Bi2Sr2CaCu2O8 represents a stack of
intrinsic Josephson junctions [2, 3], where the distance between neighboring su-
perconducting layers is only 1.5 nm. This distance is very thin compared to the
London penetration depth, therefore intrinsic Josephson junctions are strongly
coupled to each other via shared magnetic fields.

The method employed in this thesis for studying high-temperature supercon-
ductors is intrinsic tunneling spectroscopy (ITS). In this method, interlayer trans-
port measurements are performed on mesa structures (small rectangular towers)
that are patterned on top of the surface of single crystals by means of micro/nano-
fabrication. A transport current is sent through the mesa perpendicular to the
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2 CHAPTER 1. INTRODUCTION

copper-oxide layers and current-voltage characteristics are measured. Power dis-
sipation in the mesa may lead to an increase of the mesa temperature. To obtain
unambiguous spectroscopic information, the self-heating has to be kept to a min-
imum for not distorting measurements of temperature dependent quantities. One
efficient way for reduction of self-heating is the miniaturization of the mesa area,
which is done in this work.

The main part of this thesis is motivated by the possibility of using crystals of
high-temperature superconductors as sources and detectors for electromagnetic
waves with frequencies in the terahertz range. For this frequency-range, which
lies between infrared light and microwaves in the electromagnetic spectrum, no
efficient radiation sources and detectors exist so far [4]. Therefore, this region
from about 0.3 THz to 3 THz is sometimes called the ”terahertz gap”. Recent ex-
periments showed promising results for coherent emission of THz radiation from
Bi-2212 mesas [5–7]. In this thesis, one of the promising devices for emission of
electromagnetic waves with frequencies in the THz range is studied: the flux-flow
oscillator. The flux-flow oscillator is based on vortex motion in a Josephson junc-
tion and the emission power can be increased by using several coupled stacked
Josephson junctions. For this reason, intrinsic Josephson junctions in Bi-2212 are
ideal candidates. Intrinsic Josephson junctions (IJJs) also have the advantage of a
large superconducting energy gap, which means that a large range of frequencies
is accessible. In addition, IJJs are formed naturally in single crystals, therefore
they are identical and reproducible. High output power can be achieved in case
of synchronized emission from many junctions. The establishment of a synchro-
nized state is possible in small Josephson junctions which will be shown in this
thesis.

As discussed above, both intrinsic tunneling spectroscopy and flux-flow oscil-
lators require mesas with small areas for reduction of self-heating and for estab-
lishment of the in-phase fluxon state, respectively. In this thesis, miniaturization
of mesas is done with the help of focused ion beam.

The thesis is organized as follows. In the introduction, basic concepts of
Josephson junctions, intrinsic Josephson junctions and resonant phenomena are
described. In chapter 2, the experimental work (sample fabrication and low tem-
perature measurements) is described. In chapter 3, experimental results are pre-
sented, which include tunneling spectroscopy and flux-flow phenomena. Finally
conclusions are given.



1.2. JOSEPHSON JUNCTIONS 3

1.2 Josephson junctions

1.2.1 Josephson effects
When a material is in the superconducting state, two charge carriers bind to form
a Cooper pair. Since Cooper pairs are boson-like, they all condense into the
same state and are described by a single wavefunction. If two superconductors
are brought close to each other and only are separated by a thin electrically in-
sulating barrier, the wavefunctions of the two superconductors can overlap and
interfere with each other. This interference give rise to the so-called Josephson
effects. The arrangement of two superconducting layers (S) separated by a thin
electrically insulating barrier (I) is called an SIS-Josephson junction. A Joseph-
son junction is characterized by the maximum supercurrent it can carry, the crit-
ical current Ic. Cooper-pairs can tunnel through the barrier without the presence
of a voltage when the current through the junction is smaller than Ic. The ex-
istence of this zero-voltage supercurrent through a Josephson junction is known
as the dc-Josephson effect. The magnitude of the supercurrent depends on the
difference between the phases θ1 and θ2 of the superconducting wavefunction in
each of the two superconductors:

Is = Ic sinϕ, (1.1)

where ϕ is the gauge-invariant phase difference of the superconducting wavefunc-
tions across the barrier:

ϕ = θ2 − θ1 −
2e
~

∫ 2

1
Adl, (1.2)

here A is the vector potential.
If the current through the Josephson junction exceeds the critical current,

an additional current of unpaired electrons (quasiparticles) flows. The junction
has then switched to the resistive state (McCumber state) and a voltage V is es-
tablished across the barrier. The phase difference in the resistive state is time-
dependent (ac-Josephson effect):

∂ϕ

∂t
=

2π
Φ0

V, (1.3)

where Φ0 = h/2e = 2.07 × 10−15 Wb is the magnetic flux quantum. The super-
current through the barrier is oscillating in the presence of a voltage, which can
be seen by integrating Eq. (1.3) and inserting the result into (1.1):

Is = Ic sin(
2π
Φ0

Vt + ϕ0). (1.4)
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This equation shows that the frequency of the ac-supercurrent is proportional to
the voltage:

f =
V
Φ0

= V · 483.6 GHz/mV. (1.5)

The existence of the dc and ac-Josephson effect was theoretically predicted by
Brian D. Josephson in 1962 [8].

1.2.2 Current-voltage characteristics

Figure 1.1 shows a typical current-voltage (I-V) curve of a Nb-AlOx-Nb Joseph-
son junction measured at T = 2.5 K. The dc-supercurrent is seen as the vertical
branch at zero-voltage. For currents higher than Ic, the junction switches to the
resistive state. The voltage jumps to a value close to the superconducting gap
voltage Vg = 2∆/e, because at low temperatures, the tunneling of quasiparticles
requires the breaking of Cooper pairs which becomes possible at this voltage. For
voltages above Vg the I-V curve shows ohmic-behavior, with a slope correspond-
ing to the normal resistance Rn of the junction. An important feature of the I-V
curve is the pronounced hysteresis. The junction does not switch back to the zero
voltage state when the current is reduced below Ic. Instead, the junction stays in
the resistive state and switches to the superconducting state at a lower current Ir,

Figure 1.1: I-V curve of a Nb-AlOx-Nb Josephson junction measured at T = 2.5 K
(unpublished). At zero voltage the supercurrent branch is seen. At currents higher than
the critical current, the junctions switches to the quasiparticle state.
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the retrapping current.
The I-V curves of Josephson junctions can be described by the RCSJ (resis-

tively and capacitively shunted junction) model [9], where the current through
the junction is given by the sum of the supercurrent, the quasiparticle (QP) cur-
rent and the displacement current. Expressed in terms of the phase difference, the
total current is given by

I = Ic sinϕ +
Φ0

2πR
∂ϕ

∂t
+

CΦ0

2π
∂2ϕ

∂t2 , (1.6)

where R is the quasiparticle resistance and C the capacitance of the Josephson
junction. The shape of the I-V curve strongly depends on the so-called McCum-
ber parameter βc = 2πIcR2C/Φ0. If βc > 1, the junction is underdamped and the
I-V curve is hysteretic, see Fig. 1.1, while for βc < 1, the junction is overdamped
and the I-V curve is non-hysteretic.

1.2.3 Sine-Gordon equation

The RCSJ model neglects possible variations of the phase difference along the
junction. Spatial variations of ϕ along the junction length (x-direction) are related
to the magnetic field By (along y-direction) inside the junctions via [1, 9]

∂ϕ

∂x
=

2π
Φ0

Bydeff, (1.7)

where deff is the effective magnetic thickness of the Josephson junction [10]:

deff = 2λS tanh
d

2λS
+ t. (1.8)

z

x

y

L

t

dS

I

S d

Figure 1.2: A sketch of a Josephson junction of length L (along the x-axis). The two S
layers have thickness d, the I layer has thickness t.
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d is the thickness of the two superconducting layers which are assumed to be
identical, t is the thickness of the insulating barrier and λS is the London pene-
tration depth of the superconductor. The geometry of the Josephson junction is
shown schematically in Fig. 1.2.

Taking the spatial variations of ϕ into account, the RCSJ-equation is comple-
mented by an extra term which is proportional to the second spatial derivative of
the phase difference. This leads to the perturbed sine-Gordon equation, which
describes the phase dynamics of a Josephson junction [9]:

λ2
J
∂2ϕ

∂x2 − ω
−2
pl
∂2ϕ

∂t2 − αω
−1
pl
∂ϕ

∂t
= sinϕ −

J
Jc
. (1.9)

λJ is the Josephson penetration depth, ωpl the Josephson plasma frequency
and α a damping coefficient:

λJ =

√
Φ0

2πµ0JcΛ
, (1.10)

ωpl =

√
2πIc

Φ0C
, (1.11)

α =
1
√
βc

=

√
Φ0

2πIcR2C
. (1.12)

Λ in Eq. (1.10) is given by [10]

Λ = 2λS coth
d
λS

+ t. (1.13)

The perturbed sine-Gordon equation (1.9) is a non-linear wave equation. If
α = 0 (zero damping) and J = 0 (zero bias current), it is called the unperturbed
sine-Gordon equation and has analytical solutions such as Josephson plasma
waves (electromagnetic waves) and fluxons. A fluxon, also called Josephson vor-
tex, carries a quantum of magnetic flux Φ0 and has a circulating vortex current
around its center. It induces a 2π phase shift along the junction length L and the
size of a stationary fluxon along the junction length is ≈ 2λJ. Fluxons are rela-
tivistic objects and in the presence of a bias current, they can be accelerated up
to a limiting velocity c0. As the velocity approaches c0, fluxons are Lorentz con-
tracted, which has been directly observed by low temperature scanning electron
microscopy [11]. The limiting velocity c0 is called the Swihart-velocity and is the
velocity of electromagnetic waves in a transmission line formed by the junction.
It is given by [12]

c0 = λJωpl = c
√

t
εrΛ

, (1.14)
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Figure 1.3: A home-built mechanical analog of a long Josephson junction. The dy-
namics of this chain of coupled pendulums is governed by a sine-Gordon equation. The
deflection angle of a pendulum corresponds to the phase difference ϕ in a real Josephson
junction. In this model, a fluxon is represented by a 2π-twist of the chain of pendulums,
which can move along the chain, just as a fluxon can move along a Josephson junction.

where c is the velocity of light in vacuum and εr is the dielectric constant of
the tunnel barrier. Due to the large kinetic inductance inside the superconducting
layers, c0 is reduced significantly compared to the velocity of light in vacuum.

The Josephson penetration depth λJ gives the length-scale over which a mag-
netic field can penetrate into the junction.The behavior of a junction in a magnetic
field parallel to the junction barrier (along y-axis) depends on the length L of the
junction relative to λJ. If the junction is short (L < λJ), the magnetic field pene-
trates the junction homogeneously. If the junction is long (L > λJ), the magnetic
field penetrates the junction in form of fluxons, if the applied field is higher than
the lower critical field of the junction.

A mechanical analog of a long junction is a chain of coupled pendulums [1,
9]. This system is also described by the perturbed sine-Gordon equation. The
deflection angle of a pendulum corresponds to the phase difference ϕ in Eq. (1.9).
A fluxon can be created in this model by the rotation of one end of the chain of
pendulums by 2π, see Fig. 1.3. This 2π-twist behaves like a particle and can
move along the chain of pendulums in the same way as a fluxon can move along
a Josephson junction. Josephson plasma waves are represented in this model by
small amplitude waves along the chain.

1.2.4 Fraunhofer pattern
If a magnetic field B is applied parallel to the junction barrier of a short Joseph-
son junction, the maximum supercurrent through the junction will oscillate as a
function of the applied field. The oscillations will follow the Fraunhofer diffrac-
tion pattern. The expression for Ic(B) can be obtained by integration of Eq. (1.7)
and by using Eq. (1.1). The resulting dependence of the critical current on the
external magnetic field is then [9]:
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Figure 1.4: The maximum supercurrent (critical current) Ic(Φ)/Ic(0) as a function of the
magnetic flux through the junction Φ/Φ0 calculated with Eq. (1.15) (Fraunhofer pattern).
Ic oscillates with a periodicity of Φ/Φ0 = 1.

Ic(Φ) = Ic(0)

∣∣∣∣∣∣∣sin πΦ
Φ0

πΦ
Φ0

∣∣∣∣∣∣∣ , (1.15)

with Φ being the magnetic flux through the junction. Φ is given by Φ =

BLdeff , where B is the applied magnetic field, L the length of the junction perpen-
dicular to the magnetic field and deff is given by Eq. (1.8).

The function (1.15) is plotted in Fig. 1.4. It can be seen that the critical
current oscillates with periodicity B0, which is the field necessary to create one
quantum of flux inside a junction. Ic(B) is minimal for magnetic fields equal to
integer multiples of B0. B0 is inversely proportional to the junction length and is
given by:

B0 = Φ0/Ldeff . (1.16)

1.3 Tunneling in SIS-junctions
This section describes tunneling of quasiparticles in SIS Josephson junction.
Tunneling experiments in SIS-junctions were first performed by I. Giaver in
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1960 [13] and provide information on the quasiparticle density of state of the su-
perconductors. A detailed discussion of superconductive tunneling can be found
in Ref. [14].

Figures 1.5 (a) and (b) illustrate tunneling between two identical supercon-
ducting electrodes S, which are separated from each other by an insulating tunnel-
barrier I. The densities of states N(E) of the two superconductors are shown at
zero temperature (T = 0), where all states below the superconducting energy gap
are occupied and all states above the gap are empty, which is indicated by the dark
resp. light blue color. Figure 1.5(a) shows the situation with no voltage applied
between the superconducting electrodes (V = 0). In this case the Fermi levels of
both superconductors are aligned to each other and no net current flows through
the barrier. If a voltage smaller than Vg = 2∆/e is applied to the junction, no
current can flow because no empty states exist in the opposite electrode. In Fig.
1.5(b), the situation for V = Vg is shown. In this case, empty states exist and a
quasiparticle tunneling current flows from left to right, as indicated by the arrow.
Figure 1.5(c) shows simulated I-V characteristic at different temperatures T for a
junctions with critical temperature Tc = 8.8 K. At low temperature, the number of
thermally excited quasiparticles is small and only a small current can flow at volt-
ages smaller than Vg = 2∆/e. At V = Vg the current suddenly increases strongly
due to the alignment of the peaks in the densities of states, see Fig. 1.5(b). At
higher voltages, the resistances approaches the ohmic Rn. At higher temperatures,
the number of thermally excited QPs increases and therefore also the tunneling
current at V < 2∆/e increases. Close to Tc, the gap is very small and the I-V

N(E)

E

eV=2

(a) (b) (c)S I S

2

0 1 2 3 4
0

1

2

3

4

8.6 
8.0 
7.3 
6.7 
5.7 
4.7 

T(K)=2.0 

V (mV) 

IR
n

(m
V

)

Figure 1.5: Single particle tunneling in a tunnel junction. (a) V = 0 (b) V = 2∆/e. The
density of states of both electrodes are shown at zero temperature. In (c) simulated I-V
characteristic are shown at different temperatures T for a junction with Tc = 8.8 K (from
paper VII). At low temperatures, the conductivity at V < 2∆/e is very small, while at
increased temperatures the number of thermally excited QPs increases. Close to Tc, the
gap is very small and the I-V curve is almost ohmic with resistance Rn.
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curve is almost ohmic with resistance Rn.
The magnitude of the tunneling current IL→R from the left to the right elec-

trode is proportional to the number of occupied states in the left electrode, to the
number of empty states in the right electrode and to the probability for tunneling.
IL→R at voltage V can be written as [9]

IL→R =
2π
~

∫ +∞

−∞

|T |2NL(E) fL(E)NR(E + eV)[1 − fR(E + eV)]dE, (1.17)

where |T | is the tunneling matrix element and f is a Fermi factor. The tunnel-
ing current from right to left is given by a similar expression and the total current
I is then obtained from the difference IL→R − IR→L:

I =
2π
~
|T |2

∫ +∞

−∞

NL(E)NR(E + eV)[ fL(E) − fR(E + eV)]dE. (1.18)

In addition to the single particle tunneling described above, other mechanisms
for tunneling are possible in SIS tunnel junctions, for example multiparticle tun-
neling [15–18], multiple Andreev reflections [19, 20] and resonant tunneling via

N(E)

E

eV= 
2

(a) S I S (b)

2 

eV 

Figure 1.6: (a) Multiparticle tunneling in an SIS junction. A Cooper pair breaks in
the left electrode and two quasiparticles tunnel to the right, in addition two QPs tunnel
from left and combine to a Cooper pair in the right electrode. This process is possible
at V ≥ ∆/e. (b) Illustration of multiple Andreev reflections. An electron from the left
electrode tunnels through the barrier and arrives at the right electrode with an energy
smaller than the superconducting gap. It is reflected as a hole on the boundary to the
right electrode with the formation of a Cooper pair in the right electrode. The hole is
then Andreev reflected again on the left electrode and finally an electron can enter the
right electrode.
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an impurity state inside the barrier [21]. These mechanisms provide additional
tunneling channels that can increase the total subgap conductivity of the tunnel-
junction.

Multiparticle tunneling in an SIS junction is illustrated in Fig. 1.6(a). A
Cooper pair breaks in the left electrode and the two QPs that have formed tunnel
to the right. In addition, two other QPs tunnel to the right electrode and combine
there to a Cooper pair. This process becomes possible at V ≥ ∆/e, see Fig. 1.6(a).
Processes that involve more than one Cooper pair can occur also and are possible
at lower voltages. Multiple Andreev reflections are illustrated in Fig. 1.6(b). An
electron from the left electrode tunnels through the barrier but cannot enter the
right superconductor as there are no available states when V < 2∆/e. Instead,
it is reflected as a hole on the boundary to the right electrode and a Cooper pair
is formed inside the right electrode. The hole is then Andreev reflected again at
the left electrode with the destruction of a Cooper pair and finally an electron
can enter the right superconductor. With increasing numbers of reflections, the
voltage at which the process becomes possible decreases.

Unlike single particle tunneling, the above described multiparticle processes
are relatively temperature independent because they do not rely on the presence
of thermally excited quasiparticles but involve Cooper pairs which reside on the
Fermi level.

1.4 High-temperature superconductors

High-temperature superconductors (HTSCs) were discovered in 1986 by J.G.
Bednorz and K.A. Müller [22]. HTSCs are ceramics with a perovskite-type crys-
tal structure and have critical temperatures up to 135 K. They contain layers of
copper-oxide and are therefore also called ”cuprates”. One of the most studied
HTSCs is Bi2Sr2CaCu2O8+x (Bi-2212).

Figure 1.7 shows the crystal structure of Bi-2212. The crystallographic axes
a, b and c are indicated. The crystal has a layered structure with double planes of
CuO along the crystallographic ab-plane, alternating with planes of BiO and SrO.
One half of the unit cell has a size of s = 1.5 nm along the crystallographic c-axis,
corresponding to the space periodicity of CuO double planes. The copper-oxide
double planes are superconducting, while planes of bismuth-oxide and strontium-
oxide are electrically insulating. Table 1.1 summarizes important properties of
Bi-2212.

The properties of Bi2Sr2CaCu2O8+x strongly depend on the degree of doping
with oxygen or with other elements (for example Pb or Y). The pure undoped
compound (x = 0) is an antiferromagnetic insulator. If x is increased, excess
oxygen atoms are embedded between the BiO layers and will pull electrons out
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Figure 1.7: Crystal structure of Bi-2212 (courtesy of A. Yurgens). The coordinate sys-
tem indicates the crystallographic axes. Bi-2212 consists of superconducting CuO double
planes and insulating BiO-SrO planes. The alternating superconducting (S) and insulat-
ing (I) layers represent a stack of intrinsic SIS Josephson junctions.

of the CuO double layers. This creates mobile holes in the CuO double layers. At
a certain hole concentration, superconductivity appears. The critical temperature
reaches its maximum at a concentration of p = 0.16 holes per Cu-ion [24]. The
crystal is then said to be optimally doped. Bi-2212 crystals are called underdoped
when p < 0.16 and overdoped when p > 0.16. The oxygen content can be con-
trolled by annealing the crystal in either vacuum or in an oxygen rich atmosphere.
Annealing in vacuum will decrease the oxygen content, while annealing in oxy-
gen increases the degree of oxygen doping. Another way of changing the charge
carrier density is substitution of one type of ion in the crystal structure with an-
other one of a different valence. For example Bi3+ can be replaced by Pb2+ which
leads to the stoichiometric formula Bi2−yPbySr2CaCu2O8+x. This substitution of
Bi with Pb will also create holes in the CuO double layers.

Due to the layered crystal structure, the properties of Bi-2212 are strongly
anisotropic, both below and above the critical temperature. Electrical currents
along the c-axis have to cross the insulating layers and therefore the resistiv-
ity along the c-axis is much higher than in the ab-plane. The Ginzburg-Landau
coherence length along c-axis ξc is smaller than the interlayer spacing s, there-
fore superconductivity is concentrated to the CuO double planes. In 1992, R.
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Tc,max (K) 94
ξab (nm) 2
ξc (nm) 0.1
λab (nm) 200-300
λc (µm) 15-150
Bab

c2 (T) > 250
Bc

c2 (T) > 60

Table 1.1: Properties of Bi-2212 (from [1]). ξab is the Ginzburg-Landau coherence length
along ab-plane, ξc is the Ginzburg-Landau coherence length along c-axis, λab is the Lon-
don penetration depth for screening currents in the ab-plane, λc is the London penetration
depth for screening currents along the c-axis. It should be noted that for external magnetic
fields that are applied parallel to the ab-planes, λab gives the length scale for magnetic
field penetration along the c-axis, while λc gives the length scale along the ab-plane [23].
Bab

c2 is the upper critical field for field-orientation parallel to the ab-plane and Bc
c2 is the

upper critical field for field-orientation along c-axis. All values are doping dependent.

Kleiner and co-workers discovered experimentally that two neighboring CuO
double planes and the intervening insulating layer represent a Josephson junc-
tion [2]. This means that a single crystal of Bi-2212 acts as a densely packed,
naturally formed stack of intrinsic Josephson junctions. A single crystal with a
thickness of 1 µm contains almost 700 junctions. A major advantage of IJJs in
comparison to conventional low-Tc Josephson junctions is that they are naturally
formed in single crystals and therefore they are uniform and reproducible.

As mentioned already in the Motivation (see section 1.1), HTSCs have sev-
eral differences compared to conventional low-Tc superconductors. Those are for
example the d-wave symmetry of the order parameter and the origin of the pair-
ing mechanism [25]. Furthermore, in different experiments [26–29] it has been
observed, that a gap exists in the quasiparticle density of states in underdoped
cuprates even above the critical temperature. This gap is called the pseudogap.
It still remains unclear if and how the pseudogap is related to superconductiv-
ity [24]. If superconductivity is its origin, preformed Cooper pairs that exist
above Tc could be the reason for the existence of the normal state gap. It could
also be related to a competing order or to a quantum critical point.

Often used methods for studying Bi-2212 are scanning tunneling spectrosco-
py [26] and angle resolved photoemission spectroscopy [27]. These two methods
probe only the surface of the crystal, which has several disadvantages: rapid
chemical deterioration of the crystal-surface, different doping state of the surface
compared to the bulk-crystal and the fact that Bi-2212 crystals cleave between
two neighboring BiO layers, which means that surface sensitive spectroscopy
probes BiO instead of the superconducting CuO planes. These problems are
avoided by intrinsic tunneling spectroscopy which utilizes the intrinsic Joseph-
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Figure 1.8: I-V curves of a Bi-2212 mesa measured at T = 14 K at low bias (a) and
at high bias (b). The stack contains seven intrinsic Josephson junctions as can be seen
from the number of branches in the I-V curve. At voltages above the sumgap voltage
Vsg = 2N∆/e, the curve is almost ohmic with resistance Rn.
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son junctions and thus probes the bulk properties of the crystal [28–35]. For ITS,
mesa shaped structures are patterned on the surface of Bi-2212 single crystals
and an I-V curve is measured for transport currents along the c-axis. The number
N of IJJs over which the measurement is performed is controlled by the height of
the mesa. One of the obstacles of intrinsic tunneling spectroscopy is self heating
due to the transport current. Self heating can be reduced by decreasing the area
of the mesa and the number of junctions N inside the mesa [36, 37].

A typical I-V curve of a Bi-2212 mesa is presented in Fig. 1.8(a). The I-V
curve consists of several branches and is strongly hysteretic, which indicates that
IJJs are underdamped. To understand the branching of the I-V curve, one has to
realize that the total voltage over all N junctions is measured and that each of
the IJJs can be either in the superconducting or in the resistive state if I < Ic.
When all IJJs are in the superconducting state, the total voltage is zero. This
corresponds to the first branch at zero voltage. One IJJ being in the resistive state
corresponds to the second branch in the I-V curve; two IJJs being in the resistive
state corresponds to the third branch and so on. On the last branch, all N junctions
are in the resistive state. The I-V curve consists thus of N + 1 branches and the
number of IJJs in the mesa can therefore be determined by counting the number
of branches (the mesa from Fig. 1.8 consists of seven IJJs and the height of the
mesa is therefore 7s = 10.5 nm). In Fig. 1.8(b), an I-V curve for the same mesa
but for higher bias is shown. Similar to Fig. 1.1, a knee is observed at the sum-
gap voltage Vsg = 2N∆/e and at higher voltages, the curve is almost ohmic with
resistance Rn. A difference to low-Tc junctions (see Fig. 1.1) is the increased
subgap conductivity which is due to the d-wave symmetry of the order parameter
and the resulting existence of unpaired quasiparticles even at low T .

1.5 Stacked Josephson junctions

As discussed in the previous section, a single crystal of Bi-2212 acts as a stack
of Josephson junctions. In this section, the phase dynamics of stacked Josephson
junctions will be examined. The London penetration depth λab along the c-axis
is much larger than the distance between two superconducting layers s, therefore
screening currents in one junction will affect also neighboring junctions. In this
way, the Josephson junctions are coupled inductively to each other. The phase
dynamics of the stacked Josephson junctions is governed by a set of N coupled
sine-Gordon equations (CSGE), which were introduced by Sakai, Bodin and Ped-
ersen [38]. The CSGE can be applied both to naturally formed intrinsic Joseph-
son junctions of HTSCs and to artificially fabricated stacks of low-Tc Josephson
junctions.

Figure 1.9 shows the geometry of the stack. The bias current is is directed
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Figure 1.9: A sketch of a stack of Josephson junctions. The junctions are numbered from
bottom to top. A transport current is applied along the z-axis and an external magnetic
field is applied along the y-axis. The junction has length L (along x-axis) and width W
(along y-axis).

along the z-axis, the insulating barriers are along the xy-plane and a magnetic
field is applied in y direction. The length of the junctions L is assumed to be
larger than λJ, whereas the width of the junctions W is assumed to be smaller
than λJ.

For a stack of N identical junctions, the coupled sine-Gordon equations can
be written as [38, 39]:

Φ0

2πµ0

∂2

∂x2



ϕ1
...
ϕi
...
ϕN


=


Λ −S 0
−S Λ −S

. . .
. . .

. . .

−S Λ −S
0 −S Λ





Jz1
...

Jzi
...

JzN


, (1.19)

where ϕi is the phase difference in junction number i, Λ is given by Eq. (1.13)
and S is given by

S =
λS

sinh(d/λS)
. (1.20)

The current densities Jzi across junction i are obtained from Eq. (1.6) with
current replaced by current density and with capacitance and resistance per unit
area, which is indicated by the tilde:

Jzi = Jc sinϕi +
Φ0

2πR̃
∂ϕ

∂t
+

Φ0C̃
2π

∂2ϕ

∂t2 − Jb, (1.21)
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here, Jb is the bias current density. The coupling between the junctions is de-
termined by the parameters Λ and S in the matrix on the right hand side of Eq.
(1.19). External magnetic fields enter the CSGE via boundary conditions.

1.5.1 Two-junction stack
To get better insight into the CSGE, the case N = 2, which describes a stack
of two identical junctions, is examined in some detail [40]. The CSGE can be
written in a more simple way by dividing (1.19) with Λ and Jc and by defining a
normalized coupling constant S ′ = S/Λ:

λ2
J
∂2

∂x2

(
ϕ1

ϕ2

)
=

(
1 −S ′

−S ′ 1

) (
Jz1/Jc

Jz2/Jc

)
. (1.22)

As with the perturbed sine-Gordon equation, the CSGE can be solved analyti-
cally only under certain conditions. First the case with no Josephson tunneling,
zero bias current and no damping is considered. Under these circumstances, the
current components obtained from Eq. (1.21) are: Jzi/Jc = ω−2

pl
∂2ϕi
∂t2 . With the

ansatz ϕi = Aieikx(x−ut) it follows

u−2
(
ϕ1

ϕ2

)
= c−2

0

(
1 −S ′

−S ′ 1

) (
ϕ1

ϕ2

)
, (1.23)

which is an eigenvalue equation. c0 is the Swihart velocity of a single junction
(1.14). The next step is to calculate the eigenvalues:∣∣∣∣∣∣ c−2

0 − u−2 −c−2
0 S ′

−c−2
0 S ′ c−2

0 − u−2

∣∣∣∣∣∣ = 0. (1.24)

This results in
u± =

c0
√

1 ± S ′
, (1.25)

which gives the characteristic velocities of electromagnetic waves in the stack
of two junctions. The important result is that for a non-zero coupling S ′, two
different velocities exist. One is higher than the Swihart velocity c0 of a single
uncoupled junction, while the other is lower. The eigenvectors are related to
each other by A1 = A2 for the higher velocity u− resp. A1 = −A2 for the lower
velocity u+. This shows that the higher velocity corresponds to an in-phase mode
of electromagnetic wave propagation, while the lower velocity corresponds to an
out-of-phase mode.

Now the case with Josephson tunneling and small variations of the phase, so
that sinϕ ≈ ϕ is considered. With zero bias current and no damping, the current
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Figure 1.10: The dispersion relation for electromagnetic Josephson plasma waves inside
a two-junction stack, in normalized units. The high velocity in-phase mode is shown in
red, while the out-of-phase mode is shown in blue. Dashed lines correspond to ω = u±kx

and the black line to ω = c0kx. For frequencies below the plasma frequency no plasma
waves can travel inside the junction. However, in parallel magnetic fields an additional
branch in the dispersion relation becomes available which has an almost linear dispersion
(acoustic branch).

components obtained from Eq. (1.21) are Jzi/Jc = ω−2
pl

∂2ϕi
∂t2 + ϕi. With the ansatz

ϕi = Aiei(kx x−ωt) it follows

k2
x

(
ϕ1

ϕ2

)
= (c−2

0 ω
2 − λ−2

J )
(

1 −S ′

−S ′ 1

) (
ϕ1

ϕ2

)
, (1.26)

and ∣∣∣∣∣∣ c−2
0 ω

2 − λ−2
J − k2

x −(c−2
0 ω

2 − λ−2
J )S ′

−(c−2
0 ω

2 − λ−2
J )S ′ c−2

0 ω
2 − λ−2

J − k2
x

∣∣∣∣∣∣ = 0. (1.27)

This results in

ω2 =
c2

0k2
x

1 ± S ′
+ ω2

pl, (1.28)

which is the dispersion relation for electromagnetic Josephson plasma waves in-
side the junctions. This dispersion relation for a two-junction stack, calculated
from Eq. (1.28), is shown in Fig. 1.10 in normalized units. For frequencies
below the plasma frequency ωpl no plasma waves can travel inside the junction,
while for high frequencies the velocity of plasma waves approaches u− and u+,
respectively. In parallel magnetic fields, an additional branch in the dispersion
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relation becomes available which has an almost linear dispersion also at low fre-
quencies (acoustic branch), see section 1.7.

1.5.2 N-junction stack

For a stack of N Josephson junctions, the different mode velocities are given
by [40]

cn =
c0√

1 − 2S ′ cos nπ
N+1

, for n = 1, 2, ...,N. (1.29)

Thus, there exist N different velocities of electromagnetic waves in a stack of
N junctions. The highest velocity c1, corresponds to the in-phase mode, while the
lowest velocity cN , corresponds to the out-of-phase mode.

For IJJs in Bi-2212, d is small compared to the London penetration depth,
therefore Λ ≈

2λ2
S

d and S ≈ λ2
S

d . In this case, the value of the normalized coupling
constant S ′ is very close to its asymptotic value 0.5 which is the value that gives
the strongest coupling. λS is the isotropic London penetration depth of the su-
perconducting layers. The effective London penetration depth of Bi-2212 along
the c-axis, λab, is related to the London penetration depth of the bulk electrodes,
λS, via λab =

√
s/dλS [23]. λab is larger than λS because screening currents are

reduced in the layered structure of Bi-2212.

n

c n
 (

m
/s

)

Figure 1.11: The characteristic velocities cn calculated from (1.29) for a stack of 25
junctions. Parameters typical for Bi-2212 have been used. The dashed line indicates the
Swihart velocity c0 for a single junction.
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Figure 1.11 shows the characteristic velocities cn for a stack of N = 25 junc-
tions calculated with Eq. (1.29). The following parameters have been used:
s = 1.5 nm, t/εr = 0.1 nm, d = 0.6 nm and λab = 200 nm, the coupling con-
stant is then S ′ = 0.499986. The Swihart velocity for a single junction is in this
case calculated to c0 = 4.11 × 105 m/s and is indicated by the dashed horizontal
line in the figure.

Asymptotic values of c1 and cN for large N are given in the following. Eqs.
(1.29) and (1.14) give for the highest velocity c1:

c1 = c

√
t
εrΛ
·

1
1 − 2 S

Λ
cos π

N+1

. (1.30)

The cosine approaches 1 for N → ∞. This leads to

c1 ≈ c

√
t
εr
·

1
Λ − 2S

, for N → ∞. (1.31)

By using the relation Λ−2S = deff [41] and the fact that for Bi-2212 Eq. (1.8)
reduces to deff = d + t = s = 1.5 nm (because d � λS) one finally obtains:

c1 ≈
c
√
εr

√
t
s
, for N → ∞. (1.32)

The asymptotic value of the lowest velocity cN is obtained from Eq. (1.29):

cN =
c0√

1 − 2S ′ cos Nπ
N+1

. (1.33)

The cosine approaches -1 for N → ∞. With S ′ ≈ 0.5, this gives

cN ≈
c0
√

2
, for N → ∞. (1.34)

The CSGE describe the phase dynamics for a stack of Josephson junctions.
All important electromagnetic quantities can be derived from the phase-difference
ϕ: the Josephson current is proportional to sinϕ [Eq. (1.1)], the voltage (which is
proportional to the electric field over the junction barrier) is proportional to ∂ϕ/∂t
[Eq. (1.3)] and the magnetic field is proportional to ∂ϕ/∂x [Eq. (1.7)]. As for a
single junction, fluxons are solutions also to the CSGE. The size of the non-linear
core of a fluxon in Bi-2212 is λJ in x and s in z direction [42]. In contrast to the
sine-Gordon equation for a single junction, the CSGE are not Lorentz invariant,
fluxons are only partially Lorentz contracted and the motion of fluxons with a
velocity higher than cN is accompanied by the emission of Cherenkov radiation
[42]. Fluxon-dynamics will be described in the next two sections.
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1.6 Flux-flow oscillator

1.6.1 Single junctions

Josephson junctions can be used as sources of electromagnetic (EM) waves [9].
One device for EM-wave generation is the so called flux-flow oscillator (FFO)
which uses the motion of fluxons for generation of radiation [43–46].

The basic principles of FFOs consisting of a single Josephson junction are
discussed in this section. Figure 1.12 presents a sketch of a single Josephson
junction acting as a flux-flow oscillator. The length L of the junction is assumed
to be larger than the Josephson penetration depth. In an external magnetic field
B applied parallel to the insulating barrier and perpendicular to L, fluxons are
created inside the Josephson junction. The force between fluxons is repulsive
and a regular fluxon chain is formed inside the junction. The fluxon chain is
pinned at the boundaries of the junction. A bias current through the junction
exerts a Lorentz force on the fluxons. At a certain value of the current, the Lorentz
force will eventually overcome the pinning force and the fluxon chain starts to
move. This leads to a unidirectional flow of the fluxon chain, where fluxons
enter the junction at one end and leave it at the other. At each value of the bias
current, an equilibrium between the Lorentz force and the viscous damping force
is established so that fluxons move with a constant velocity uFF.

The moving fluxons induce a voltage across the junction - the flux-flow volt-
age. One fluxon passes the junction in time ∆t = L/uFF and each fluxon induces
a phase shift ∆ϕ = 2π along the junction. The voltage that one fluxon induces

Jb
B

uFF

L
Figure 1.12: A single Josephson junction working as a flux-flow oscillator. Jb is the
applied bias current density, B the magnetic field applied parallel to the junction plane and
uFF the velocity of the fluxons. Fluxons enter the junction on the left side, are accelerated
and when they leave the junction on the right side, electromagnetic waves are emitted
[43–46].
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Figure 1.13: Current-voltage characteristics for a single low-Tc Nb-AlOx-Nb Josephson
junction at different magnetic fields, only the flux-flow branch is shown. The flux-flow
(velocity matching) step is seen at the maximum flux-flow voltage. The current steps on
the flux-flow branch are Fiske steps. From V. P. Koshelets et al. [47]. Reprinted with
permission from IOP.

can then be determined from the Josephson relation (1.3): V = Φ0∆ϕ/2π∆t =

Φ0uFF/L.
The number of fluxons in the junction is Nfluxon = Φ/Φ0, where Φ = BdeffL is

the magnetic flux through the junction.
The total flux-flow voltage is then

VFF = NfluxonV = BdeffuFF. (1.35)

This shows that the flux-flow voltage is proportional both to the fluxon velocity
and to the magnetic field but independent of the junction length.

The flux-flow voltage can be seen in I-V curves as an extra branch that de-
velops in magnetic fields, the flux-flow branch. Measurements of the flux-flow
branch for a single low-Tc Nb-AlOx-Nb Josephson junction in different magnetic
fields are presented in Fig. 1.13. Fluxons can be accelerated to the limiting
velocity c0 and the flux-flow voltage saturates as the current increases further.
A flux-flow step is seen at this voltage in the I-V curve. Other names for the
flux-flow step are Eck peak [48] and velocity matching step, because the fluxon
velocity at this voltage equals the velocity of electromagnetic waves inside the
junction. The junction switches to the McCumber state at voltages larger than the
flux-flow step.

When a fluxon reaches the boundary and leaves the junction, its energy is
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released in form of electromagnetic waves. The frequency of the emitted elec-
tromagnetic waves is given by the number of fluxons that hit the boundary of
the junction per second: fFFO = Nfluxon/∆t = BdeffuFF/Φ0. This frequency can
also be obtained from the ac-Josephson relation (1.5) at the flux-flow voltage:
f = VFF/Φ0.

Flux-flow oscillators based on single Josephson junctions have been success-
fully developed and are promising candidates for local oscillators in radio astron-
omy [47]. To further increase the power of the emitted radiation, several Joseph-
son junction oscillating coherently at the same frequency should be considered.
To achieve synchronization, the junctions need to be coupled to each other. The
coherent emission was successfully demonstrated by Barbara et al. [49] who used
a two dimensional array of Josephson junctions. The junctions were synchronized
by a resonance and coherent stimulated emission of all junctions occurred. The
emission power increased proportional to the square of the number of synchro-
nized junctions.

1.6.2 Stacked junctions
The strongest coupling between Josephson junctions can be obtained if they are
placed on top of each other. In the following section, a stack of N intrinsic
Josephson junctions is considered and the magnetic field is applied parallel to
the ab-plane. The magnetic flux carried by one fluxon will penetrate into many
neighboring junctions, as the London penetration depth is much larger than the
distance s between superconducting layers. Thus, fluxons in neighboring junc-
tions interact and instead of having independent fluxon chains in each junction, a
fluxon lattice will be created inside the stack. If the magnetic field is tilted away
from the parallel direction, Abrikosov vortices (also called pancake-vortices in
layered superconductors) will enter the junctions [50] and can pin the fluxon lat-
tice [51]. For this reason it is important to apply the magnetic field strictly parallel
to the ab-plane.

A current along the c-axis will accelerate the fluxon lattice. The flux-flow
voltage at the velocity matching step is obtained from Eq. (1.35) with uFF = cn

and for Bi-2212 deff = s:

VFFS = NFFBscn, (1.36)

where NFF is the number of junctions which are in the flux-flow state. It should
be noted that not all N junctions are necessarily in the flux-flow state (NFF ≤ N)
because fluxons can be pinned more strongly in some junctions due to crystal
defects or because of the metastability caused by the hysteresis of I-V curves.

As discussed in the previous section, N different modes of electromagnetic
wave propagation exist in the stack and the structure of the fluxon lattice will be
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(a) (b)

Figure 1.14: Stacked Josephson junctions, fluxons are indicated by the circles and ar-
rows indicate the direction of screening currents. (a) The in-phase fluxon state corre-
sponding to n = 1 (rectangular lattice). (b) The out-of-phase fluxon state corresponding
to n = N (triangular lattice).

different for each of the modes [38, 52, 53]. If the stack is in mode n = N cor-
responding to the lowest velocity of electromagnetic waves, fluxons are arranged
in a triangular vortex-lattice (out-of-phase mode). On the other hand, fluxons are
arranged in a rectangular lattice (in-phase mode) when the stack is in mode n = 1
corresponding to the highest velocity. The in-phase and out-of-phase fluxon states
are illustrated schematically in Fig. 1.14 for a stack of four junctions.

When fluxons are arranged in a rectangular lattice, the far-field emitted power
is maximal, because of constructive interference from different junctions in the
stack. The emitted power then scales with the square of the number of participat-
ing junctions. When fluxons are arranged in a triangular lattice instead, fluxons in
neighboring junctions hit the junction barrier out of phase and the emission power
is minimal because of destructive interference. Therefore, the establishment of
the in-phase fluxon state is of importance for the operation of stacked Josephson
junctions as flux-flow oscillators.

Several experiments have shown that flux-flow oscillators made out of Bi-
2212 intrinsic Josephson junctions can be used as THz-radiation sources. Bae et
al. [54] used a mesa on a single crystal as an oscillator stack and detected the
emitted radiation on-chip with a second mesa located a few µm away on the same
single crystal. The radiation showed up as Shapiro steps in the current-voltage
characteristics of the detector mesa. Off-chip radiation was detected by Batov et
al. [55] and Cherenkov radiation was detected by Hechtfischer et al. [56]. In all
the mentioned experiments, the emitted power was small and junctions were not
emitting in-phase. A breakthrough was achieved in 2007, when Ozyuzer et al. [5]
detected high power radiation from a large mesa with a large number of junc-
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tions. This result was then reproduced by several other groups [6, 7]. The exper-
iments were performed in zero external magnetic field and it was experimentally
confirmed that cavity resonances are involved [57, 58] but the exact mechanism
responsible for the high-intensity generation of electromagnetic waves in these
experiments is still under debate [59, 60].

The full linewidth of emitted electromagnetic radiation from a flux-flow os-
cillator at half power due to thermal noise is [61, 62]

∆ f =
4πkBTR2

D

Φ2
0R2

S

, (1.37)

where RD is the differential resistance at the bias point and RS is the static resis-
tance at the bias point. The linewidth of emitted radiation can therefore be de-
creased when the junctions are biased on resonances in the I-V-characteristic. In
the vicinity of resonances, the value of the differential resistance is small, which
results in decreased voltage fluctuations and a decreased linewidth of the emit-
ted signal. Some of the resonances that can be excited in IJJs are: cavity reso-
nances (Fiske steps), resonances to external electromagnetic radiation (Shapiro
steps) [63], the flux-flow step [64] and phonon resonances [30, 65, 66].

1.7 Fiske steps
A part of the radiation that is generated by the FFO is reflected back at the junc-
tion boundaries and can excite cavity resonances inside the Josephson junction.
Cavity resonances occur when an integer number of half-wavelengths of the elec-
tromagnetic radiation fit the length of the junction (λ = 2L/m with m = 1, 2, 3...)
and the formation of standing waves become possible. Due to the interaction be-
tween the standing electromagnetic wave and the Josephson current, current steps
will develop in the I-V characteristic at the corresponding voltage [9]. These steps
have been first observed by M. D. Fiske [67] and are named ”Fiske steps”. In Fig.
1.13, Fiske steps can be seen on the flux-flow branch.

In long Josephson junctions L > λJ, fluxon-oscillations are involved in the
excitation of cavity resonances [68]. In the resonance condition, fluxons hit the
edge of the junction with the resonance frequency. Each time a fluxon hits the
edge, an electromagnetic wave is emitted and travels partly back through the
junction in the opposite direction as the fluxons. When the electromagnetic wave
arrives at the opposite edge it triggers the entrance of the next fluxon.

As mentioned in section 1.5.1, the dispersion relation for electromagnetic
waves, see Fig. 1.10, has an additional almost linear branch in parallel magnetic
fields. It is due to oscillation of fluxons (”fluxon-phonons”) with linear dispersion
(acoustic mode) [69–71]. This means that electromagnetic waves can travel also
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below the plasma frequency through the junctions. The linear dispersion makes
a series of Fiske steps equidistant which is in agreement with experimental re-
sults [9].

Fiske steps have also been observed in stacked Josephson junctions, both in
artificial stacks of low-Tc junctions [39, 40] and in intrinsic Josephson junctions
of Bi-2212 [72–74].

In Ref. [52] it was theoretically shown, that a stack of Josephson junctions acts
as a two-dimensional resonance cavity, in which standing waves are excited both
along and across the junctions with m half wavelength in x direction and n half
wavelength in z direction. The corresponding wavevector of the electromagnetic
waves along the ab-plane is kx = mπ/L and the wavevector along the c-axis is
kz = nπ/Ns. The resonance frequencies for exciting geometrical resonances in
stacked Josephson junctions is given by [52]:

fm,n =
mcn

2L
, for m = 1, 2, 3, ... and n = 1, 2, ...,N. (1.38)

The voltage positions Vm,n of the Fiske steps in the current-voltage charac-
teristic are then obtained by inserting Eq. (1.38) into the ac-Josephson relation
(1.5):

Vm,n =
mΦ0cn

2L
, for m = 1, 2, 3, ... and n = 1, 2, ...,N. (1.39)

The amplitude of Fiske steps in the I-V curve oscillates as a function of the
applied magnetic field. At B = 0, all Fiske steps have zero amplitude, when
the magnetic field is increased, the steps that are close to the velocity matching
condition have the highest amplitudes [9]. The mode number m for this condition
is obtained from the relation VFFS/NFF = Vm,n which gives m = 2Φ/Φ0. An
additional selection rule is that odd m steps oscillate in anti-phase with the critical
current, while even m steps oscillate in phase with Ic(B) [73, 75, 76].

The quality factor of geometrical resonances is given by

Q = 2π fm,nReffC. (1.40)

Reff is the effective damping resistance. Contributions to Reff are losses resulting
from quasiparticle currents and radiative losses [77].

1.8 Phonon resonances in Bi-2212
Phonon resonances were observed in the cuprates Bi-2212 and Tl-2223. Reso-
nances occurred in the I-V curves at characteristic voltages which were shown to
be independent of temperature and size of the junctions [30, 65,66, 78,79] which
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means that they are not related to geometrical resonances or to the superconduct-
ing gap.

The resonance-structures were explained by the coupling of Josephson oscil-
lations to longitudinal optical (LO) phonons [30,80]. According to this model, the
oscillating electric fields along the c-axis, that are caused by the ac-Josephson ef-
fect in each intrinsic Josephson junction, accelerate ions in the crystal lattice and
excite lattice vibrations. A resonance occurs when the frequency of the Joseph-
son oscillations equals the frequency fLO of a phonon mode. The voltage for
the phonon resonance is therefore V = Φ0 fLO [see Eq. (1.5)]. This process
is schematically illustrated in Fig. 1.15(a). In zero magnetic field, the current
and the electric field are distributed homogeneously along the ab-plane [see Eq.
(1.7)], therefore the excited lattice vibrations only have a wavevector along the
c-axis and phonons are longitudinally polarized.

An alternative model for the excitation of phonon-resonances in intrinsic
Josephson junctions is the inelastic tunneling of Cooper-pairs [81]. In this model,
a Cooper-pair tunnels through the insulating barrier under the emission of a
phonon of frequency fLO. This tunneling process occurs when the voltage V
across the junction satisfies 2eV = h fLO, which is the same voltage as above.
This process is schematically illustrated in Fig. 1.15(b).

According to group-theory based on a tetragonal unit cell, six infrared (IR)
active and seven Raman-active c-axis optical phonon modes exist in Bi-2212 [82,

+ - +
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+ - + -
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2Δ
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Figure 1.15: (a) The ac-Josephson effect excites phonon modes in Bi-2212 [30]. The os-
cillating electric field in each intrinsic Josephson junction accelerates ions. (b) A Cooper
pair tunnels inelastically through the barrier and a phonon of energy h fLO is emitted
during the tunneling process. This process happens at voltage V = 2h fLO/e.
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83], see table 1.2. Also given in the table are the symmetry and the assignments
of the phonon modes which are adopted from Kovaleva et al. [83]. From the
eigenvector-patterns of the phonon modes that are given in Refs. [82] and [83]
it can be seen that for the IR-active phonon-modes, the group of ions in one IJJ
move in-phase with the ions in the adjacent IJJs. This situation is illustrated in
Fig. 1.15(a) and corresponds to a wavevector of kz = 0. On the other hand for
Raman-active phonon modes, the groups of ions in neighboring IJJs move out of
phase to each other (kz = π/s).

Table 1.2 shows also results from optical experiments: IR spectroscopy [83–
85] and Raman spectroscopy [86,87]. For Kovaleva et al. TO (transverse optical)
phonon frequencies are given whereas Tsvetkov et al. and Tu et al. give frequen-
cies for LO phonons. Also given are results from intrinsic tunneling experiments
by Schlenga et al. [30] and Kaneoya et al. [88].

In most experiments the number of observed phonons exceeds the number of
phonons based on the tetragonal model. These ”disorder-induced” modes result
from orthorombic distortions or the incommensurate super-structure in the crystal
structure of Bi-2212 [82, 83]. For the optical experiments, the disorder induced
modes are not included in the table.
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Chapter 2

Experimental methods

The fabrication of samples is done with micro and nano fabrication techniques
and consists of several steps such as fabrication of the mesas, fabrication of elec-
trical contacts on top of the mesas and miniaturization of the mesas.

Miniaturization of the mesa area is important for several reasons. For intrinsic
tunneling spectroscopy, it is crucial to have as low self-heating as possible in or-
der not to disturb measurements of temperature dependent features. By reducing
the size of the mesa, self heating is reduced. The second reason is the fact that
a small size of the mesa can promote the in-phase fluxon lattice by geometrical
confinement as will be shown later in this thesis. The in-phase fluxon lattice is
important for the use of IJJs as coherent THz-oscillators as described in the intro-
duction. Besides those two main reasons for miniaturization of the junction area,
the probability for crystal defects is also reduced in small area mesas.

The height of the mesa needs to be controlled accurately as well since it de-
termines the number of IJJs N over which the measurement will be performed.

Sample fabrication was done in the Nano-Fab-Lab clean-room facilities at
the AlbaNova University Center. In this chapter, the most important tools that are
used during the sample fabrication are first described briefly. Then, the sample
fabrication process is presented in detail and finally the low-temperature experi-
ments are described.

2.1 Tools for micro/nano-fabrication

2.1.1 Photolithography
Photolithography is a micro-fabrication process where a pattern is transferred
from a photo-mask onto the surface of the sample. In this work, the projection
mask aligner Canon PPC-210, see Fig. 2.1(a) was used for photolithography. In a
projection mask-aligner, UV-light from a mercury lamp projects a pattern from a

31
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Figure 2.1: (a) The projection mask aligner PPC-210 from Canon is used for pho-
tolithography. Light from a mercury lamp (top) is projected through a photo-mask onto
the sample. It is equipped with a microscope for alignment. (b) The reactive ion etching
(RIE) system Oxford PlasmaLab 80 is used for ashing with oxygen plasma. The ICP unit
on top of the system is used to achieve a higher ion-density and faster etch-rates.

photo-mask through an optical system onto a photo-resist coated sample. Coating
of the sample with photoresist is done in the following way: first a droplet of
resist (S1813) is applied onto the sample and then the sample is spinned at 4000
rpm for one minute. This will result in a thickness of 1.5 µm of the resist-layer.
The sample is then put on a hot-plate at 90◦C for one minute to soft-bake the
photoresist. During soft-baking, solvents in the photoresist will evaporate and
the photoresist gets more viscous which increases the adhesion to the substrate.
After aligning the mask and exposing the sample to the UV-light, the sample is
developed in a developer-liquid (MF 319). This dissolves the photoresist only in
those regions that were exposed to the UV-light. In this way, the pattern has been
transferred from the photo-mask to the sample.

2.1.2 Thin-film deposition and etching
The reactive ion etching (RIE) system Oxford PlasmaLab 80, see Fig. 2.1(b), is
used for ashing of photoresist or for cleaning of the sample surface. In this sys-
tem, the process-chamber is filled with the process-gas (in this case oxygen) and
a plasma is generated by an RF-electric field at a frequency of 13.56 MHz. When
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Figure 2.2: The deposition of Au-films is done by e-beam evaporation in an UHV vac-
uum chamber. The samples are inserted into the main chamber via a transfer rod through
a load-lock.

the sample is put inside the plasma, oxygen radicals will react with the organic
photoresist and etch it from the surface. Typically, the sample is ashed for ≈ 2
minutes at 15 W RF-power and at a pressure of 100 mTorr. The Oxford Plas-
maLab 80 is also equipped with an ICP (inductively coupled plasma) generator,
which can be used to increase the degree of ionization of the process-gas which
results in higher etch-rates.

The deposition of thin films is done with e-beam evaporation. The UHV (ultra
high vacuum) system that is used for deposition of gold is shown in Fig. 2.2. With
this system the evaporation can be done from different angles, the angle can be
changed during evaporation. The sample fabrication requires also the deposition
of electrically insulating films. For this purpose calcium-fluoride or aluminum-
oxide were deposited in an Edwards e-beam evaporation system.

In order to fabricate structures on the surface of the sample, etching-processes
are performed. A method which is used to etch thin films and crystals is argon
ion milling. The set-up for ion-milling is a Kaufman-type ion-source from Veeco
Instruments that is installed in an UHV-vacuum chamber, see Fig. 2.3(a). Figure
2.3(b) shows a view inside the vacuum chamber during the etching process, the
sample-holder and the attached samples can be seen. This type of ion-source
operates with a steady flow of a process gas through the ion-source. The process-
gas is ionized in a gas discharge inside the source body. The gas discharge is
generated by accelerating electrons from the cathode filament to the inner walls
of the source body. An ion-beam with a diameter of 3 cm is extracted from the
plasma by an accelerator system that uses two graphite grids. At the downstream
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Figure 2.3: (a) For ion-milling, a Kaufman-type argon-ion-source from Veeco Instru-
ments, installed in an UHV-vacuum chamber, is used. (b) View inside the vacuum cham-
ber for ion milling. Samples are attached on a sample holder during the milling process.

end of the ion-source, a neutralizer filament is located. Electrons emitted from
this filament serve to neutralize the ion-beam, in order to not charge the sample.
When the ion-beam strikes the sample, atoms from the sample surface are ejected
and the surface is etched. Typically, an argon gas-flow of 2 sccm (standard cubic
centimeters per minute), a beam current of 10 mA and a beam voltage of 250
V are used. The etching rate for gold with these settings is 2 nm/min. The gas
flow of 2 sccm into the vacuum chamber results in a pressure of ≈ 2× 10−5 mBar
during the etching process.

In addition, wet etching is used for fabrication steps that demand less preci-
sion.

2.1.3 Focused ion beam

A very important tool is the dual beam system FEI Nova 200, see Fig. 2.4(a),
which is a combination of a scanning electron microscope (SEM) and a focused
ion beam (FIB). The FIB uses a beam of Ga+ ions extracted from a liquid metal
source. The focused ion beam is used for making precision cuts on the sample
surface. Cuts with a width down to 20 nm can be made. The acceleration-voltage
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Figure 2.4: (a) The dual beam system FEI Nova 200, which is a combination of a scan-
ning electron microscope (SEM) with a focused ion beam (FIB). (b) The inside of the
vacuum chamber of the dual beam system. The electron column, the ion column and the
needle of the gas injection system can be seen. Here, the sample holder is tilted 52◦ to
have the ion-beam perpendicular to the sample surface.

of the ion beam is usually set to 30 kV. The focused ion beam can also be used
for viewing (instead of the electron beam), however this should be done carefully
to avoid unintentionally milling of the sample surface.

The e-beam column and the ion-column are arranged in an angle of 52◦ rela-
tive to each other. A view inside the vacuum chamber is seen in Fig. 2.4(b). In
the figure, the sample holder is tilted 52◦ to have the ion-beam perpendicular to
the sample surface.

The dual beam system is also equipped with a gas injection system for ion
beam induced deposition (IBID): a precursor-gas is injected through a needle
very close to the surface of the sample, see Fig. 2.4(b). The precursor-gas consists
of an organic-metallic molecule which will decompose when exposed to the ion
beam. Platinum will then be deposited on those regions of the sample surface
which have been scanned with the ion beam.

Additional tools that are used during sample fabrication are a profiler for mea-
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suring the thickness of thin films and a bonder for bonding wires from the contact
pads of the finished sample to the sample-holder plug-in.

2.2 Sample fabrication

2.2.1 Crystal cleaving

Two batches of single crystal were used throughout the work of this thesis: pure
Bi-2212 and lead doped Bi(Pb)-2212 1. The first step in fabricating samples is to
attach a small piece of single crystal to a sapphire substrate with epoxy. The size
of the single crystals is typically between 100× 100 µm2 and 800× 800 µm2 with
a thickness of ≈ 10 µm and the substrate has a dimension of 5 × 5 × 0.5 mm3.
Sapphire substrates are used for several reasons: sapphire has a high thermal
conductivity, it has a very high hardness and therefore does not break or scratch
easily, additionally it is transparent which simplifies the sample fabrication. The
epoxy used is Stycast 2651-40 which has good thermal properties (it does not
crack during cooling cycles), is electrically insulating and chemically resistant.
This epoxy also has a low viscosity which makes it easy to apply and a relatively
high thermal conductivity, which is important for thermally anchoring the crystal
to the substrate. Stycast 2651-40 is filled with particles of crystalline silica and
therefore has to be filtered prior to using it. The epoxy is mixed with catalyst 9
from Stycast in relation 9:1 by volume. A droplet of epoxy is put in the middle
of a sapphire substrate, and the crystal is then put onto the droplet. To cure the
epoxy, the sample is baked on a hot-plate at 120◦C for 15 minutes.

If the thickness of the crystal is much larger than 10 µm, it should be cleaved
into several thinner crystals. For this purpose cleaving is done with Scotch tape or
SU8 photoresist as a glue. The thinner crystals are then glued onto new sapphire
substrates.

The surface of the crystal gets easily contaminated from humidity in the air
which deteriorates the surface layer of the crystal. This insulating layer will later
make it impossible to perform transport measurements. Therefore, the crystal
must be cleaved again to get a fresh and clean surface. Cleaving is done by
gluing a second sapphire substrate on top of the first and after curing the epoxy,
the two substrates are separated. Single crystals of Bi-2212 cleave between the
BiO layers because of low van der Waals forces between them. Therefore, the
surface of the cleaved crystal is along the crystallographic ab-plane. If the crystal
does not break along only one crystal plane and large terraces are formed on the
surface or if the surface contains many cracks, the cleaving has to be repeated.

1Additional samples were fabricated from single crystals of the single-layer cuprate Bi-2201
in the final stage of the work. Characterization of these samples is not included in this thesis.
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Figure 2.5: (a) A crystal with the gold-covered pedestal mesa after etching. (b) The
photoresist pattern of the mesa-line on top of the pedestal mesa.

The crystal is inspected with an optical microscope to see if it has the required
properties. A second method which also was used is to cleave the crystal with
scotch tape. After cleaving, a 30 nm thick layer of gold is deposited on the sample
to protect the surface of the crystal. The deposition of the protective layer is done
quickly after the cleaving process, ≈ 1 min.

2.2.2 Fabrication of the pedestal mesa
A small square with a dimension of 120 × 120 µm is patterned on the crystal by
photolithography for fabrication of a pedestal mesa.

A region of the crystal with no visible defects is selected with the microscope
of the projection mask-aligner. After aligning the pattern of the pedestal mesa to
the crystal, the sample is exposed to UV-light for ≈ 15 s and developed for 25 s.

Photoresist can be left sometimes around the mesa-pattern due to under expo-
sure. Those parts can be removed by ashing in oxygen-plasma.

The next step is to wet-etch the sample in a gold etch solution (KI-I2 solu-
tion). This will remove the gold around the photoresist pattern of the mesa. After
etching, the photoresist-mask is removed with aceton followed by a cleaning in
isopropanol. The pedestal mesa on a crystal can be seen in Fig. 2.5(a).

2.2.3 Fabrication of the mesa-line
In a second step of photolithography, a line-shaped mesa with dimensions 5 ×
100 µm2 is patterned on the pedestal mesa. In this step, a double layer of pho-
toresist is used. The first layer is applied in the same way as described above, but
exposure is done without a photo-mask. In this way, the photoresist layer is ex-
posed completely. Then a second layer of photoresist is applied, the photo-mask
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Figure 2.6: (a) and (b) The mesa-line on a crystal after ion-milling. (c) The mesa-line on
a crystal after ion-milling, insulation with CaF2 and lift-off. The mesa-line is free from
photoresist and CaF2, while the rest of the sample is covered with an insulating layer of
CaF2. (d) A sample after planarization by photolithography. The sample is coated with
photoresist and a rectangular window is opened around the mesa.

of the mesa-line is aligned to the pedestal mesa and the sample is exposed. The
sample is then developed. Figure 2.5(b) shows the photoresist pattern of the line
on the pedestal mesa. The reason for using the double layer of photoresist is to
achieve an undercut. Undercut means, that the profile of the photoresist will be
mushroom-shaped after development. This undercut will improve the result of
the so-called lift-off process, which is done later during sample fabrication.

The next step is etching of the mesa by argon-ion-milling. The sample is
ion-milled until no gold is left around the line and etching of the now uncovered
crystal surface begins. The mesa-line has now been fabricated on the surface
of the crystal, see Fig. 2.6(a) and (b). After ion-milling, an electrically insu-
lating layer with a thickness of ≈ 30 nm is deposited. Materials used are either
aluminum oxide (Al2O3) or calcium fluoride (CaF2). Aluminum oxide has the ad-
vantage of being a better insulator compared to calcium fluoride, but has a much
higher melting point, which leads to more heat being transferred to the sample
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during deposition. Heating of the sample can lead mainly to two complications.
The first is that the photoresist gets hard-baked and will be difficult to remove
afterwards and the second is that heating of the crystal in vacuum will lead to an
out-diffusion of oxygen-atoms, which will alter the crystals doping-level.

In the next step, a lift-off is performed to get rid of the photoresist and the
insulation layer on top of the line-shaped mesa. This is necessary for being able
to establish electrical contact to the mesa later on. The lift off process is done by
putting the sample for 20 seconds inside an ultrasonic bath at 40◦C in acetone.
Figure 2.6(c) show the line shaped mesa after the lift-off procedure. The gold-
covered mesa-line is free from photoresist and CaF2, while the rest of the sample
is covered by an insulating CaF2 layer.

2.2.4 Fabrication of electrodes and small mesa structures

In this section, the fabrication of the electrodes will be described. The electrodes
will reach from the top of the mesa to the the outer parts of the sapphire substrate,
where the contact pads will be located. The contact pads will later be used for
sending a current through a mesa and for measuring the voltage over it.

One difficulty in fabricating the electrodes, are the rough edges of the crys-
tal, see for example Fig. 2.6(a) and (b). The gold layer that will be later de-
posited, easily gets discontinuous at these edges. Therefore, the sample has to
be planarized. Two different planarization methods can be used. The first is
to carefully apply epoxy around the edges to establish a smooth transition from
the substrate to the crystal surface. The second method is planarization by pho-
tolithography. Figure 2.6(d) shows a sample which has been planarized by using
the latter method. The sample has been coated with photoresist and soft-baked
in the usual way. Depending on the thickness of the crystal, diluted photoresist
can be used to obtain a thinner film of resist. Then, a rectangular pattern was
aligned to the mesa-line and the sample was exposed and developed. In this way,
a rectangular window was patterned that allows contacting the mesa, while the
rest of the sample is covered with resist for planarization.

The next step is to deposit a metalization layer. If the sample has been been
exposed to air for more than one day, contaminations can accumulate on the gold
covered mesa. This would prevent electrical contact between the mesa and the
metalization layer. In this case the sample has to be cleaned in oxygen plasma
prior to deposition of the metalization layer to remove the contaminations.

As a metalization layer, 200 nm of gold is deposited on the sample. To im-
prove the adhesion of gold on the crystal and the substrate, a thin film of titanium
can be deposited before depositing gold. This was not done in this work, because
the etching time would be increased significantly as the etch rate of titanium is
≈ 10 times lower than the etch rate of gold.
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Figure 2.7: (a) and (b) The photoresist pattern of the electrodes after development. The
electrodes have been aligned to the mesa-line. (c) A sample after ion-milling. Under the
overlap of the electrodes and the mesa-line, six mesas are created, each connected with
two gold-contacts. (d) A finished sample. The twelve gold contacts can be seen. They
reach from the crystal in the middle of the figure to the outer parts of the substrate.

The deposition of gold is done from three different angles (0◦, +45◦,-45◦) to
better cover the edges of the mesa and the photoresist. After that, in a final step
of photolithography, the contacts are patterned. The mask for the contacts has six
electrodes that are aligned to the mesa-line, see Fig. 2.7(a) and (b).

After photolithography, the sample is etched with argon-ion-milling. This
etching process is critical because it will determine the height of the final six
mesas that will be created under the overlap of the electrodes with the mesa-line.
The optimal height of these mesa is only 5-10 nm. Therefore, etching is done in
several steps to allow inspection of the etching process in an optical microscope.
First, the 200 nm of gold from the metalization layer have to be removed around
the electrodes and then the 30 nm of gold on the mesa-line have to be removed
between the electrodes. The etching process is stopped, when no gold is visible
anymore, as in Fig. 2.7(c). In the same figure it can be seen that each of the six
mesas is connected to two gold contacts. An image of a finished sample at lower
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Figure 2.8: (a) A sketch of the sample. The crystal surface around the mesa-line is
covered with an insulating CaF2 layer. After etching of the electrodes, six mesas are
created on the mesa-line. Electrodes are not shown. FIB cuts are illustrated on the mesa
on the far right. (b) A SEM-image of a finished sample.
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magnification is shown in Fig. 2.7(d). The twelve gold contacts can be seen.
Figure 2.8(a) presents a sketch of the final sample-layout.

The photoresist mask has to be removed from the sample now. The resist can
get hard-baked during a long etching process, because the energy from the ion
beam will lead to heating of the sample. Hard-baked photoresist can be difficult
to remove. First the photoresist is removed with the developer MF 319. This
is possible, because the sample has been exposed to UV-light emitted from the
plasma inside the ion-source. If the resist is not dissolved by the developer-liquid,
the resist is removed by ashing in oxygen plasma for up to 20 minutes. Here, an
RF-power of 15 W and an ICP-power of up to 250 W can be used. It should be
avoided to use aceton for removal of the photoresist in this step, because aceton
would dissolve the photoresist under the gold-electrodes which was applied for
planaraization. This would detach the electrodes from the substrate.

A SEM-image of a finished sample is shown in Fig. 2.8(b).

2.2.5 Focused ion beam trimming
The six mesas that were fabricated so far have an area of ≈ 5 × 6 µm2. To further
reduce the area, the dual beam system FEI Nova 200 is used.

For reduction of the area, cuts are performed on the mesa surface. The FIB-
cuts for reducing the area of a mesa are illustrated in the sketch of Fig. 2.8(a).
Figure 2.9(a) shows a SEM image of a mesa that was trimmed with FIB. By
cutting through the gold-film and the top layers of the Bi-2212 crystal, the mesa
area was reduced to ≈ 1 × 1 µm2. Figure 2.9(b) shows another large mesa from
which two mesas with much smaller area were manufactured.

Besides trimming of the mesas, the FIB is used to repair samples which have
defects. Typical defects are shorts between electrodes and broken electrodes.
Shortcuts are created for example when photoresist was left between neighboring
electrodes after development. This results in gold being left between the elec-
trodes after ion-milling. These shortcuts can easily be removed by cutting with
focused ion beam. Broken electrodes can appear at the sharp edges of the crystal
and the epoxy. Those are repaired by depositing a strip of platinum to bridge the
interrupted electrode. A sample with repaired electrodes is shown in Fig. 2.10.
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(a)

(b)

Figure 2.9: (a) A SEM-image of a mesa which has been trimmed with FIB. The size of
the mesa is reduced to ≈ 1 × 1 µm2. To the left of the mesa, a platinum deposited line
can be seen. (b) A large mesa which has been cut into two small ones.
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Figure 2.10: A SEM-image of a sample which has been repaired with FIB. Short-cuts
between electrodes have been removed by cutting with the focused ion-beam and broken
electrodes were fixed with ion beam induced platinum-deposition.

2.3 Low-temperature measurements

Low-temperatures measurements are performed mainly in a cryogen-free closed-
cycle 4He-refrigerator from Cryogenic Ltd, equipped with two cold-heads. Addi-
tional measurements were done in a small home-built cryogen-free cryostat that
reaches temperatures down to 12 K.

Figure 2.11 shows the cryostat from Cryogenic Ltd which has a base tem-
perature of 1.6 K. The sample is placed inside a so-called ”variable temperature
insert” (VTI). The VTI temperature can be regulated from 1.6 up to 300 K with
the help of a heater, while keeping all other parts of the cryostat at base temper-
ature. This cryostat is equipped with a 17 T Nb3Sn/NbTi magnet which can be
operated in persistent mode.

The samples are attached to a sample-holder plug-in by silver-paint, see Fig.
2.12(a). Aluminum wires are bonded with a wedge-bonder machine from the
electrodes of the sample to the contact-pads of the plug-in, see Fig. 2.12(b). The
plug-in is then placed on the rotatable sample-holder which is then inserted into
the VTI of the cryostat. A picture of the rotatable sample-holder is shown in Fig.
2.12(c). A step-motor can rotate the sample with a smallest step-size of 0.02◦.
In this way, the angle between the sample and the magnetic field can be varied
accurately, see Fig. 2.12(d).
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Figure 2.11: The cryogen-free closed-cycle 4He-refrigerator with a base temperature
of 1.6 K. The variable temperature insert can be heated up to room-temperature. This
cryostat is equipped with a superconducting 17 T magnet.

To avoid a quenching of the superconducting magnet, the ramp-rates should
not exceed the recommended values from the manufacturer. Fast ramping of the
magnetic field was usually done at the following rates:

• 0.5 T/min for 0 T < B < 10 T

• 0.2 T/min for 10 T < B < 15 T

• 0.05 T/min for 15 T < B < 17 T

A thermometer is located on the rotatable stage of the sample-holder and the
temperature is controlled with a LakeShore LS340 temperature controller. Data
acquisition is done with a system of pre-amplifiers, PXI analog-to-digital convert-
ers from National Instruments and a PC-based LabVIEW measurement program.
The bias current is extracted from a PXI arbitrary waveform generator. In one part
of the experiment, a Keithley 6221 current source is used. The current through
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Figure 2.12: (a) and (b) A sample attached to a plug-in. Aluminum wires are bonded
from the electrodes on the sample to the contact-pads of the plug-in with a wedge-bonder
machine. (c) The rotatable sample holder. The plug-in from (a) will be attached to
the sample-holder. A step-motor rotates the sample with a precision of 0.02◦. (d) A
sketch of the rotatable sample holder. θ is the angle between the magnetic field and the
crystallographic ab-plane of the sample. (e) Schematic of a 3-probe measurement. The
current is applied from I+ to I− and the voltage is measured between V+ and V−.

the sample is obtained by measuring the voltage drop over a 100 Ω resistor in se-
ries with the sample and the voltage over the sample is measured with three probe
or quasi-four-probe configuration. Figure 2.12(e) shows schematically the prin-
ciple of the measurements. If V+ and I+ are connected to the same electrode, a
three-probe measurement is done. A quasi-four-probe measurement can be made
if I+ and V+ are connected to two different electrodes on the same mesa.



Chapter 3

Results and discussion

In this chapter, experimental results are presented and discussed. It is divided into
five parts. The first part is based mainly on the appended paper I and results from
intrinsic tunneling spectroscopy are shown, the temperature and bias dependences
of interlayer transport are discussed and the magnetic field dependence of current-
voltage characteristics is shown. In the second part which is based on paper
II, the modulation of the critical current in parallel magnetic fields is analyzed.
In the third part, flux-flow characteristics are discussed (paper III). After that,
the observation of Fiske steps is presented (papers IV an VI). Finally, phonon-
resonances and the observation of phonon-polaritons are discussed (paper V).

3.1 Basic properties of small mesa structures

3.1.1 Temperature dependence of interlayer transport
Intrinsic tunneling spectroscopy is a method for probing the bulk properties of
HTSCs. As mentioned in the introduction, charge carriers in Bi-2212 are con-
fined to the CuO double layers. Information about the interlayer transport mech-
anism can be obtained from analyzing current-voltage characteristics for trans-
port currents along the c-axis and from measurements of the c-axis resistivity.
In this section, measurements on an underdoped pure Bi-2212 sample are dis-
cussed. The area of the studied mesa is 5 × 6 µm2. The sample was cooled with
the home-built cryostat.

The temperature dependence of the c-axis resistance is shown in Fig. 3.1. The
resistance was measured by lock-in amplification with a small ac-current (1 µA).
Upon decreasing the temperature, the resistance increases until it drops at Tc = 80
K and the crystal enters the superconducting state. A second transition is seen at
45 K, which is caused by the reduced critical temperature of the topmost junction
in the mesa. This junction has been exposed to air after the crystal had been

47
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Figure 3.1: c-axis resistance for an underdoped Bi-2212 mesa with an area of 5 × 6 µm2

and Tc = 80 K, measured with a small ac-current by lock-in technique. The transition at
45 K is due to the deteriorated topmost IJJ.

cleaved, which has lead to a deterioration of its surface.
I-V curves for this mesa at T = 14 K were shown in Fig. 1.8. As discussed,

the mesa contains N = 7 intrinsic Josephson junctions. Voltage spacings between
neighboring quasiparticle branches are equal, which is a sign for low self-heating
in the mesa. The first branch has a much lower critical current than the other
branches. This is typical for mesa structures and is also due to the deteriora-
tion of the top intrinsic Josephson junction. Additionally, the critical current for
the branches of higher order is varying, which is most likely due to the non-
uniformity of the mesa: the doping-levels of the junctions can vary slightly.

Figure 3.2(a) shows I-V curves at high bias, measured at temperatures from
13.4 K to 280 K. The superconducting gap voltage Vsg = N2∆/e is seen as a knee
in the I-V curves at T < Tc. At high bias (above the gap-voltage), the curves
approach a temperature independent normal resistance.

Figure 3.2(b) shows the dI/dV curves, which were calculated numerically
from the I-V curves in Fig. 3.2(a). At the sum gap-voltage Vsg = N2∆/e,
a pronounced peak is seen in the dI/dV curves at T < Tc. The peak moves
to lower voltages with increasing temperatures, which is a consequence of the
temperature-dependence of the superconducting gap [35]. Another feature in the
dI/dV curves is a hump at high bias, which is usually referred to as being a conse-
quence of the pseudogap in the quasiparticle density of states [28,29]. In addition,
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Figure 3.2: (a) I-V curves at temperatures from 13.4 K to 280 K. The knee seen at
T < Tc corresponds to the superconducting gap voltage at Vsg = N2∆/e. (b) dI/dV
curves at temperatures from 13.4 K to 280 K, calculated numerically from the I-V curves
in (a). At Vsg a peak occurs which moves to lower voltages with increasing temperature.
Additional features are a crossing point and a ”hump”.
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Figure 3.3: Thermal activation over the barrier UTA at zero (dashed blue line) resp. non-
zero (red line) voltage V between the electrodes. U+ is the effective barrier for currents
from the left to the right side, while U− is the effective barrier for currents from right to
left.

the dI/dV curves at T > Tc cross in almost one point.
Above Tc, the measured I-V curves can be described by thermal activation

(TA) over a barrier with a temperature-independent height UTA [89]. Figure 3.3
shows schematically the TA-barrier both at zero (dashed blue line) and finite volt-
age V (red line).

The potential barriers for thermally activated transport of charge carriers from
the left electrode to the right and for the opposite direction at temperature T and
voltage V are:

U+ = UTA −
1
2

eV, U− = UTA +
1
2

eV, (3.1)

The current of thermally activated carriers from the left side to right side resp.
from right to left is given by:

I+ ∝ ne−
U+

kBT , I− ∝ ne−
U−
kBT . (3.2)

where n is the quasiparticle density. The total current is then given by the differ-
ence I+ − I−:

I(T,V) ∝ ne
−UTA
kBT sinh

eV
2kBT

. (3.3)
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Figure 3.4: dI/dV curves for thermally activated transport in semi-logarithmic
scale calculated from Eq. (3.4) with UTA = 23 meV at temperatures T =

14, 35, 50, 78, 105, 120, 160, 240 and 280 K.
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Figure 3.5: The effective temperature Teff as a function of T obtained from the slope of
measured ln(dI/dV) curves at V/N = 30 mV for a Y-doped sample. The diagonal dashed
line corresponds to the TA-behavior, where T = Teff . Below Tc (indicated by the vertical
dashed line) the effective temperature deviates from the pure TA behavior and saturates.



52 CHAPTER 3. RESULTS AND DISCUSSION

Differentiating (3.3) with respect to V , gives the conductance as a function of
temperature and voltage:

dI
dV

(T,V) ∝
n
T

e
−UTA
kBT cosh

eV
2kBT

. (3.4)

dI/dV curves calculated from Eq. (3.4) are shown in Fig. 3.4, for UTA =

23 meV and at temperatures T = 14, 35, 50, 78, 105, 120, 160, 240 and 280 K.
Comparison with Fig. 3.2(b) demonstrates that for T > Tc and for voltages
eV ≤ 2UTA, Eq. (3.4) reproduces the experimental curves well, including the
crossing point at eV ≈ UTA.

At T < Tc, experimental curves deviate from the pure TA behavior. The
slope of measured ln(dI/dV) curves becomes almost temperature independent
in contrast to the pure TA behavior where the slope continues to increase with
decreasing T . The slope obtained from Eq. (3.4) is approximately given by:
d[ln(dI/dV)]/dV ≈ e/2kBT . From the slope of experimental curves an effective
temperature can be obtained. Figure 3.5 shows Teff versus T for an underdoped
Bi(Y)-2212 sample with Tc = 82 K (see paper I). The saturation of the effec-
tive temperature at the critical temperature is evident. Such a saturation of Teff is
typical for a crossover from TA to quantum tunneling [90].

An extension of the thermal activation analysis to higher voltages reproduces
also the hump in the dI/dV curves [35,89], without the assumption of a pseudogap
in the density of states.

Mechanisms that could give rise to the thermally activated transport between
the CuO double planes include resonant tunneling via an impurity state inside the
barrier [21] and inelastic tunneling via a molecular excitation [91].

3.1.2 Bias-dependence
Measurements of the quasiparticle resistance cannot be performed with the me-
thod from Fig. 3.1 at temperatures below the critical temperature, because of
the appearance of the Josephson current at zero voltage. Therefore a different
approach, which takes advantage of the hysteresis in the current-voltage charac-
teristics, is chosen. The hysteresis allows the measurement of the quasiparticle
resistance even for currents smaller than the Josephson critical current [92]. Mea-
surements of the dc-resistance are done by stepwise ramping the current from
≥ 4mA to smaller values. A typical current pulse is shown in Fig. 3.6. Due to the
fact that the high current is applied first, all junctions switch to the resistive state,
and when the current is ramped down, the I-V curve stays on the last quasiparticle
branch as long as the current is higher than the retrapping current (see also Fig.
1.8). For each dc-current step, the resistance is calculated by dividing the average
of the measured voltage with the dc-current. For this experiment, a Keithley dc
current-source was used.
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Figure 3.6: A typical current pulse for the measurement of Rdc consisting of dc-current
steps. The first current is high enough to switch all junctions to the resistive state, then the
current is ramped down. This is repeated at negative bias. Rdc is calculated by dividing
the average of the measured voltage for each step with the respective current. A mean
value of the two corresponding resistances for positive and negative bias is then taken.

Figure 3.7: c-axis resistance measured at different dc-bias. At highest bias, Rdc is almost
temperature independent, while at low bias, Rdc increases with decreasing temperature.
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The temperature was swept from 25 K up to room temperature. Figure 3.7
shows measurements of the resistance for dc-currents from 5 µA up to 5.5 mA.
The resistance for the highest current is almost temperature independent, it is the
normal resistance of the junctions for voltages higher than the superconducting
gap voltage. At low bias, the resistances approach asymptotically the zero bias
resistance and they increase with decreasing temperature. The observed drops
in resistance at temperatures between 50 K and 80 K in Fig. 3.7 occur when the
retrapping current becomes larger than the applied dc-current so that the junctions
switch to the zero-voltage state.

The zero-bias resistance expected from the thermal activation behavior is ob-
tained from Eq. (3.4) with V = 0:

R0
TA =

dV
dI

(T,V = 0) ∝
T
n

e
UTA
kbT . (3.5)

In Fig. 3.8 Rdc/T is plotted together with R0
TA/T as a function of 1/T in a

semi-logarithmic plot. UTA = 23 meV and n=constant is used in Eq. (3.5). The
experimental curves collapse with R0

TA/T for temperatures above Tc. On the other
hand, when the temperature is decreased below Tc, the experimental resistance is
increasing much slower than the theoretical curve. A similar deviation from the
TA-behavior was also observed in Fig. 3.2(b) (temperature independent slope of
dI/dV curves below Tc).

Figure 3.8: The dc-resistance at low bias together with the resistance expected from
thermal activation behavior, R0

TA (dashed line). At temperatures above Tc, the curves
collapse, below Tc, the experimental resistance increases much slower than R0

TA.
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This behavior, which is seen only in underdoped samples, is unexpected: be-
low Tc, the resistance should increase faster because the superconducting gap
opens, quasiparticles condensate into Cooper pairs and consequently the QP den-
sity of states decreases for energies below the superconducting gap.

The observation of the slowed increase of the subgap resistance and the satu-
ration of the effective temperature, see Fig. 3.5, suggests that additional tunneling
mechanisms through the barrier become available at T < Tc. Additional transport
mechanisms could be multiparticle processes, such as multiparticle tunneling or
multiple Andreev reflections. These processes are temperature independent and
are possible only at T < Tc as they involve Cooper-pairs.

3.1.3 Magnetic field dependence of current-voltage character-
istics

In this section the magnetic field dependence of I-V characteristics is studied.
The magnetic field is applied perpendicular to the CuO double layers, i.e. along

Figure 3.9: Magnetic field dependence of I-V characteristics (0-15 T) measured at T =

1.8 K for a Bi(Pb)-2212 mesa with N = 19. The magnetic field is applied perpendicular
to the CuO double layers. The curves move to lower voltages with increasing magnetic
field due to the negative magnetoresistance.
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the c-axis. In this configuration, Abrikosov vortices penetrate the crystal. Due to
the layered structure of Bi-2212, these vortices consist of 2-dimensional circular
segments that are located in the CuO double layers. The segments in different
layers are aligned to each other along the c-axis and are for this reason also called
”pancake-vortices” [93]. Pancake vortices have normal cores of radius ≈ ξab and
the presence of the normal cores increases the c-axis conductivity at voltages
smaller than the sumgap voltage 2N∆/e [33, 94].

Figure 3.9 shows current-voltage characteristics of a mesa fabricated from a
lead-doped Bi(Pb)-2212 single crystal with Tc = 91 K. The measurements were
performed at T = 1.8 K in the 17 T-cryostat. The magnetic field is varied from
zero up to 15 T. The size of the mesa is 2.5 µm x 2.0 µm and contains N = 19
IJJs. Due to the large value of the critical current and the rather large num-
ber of intrinsic junctions, effects of self-heating are seen in the I-V curve. The
separation between higher order quasiparticle branches is reduced and the last
quasiparticle branch shows backbending at high bias. These two effects are due
to the temperature dependences of the superconducting gap and the quasiparticle
resistance [36].

The important observation is that the curves move to lower voltages with
increasing magnetic field. This is due to the formation of Abrikosov vortices
in perpendicular magnetic fields. With increasing field, the Abrikosov-vortex
density increases, which gives rise to a negative magnetoresistance.

This effect will later be used for alignment of the sample relative to the mag-
netic field. For alignment of the crystallographic ab-plane perpendicular to the
field, the absolute value of the magnetoresistance should be maximized. On the
other hand, for alignment of the crystallographic ab-plane parallel to the field, the
value of the magnetoresistance should be minimized, because parallel fields have
a much weaker effect on the QP density of states due to the strong anisotropy of
Bi-2212 (Bab

c2 � Bc
c2).

3.2 Fraunhofer modulation of Ic(B)

In this section, the dependence of the critical current on magnetic fields parallel
to the ab-plane is examined. It will be shown that the fluxon lattice configuration
in the static case can be analyzed by studying the magnetic field dependence of
the critical current. Here, static means that the intrinsic Josephson junctions are
in the zero voltage state, where the fluxon lattice is not moving and no flux-flow
voltage is established over the stack.

The Fraunhofer-modulation of the critical current has been experimentally
observed in single low-Tc junctions where it serves as an evidence for the exis-
tence of the dc-Josephson effect and for the homogeneity of the junction [9]. In
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L (µm) W (µm) Ic0 (µA) λJ (µm) B0 (T) Bexp
0 (T)

4a 5.1 1.4 75.0 0.68 0.27 0.26
4b 2.7 1.4 39.5 0.69 0.51 0.55
6b 2.0 1.7 39.8 0.65 0.69 0.66

Table 3.1: Properties of the measured mesas of this section. L is the length of the junc-
tion perpendicular to the magnetic field, W is the width of the junctions parallel to the
magnetic field and Ic0 is the average of the critical current at zero magnetic field for the
first five QP-branches. λJ is calculated with Eq. (3.6), where λab = 200 nm has been used,
B0 is calculated with B0 = Φ0/Ls and Bexp

0 is the measured periodicity of Ic-oscillations.

intrinsic Josephson junctions on the other hand, clear oscillations of the critical
current were difficult to observe [95–97]. However, clear oscillations of the flux-
flow resistance versus magnetic field were observed experimentally in intrinsic
Josephson junctions of Bi-2212 [98, 99]. These oscillations are either related to
the modulation of Ic [100], the modulation of Fiske step amplitudes [101] or the
periodically matching of the fluxon lattice with the sample edges [102, 103].

A pure Bi-2212 sample with Tc = 82 K is studied in this section. Measure-
ment are performed on three mesas with different sizes from 2.0 µm to 5.1 µm.
Table 3.1 summarizes the properties of the measured mesas. The Josephson pen-
etration depth for intrinsic junctions is given by Eq. (1.10), with Λ ≈ 2λ2

S/d and
λS =

√
d/sλab:

λJ =

√
Φ0s

4πµ0λ
2
abJc0

, (3.6)

where Jc0 is the critical current density in zero magnetic field. For Bi-2212,
Eq. (1.8) reduces to deff = s and B0 [Eq. (1.16)] is then given by

B0 = Φ0/Ls. (3.7)

Bexp
0 in table 3.1 is the measured periodicity of Ic-oscillations.

Measurements are performed in parallel magnetic fields up to 4 T and at a
temperature of 1.6 K. The sample is mounted on the rotatable sample holder
and is carefully aligned to have B‖ab. Sample alignment is crucial, because
Abrikosov vortices can enter the sample at angles different from parallel orien-
tation. Trapped Abrikosov vortices can suppress the critical current, pin fluxons
and destroy modulation of the critical current. Alignment is done by minimizing
the magnetoresistance at high bias and at high magnetic fields (B = 15 − 17 T),
see the previous section.

Figure 3.10(a) shows the I-V characteristic of mesa 4b at zero field. As dis-
cussed before, the topmost junction of the mesas has a much lower critical current



58 CHAPTER 3. RESULTS AND DISCUSSION

Figure 3.10: (a) I-V characteristic of mesa 4b at zero field. (b) I-V characteristic at
B = 1 T. (c) The same data as in (b) but with the first QP-branch subtracted. At the
critical current, the flux-flow branch develops.

than the other junctions and consequently, it always resides in the McCumber
state. Therefore, the first branch of the I-V curve in Fig. 3.10(a) corresponds to
the topmost junction being in the McCumber state, while all other junctions are
in the zero-voltage state. For convenience, the first branch is numerically sub-
tracted from the I-V curves, see Fig. 3.10(b)-(c). Figure 3.10(b) shows an I-V
characteristic at B = 1 T for the same mesa and Fig. 3.10(c) shows the same data
but with the first branch subtracted. In the latter figure, Ic is the maximal current
at zero voltage and at currents above Ic, the flux-flow branch develops. Ic(B) is
then measured automatically by recording the highest value of the current inside
a 100 µV wide interval around V = 0, while sweeping the magnetic field.

Figure 3.11 shows the measurement of Ic(B) for the largest mesa (4a) in semi-
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Figure 3.11: Ic modulation for mesa 4a in a semi-logarithmic scale. The distance be-
tween vertical dashed lines is Bexp

0 = 0.26 T. The amplitude of peaks at integer multiples
of Bexp

0 decreases with increasing magnetic field. The inset shows a measurement with
trapped Abrikosov vortices inside the sample. Modulation of the critical current is sup-
pressed.

logarithmic-scale. This mesa has a length of L = 5.1 µm and the Josephson
penetration depth is calculated to λJ = 0.68 µm, which gives L/λJ = 7.5. The
magnetic field was swept from -2 to +2 T. The distance between vertical dashed
lines is Bexp

0 = 0.26 T. When increasing the field from zero, Ic first continuously
drops and for B > 0.5 T oscillatory behavior is present. Peaks occur both at fields
corresponding to half-integer multiples of B0 and integer multiples of B0 resulting
in a period of oscillation of B0/2. With increasing field, the intensity of the peaks
at integer multiples of B0 decreases and for B > 5B0, half-integer peaks dominate
and the period of oscillation has doubled. The measured distance between the
half-integer peaks, Bexp

0 = 0.26 T, is close to the calculated field necessary for
changing the magnetic flux through one junction by one flux quantum, B0, see
table 3.1.

The dependence of Ic on the magnetic field can be divided into three intervals:
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Figure 3.12: Digital oscillogram of mesa 4b measured at B = 0 after the entrance of
vortices at high magnetic field. The trapped vortices suppress the critical current strongly.
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Figure 3.13: Ic modulation for mesa 4b. The distance between vertical dashed lines is
Bexp

0 = 0.55 T. The peaks at integer multiples of Bexp
0 disappear at B > 2 T.

1. 0 < B < 0.5 T: no oscillations

2. 0.5 T < B < 1.5 T: oscillations with periodicity B0/2

3. B > 1.5 T: oscillations with periodicity B0

The effect of having Abrikosov vortices being trapped inside the mesa, is
shown in the inset of Fig. 3.11. The critical current is reduced and oscillations
are suppressed. A current-voltage characteristics of mesa 4b measured at B = 0
after the entrance of Abrikosov vortices at high magnetic field is shown in Fig.
3.12. The trapped vortices have suppressed the critical current strongly. To get
rid of the trapped Abrikosov vortices inside mesa, the sample has to be heated
above Tc. When the sample has cooled down again it has to be realigned.

Figure 3.13 shows the critical current as a function of the applied magnetic
field for a smaller mesa (4b). Its length perpendicular to the magnetic field is 2.7
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Figure 3.14: Ic modulation for the smallest mesa 6b. The distance between vertical
dashed lines is Bexp

0 = 0.66 T. The peaks at integer multiples of Bexp
0 are strongly sup-

pressed.

µm and the ratio of the length to the penetration depth (L/λJ) is equal to 3.9. The
magnetic field is swept from -4 to +4 T.

Ic exhibits a clear oscillatory behavior for fields above 0.7 T. The period be-
tween the prominent peaks is Bexp

0 = 0.55 T, in accordance with B0 calculated
from the length of the mesa. The peaks at integer multiples of B0 are much less
pronounced compared to the larger mesa 4a and disappear for fields above 2 T.

Finally, the data for the smallest mesa (6b) is presented in Fig. 3.14. The
length of this mesa is L = 2.0 µm and the ratio of this length to the Josephson
penetration depth is L/λJ = 3.1. Measurements are done up to ±2 T. The mea-
sured periodicity between prominent peaks is Bexp

0 = 0.66 T. The peaks at integer
numbers of B0 are suppressed almost completely already for B = 2B0, and the
dependence of the critical current on magnetic field resembles the Fraunhofer
modulation with a periodicity of one B0, see Fig. 1.4.

The observed change in periodicity from B0/2 to B0 has been predicted in a
series of papers [100, 102–104] and is explained to be a consequence of the tran-
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Figure 3.15: A stack of Josephson junctions at low magnetic fields (left), here the inter-
layer repulsion leads to the triangular fluxon lattice. At high magnetic fields (right), the
in-plane force dominate which leads to the formation of the rectangular fluxon lattice.

sition from the triangular to the rectangular Josephson vortex lattice. According
to this model, at high fields fluxons are arranged in rectangular lattice and oscil-
lations of the critical current have a periodicity of B0 = Φ0/Ls, corresponding
to adding one fluxon per junction. At low fields on the other hand, fluxons are
arranged in a triangular lattice and one fluxon is added per two junctions. In this
case, the effective lattice constant along the c-axis is doubled from s to 2s, which
reduces the period of oscillations by a factor of two.

The transition from the rectangular to the triangular lattice can be understood
qualitatively from the interaction of fluxons with each other and with the junction-
boundaries. Three different forces act on fluxons:

• fluxons in one layer repel each other

• fluxons are pinned at the boundaries of the junction

• fluxons in two neighboring junctions repel each other

The two in-plane forces promote the rectangular lattice while the interlayer
force promotes the triangular lattice. Due to the interlayer repulsion, a triangu-
lar lattice is favored at low magnetic fields when only few fluxons are in each
junction and the distance between them is large compared to λJ. In high magnetic
fields, junctions are densely filled with fluxons, fluxons are overlapping with each
other and therefore in-plane forces are dominating and the rectangular lattice is
formed, see Fig. 3.15. An estimation for the field at which this happens is:

Φ

Φ0
≥

L
λJ

(3.8)

which can be written as
B ≥

Φ0

λJs
(3.9)
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For the studied samples this gives a field of B ≈ 2 T, which is in agreement
with the measurements above. For the smallest mesa the peaks at integer B0

are suppressed at even lower fields which indicates an increased stability of the
rectangular lattice in this mesa.

The three field-intervals observed when discussing the data for mesa 4b, can
now be understood as follows: at low fields, the distance between fluxons is large,
no lattice has formed yet and the critical current is not oscillating. For intermedi-
ate fields, fluxons are predominantly arranged in a triangular lattice, which leads
to oscillations with a periodicity of B0/2. Numerical simulations for stacks with
a length comparable to mesa 4b show that the lattice is still unstable in this field-
regime and switches between different configurations. Finally, in the high field
regime, fluxons reside on a rectangular lattice which leads to oscillations with
periodicity B0, as in the Fraunhofer-pattern.

3.3 Flux-flow characteristics

In the previous section, the properties of the static fluxon lattice were examined.
In this section, the dynamic flux-flow state will be considered. For currents
higher than the critical current, fluxons begin to move and a voltage is gener-
ated over the stack of Josephson junctions. In the current-voltage characteristic,
this flux-flow voltage can be seen as an additional branch that develops in par-

Figure 3.16: I-V characteristic for the Bi(Pb)-2212 mesa Pb32-6b with N = 25 intrinsic
junctions, the QP-branches are not traced out completely in this plot. The measurement
is performed at T = 1.6 K and B = 0.
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Figure 3.17: I-V characteristics at T = 1.6 K in different parallel magnetic fields (B =

4, 7, 10 and 17 T). Also shown are the first four quasiparticle branches at B = 0. The
inset shows the magnetic field dependence of the maximum flux-flow voltage per IJJ,
calculated from the magnetic field dependence of the quasiparticle branch separation.

allel magnetic fields, the flux-flow branch. The moving fluxon lattice does not
necessarily have the same structure that it had in the static case. Numerical sim-
ulations [53, 105, 106] have shown that at low flux-flow velocities, the triangular
lattice is established, while the rectangular lattice is stable only at high velocities.

In this section, a lead doped Bi(Pb)-2212 sample with Tc = 91 K is examined.
Figure 3.16 shows the I-V characteristic at T = 1.6 K and B = 0 of a mesa with
size ≈ 1.3 × 1.9 µm2 and with a critical current Ic ≈ 200 µA (mesa Pb32-6b).
A difference from the pure crystals studied in the previous section is the much
higher critical current density of the lead doped crystals. Lead doped crystals
are slightly overdoped, whereas the pure crystals are slightly underdoped, which
can be concluded from the doping dependences of the critical temperature, criti-
cal current density and the QP-resistivity [34]. The Josephson penetration depth
for this sample is calculated to λJ = 0.21 µm. The first quasiparticle branch is
subtracted from this and the following I-V characteristics. From the number of
branches in the I-V characteristic it is seen that N = 25 intrinsic junctions are in
the stack.

Figure 3.17 shows I-V characteristics for the same mesa in parallel magnetic
fields (B = 4, 7, 10 and 17 T) at T = 1.6 K. The magnetic field is applied per-
pendicular to the shorter side of the mesa. The first four quasiparticle branches
at B = 0 are shown also. The development of the flux-flow branch is clearly seen
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Figure 3.18: The flux-flow branch in parallel magnetic fields from 2 T to 17 T, measured
at T = 1.6 K.

in the figure. The flux-flow branch begins at V = 0 and I = Ic(B) and ends at the
flux-flow step (V = VFFS) where the I-V curve jumps to the first QP-branch. Sim-
ilar I-V curves of IJJs in the flux-flow state have been observed in for example
Ref. [107]. With increasing magnetic field, the flux-flow step moves continu-
ously to higher voltages. In addition, the separation of the QP-branches, ∆VQP,
decreases with increasing field.

In the following, an expression for ∆VQP will be derived. At the flux-flow step
(V = VFFS(B)), NFF IJJs are in the flux-flow state. NFF can be smaller than the
total number of junctions in the stack, because some junctions can stay inactive
and do not participate in flux-flow. By calling the maximum flux-flow voltage
per one Josephson junction as vFFS(B), the total maximum flux-flow voltage can
be written as VFFS(B) = NFFvFFS(B). On the first QP-branch, one junction has
switched from the flux-flow state to the McCumber state (QP-state), while the
remaining NFF − 1 junctions still are in the flux-flow state. The corresponding
voltage is V = (NFF − 1)vFFS(B) + vQP, where vQP is the voltage per IJJ in the QP-
state. On the second QP-branch, two junctions are in the QP-state and NFF − 2
junctions are in the flux-flow state, giving a voltage of V = (NFF−2)vFFS(B)+2vQP

and so on for higher order branches. The separation between the QP-branches is
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Figure 3.19: Magnetic field dependence of the maximum flux-flow voltage VFFS, deter-
mined from I-V characteristics. The saturation of the flux-flow voltage at high magnetic
fields is due to the formation of phonon-polaritons, which is discussed in section 3.5.

then

∆VQP(B, I) = vQP(I) − vFFS(B), (3.10)

here it is indicated that ∆VQP and vQP also depend on the bias current I, as seen in
Fig. 3.17. This relation shows, that ∆VQP is reduced in the flux-flow state.

Equation (3.10) allows the determination of the flux-flow voltage per IJJ from
measurements of the separation of QP-branches, without the need of knowing
NFF. The inset of Fig. 3.17 shows vFFS(B) determined with Eq. (3.10). A linear
fit to this data gives a slope of vFFS(B)/B = 0.65 mV/T.

The total maximum flux-flow voltage VFFS(B) over the stack of all IJJs can
be obtained directly from the position of the flux-flow step. In Fig. 3.18, the
flux-flow branch for fields from 2 to 17 T is shown. Figure 3.19 shows VFFS(B).
VFFS(B) is almost linear up to ≈ 10 T and levels out at higher fields. This satu-
ration of the flux-flow voltage is caused by the formation of phonon-polaritons,
which is discussed in section 3.5. The slope of VFFS vs. B from 0 to 10 T is
VFFS(B)/B = 11.0 mV/T. From the ratio of VFFS(B)/B to vFFS(B)/B, the number
of junctions which are in the flux-flow state is estimated to NFF = 17.

Now it is possible to use Eq. (1.36) and to estimate the maximum fluxon
velocity. With the values for NFF and VFFS(B)/B from above, the velocity is cal-
culated to
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uFF,max = 4.3 × 105 m/s. (3.11)

This value is higher than the velocity of the lowest mode cN ≈ 2.4− 3.3× 105

m/s reported in Refs. [56, 64, 73], which means that flux-flow is superluminal
(faster than cN), which is possible due to the lack of Lorentz invariance of the
coupled sine-Gordon equations [42]. With Eq. (1.29), the ratio of the highest
mode velocity to the lowest velocity for a stack of 25 junctions and with pa-
rameters typical for Bi-2212 is calculated to c1/c25 = 16.5, see also Fig. 1.11.
This leads to the conclusion that the mode velocity observed in this experiment is
smaller than c1 and that fluxons were not arranged in a rectangular lattice because
the rectangular lattice was shown to be stable only at high flux-flow velocities
c2 < uFF < c1 [53, 105, 106].

3.4 Geometrical resonances

3.4.1 Observation of superluminal geometrical resonances

In the flux-flow state, geometrical resonances can be excited inside the Josephson
junctions which are then observable as Fiske steps in the current-voltage charac-
teristics. The observation of Fiske steps will be discussed in this section.

As was mentioned in the previous sections, the careful alignment of magnetic
field B parallel to the copper oxide layers prevents penetration of Abrikosov vor-
tices. This facilitates the observation of a large variety of high quality geometrical
resonances.

Tracing out complicated I-V curves with multiple branches can be difficult.
A single current sweep does not give the full I-V curve as only a limited number
of branches is traced out and during each sweep different branches will be traced
out because switching between branches occurs stochastically. Therefore several
current-voltage characteristics are measured in a sequence and plotted together
in one digital oscillogram. Digital oscillograms are presented as grayscale plots
(intensity plots) with a typical resolution of 3000 × 3000 pixel. The grayscale is
given by the number of sampled datapoints at each pixel in the current-voltage
plane. It can also be viewed as a probability plot, where the intensity-scale gives
the probability for tracing out a certain part of the I-V curve.

Figure 3.20 shows a digital oscillogram for the pure mesa 4b (see table 3.1)
measured at a parallel magnetic field of B = 3.05 T and at a temperature of T =

1.6 K. The first quasiparticle branch has been subtracted. The critical current and
the flux-flow step are marked by arrows. In the flux-flow region, large amplitude
Fiske steps are seen. At voltages above the flux-flow step, junctions switch one
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Figure 3.20: I-V characteristic of mesa 4b at B = 3.05 T. Fiske steps are observed in
the flux-flow region of the curve. Above the flux-flow step, which is marked by an arrow,
junctions switch to the QP state. The critical current is marked by an arrow as well.

by one to the QP state as discussed in the previous section. From the number of
QP-branches it is observed that eight IJJs are participating in flux-flow.

As the magnetic field is varied, Ic and the amplitude of the Fiske steps are
modulated and the flux-flow step moves to higher voltages with increasing field,
see Ref. [108].

A detailed analysis of Fiske steps at lower fields is shown in Figs. 3.21 and
3.22. Measurements are performed at T = 1.6 K. In Fig. 3.21, digital oscillo-
grams measured for mesa 4b at different magnetic fields from 1.28 T to 1.44 T are
shown. This field range corresponds to a magnetic flux of ≈ 2.5Φ0 per junction.
Each color corresponds to a measurement at a certain magnetic field. The first
quasiparticle branch has been subtracted as before. Also shown are the first three
QP-branches in zero magnetic field (dashed lines).

As the current is increased, the junctions switch from the zero voltage state
to the flux-flow state, where a series of hysteretic Fiske steps is observed. This
region of the I-V curve is marked in the figure by V8FF. The most prominent
voltage spacings between steps are 0.27 mV (V2,8) and 0.54 mV (V4,8). With
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Figure 3.21: I-V characteristics of mesa 4b at different magnetic fields from 1.28 T to
1.44 T (Φ/Φ0 ≈ 2.5), each color corresponds to a measurement at a certain magnetic
field. Also shown are the three first QP-branches at B = 0. Even m Fiske steps are
observed. Both low velocity (c8) as well as superluminal (c4) resonances are seen. In the
inset, step sequences on the first and the second branch are compared to each other.

increasing voltage one junction switches to the QP state leaving seven junctions
in the flux-flow state. Also in this region, which is marked by V7FF, Fiske steps
are observed. At even higher voltages, the next junction switches to the QP state
and so on.

To be able to identify the Fiske steps, that means to find the mode numbers
m and n [see Eq. (1.39)], it first has to be found out whether the steps belong
to individual or collective resonances. In the case of individual resonances, the
geometrical resonance occurs only in one junction. At collective resonances on
the other hand, several junctions are locked to the same resonance (phase locked
state). In the inset of Fig. 3.21, Fiske steps in region V8FF are compared to
the steps in region V7FF. This comparison is done by subtracting the QP-branch
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Figure 3.22: I-V characteristics of mesa 4b at different magnetic fields from 1.57 T to
1.77 T (Φ/Φ0 ≈ 3). Odd m Fiske steps including the smallest step (V1,8) are observed.
Also a strong collective step at 8V1,8 is seen. Red and black arrows indicate the existence
of two step sequences with slightly different voltage spacings.

V1QP(B = 0) from the I-V curve and plotting the result together with the orig-
inal curve. It is seen, that Fiske steps in both regions have the same voltage
spacings. This means that Fiske steps occur individually in one junction. If the
resonance occurred collectively in all IJJs, voltage spacings would differ from
each other because in region V7FF one junction has switched to the QP state and
does not participate. From the same figure it can also be seen that the flux-flow
step [marked by max(VFF)] is a collective phenomenon and therefore occurs at a
lower voltage in region V7FF.

In Fig. 3.22 digital oscillograms measured on the same mesa at magnetic
fields from 1.57 T to 1.77 T are shown. These fields correspond to a flux of
approximately three flux quanta per junction. In this figure, the smallest voltage
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n 1 2 3 4 5 6 7 8
cn (105 m/s) 17.97 9.13 6.24 4.86 4.08 3.60 3.32 3.17

cn/c8 5.67 2.88 1.97 1.53 1.29 1.14 1.05 1.00
V1,n (mV) 0.765 0.389 0.266 0.207 0.174 0.153 0.141 0.135

Table 3.2: The calculated mode-velocities cn for mesa 4b, using s = 1.55 nm, λab = 200
nm and t/εr = 0.112 nm. The ratios of cn to the lowest velocity c8 and the calculated
Fiske step voltages V1,n = B0scn/2 are given also (B0 = 0.55 T).

step that was observed for mesa 4b corresponding to m = 1 and n = 8 is seen
(V1,8 = 0.135 mV). From this Fiske step, the lowest velocity of electromagnetic
waves is calculated with Eq. (1.39) to c8 = 3.17 · 105 m/s. Previous studies
[56,64,73,109] gave values in the range cN ≈ 2.4−3.3·105 m/s which is consistent
with the present work. Table 3.2 shows the calculated values of the higher mode
velocities and the corresponding Fiske step voltages. The Swihart velocity of a
single junction is calculated to c0 = 4.42 ·105 m/s which is close to the maximum
velocity of fluxons, see Fig. 1 in the appended paper IV. This is consistent with
calculations of fluxon velocities in stacked Josephson junctions in the case when
the fluxon velocity is limited by Cherenkov radiation [42, 110].

Also in Fig. 3.22, a strong collective step at 8V1,8 is observed.
In addition to the n = 8 steps which were discussed so far, other families of

steps with voltage spacings that are not integer multiples of V1,8 = 0.135 mV were
observed. These steps correspond to higher mode-velocities of electromagnetic
waves. In Fig. 3.22, a splitting of the steps is observed and marked by the red
and black arrows. It shows that two different series of steps with slightly different
voltage spacings (corresponding to different mode-velocities) are present.

Several Fiske step sequences could be identified by comparison to the theo-
retically expected voltages. For example in Fig. 3.21, superluminal steps arising
from the velocity c4 are observed.

Comparison of Figs. 3.21 and 3.22 shows that at integer numbers of Φ/Φ0,
odd m Fiske steps are present, while at half-integer numbers of Φ/Φ0 even m
Fiske steps are observed. This is consistent with the expected behavior for the
modulation of Fiske step amplitudes, which was mentioned in section 1.7. From
Figs. 3.21 and 3.22 it can also be seen that at integer numbers of Φ/Φ0 a more
collective behavior is observed while at half-integer numbers of Φ/Φ0 a more
individual behavior is present.

Figure 3.23(a) shows the modulation of Fiske steps amplitudes together with
the modulation of the critical current, which was shown already in section 3.2.
At fields up to 2.25 T, the amplitude of the Fiske step which had the highest
amplitude at a given field is shown because it was difficult to trace one and the
same Fiske step over a large field interval. At higher fields, the amplitude of the
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Figure 3.23: (a) Modulation of Ic (main panel) and of Fiske step amplitudes (lower
inset), the corresponding voltage positions of Fiske steps are shown in the upper inset.
(b) Histogram showing all steps observed at magnetic fields from 0 to 4 T. Top vertical
lines indicate expected voltages of Fiske steps for various modes m and n.

third and seventh step, see Fig. 3.20, is shown. The voltage position of the chosen
steps are given in the upper inset of Fig. 3.23(a).

In Fig. 3.23(b) a histogram is presented where all voltage spacings between
Fiske steps are given that occurred up to 4 T. The vertical lines in the upper part
of the figure give the calculated voltage steps for various modes m and n. It is
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again seen that the experimentally observed steps do not originate only from the
lowest velocity, but that also higher mode-velocities have to be involved.

The quality factor of the resonances is given by Eq. (1.40) Q = ωReffC. The
effective damping resistance, Reff , depends on the structure of the fluxon lattice
and thus on n [77]. At even n, radiation from individual junction cancels due
to destructive interference and the damping is dominated by losses associated
to quasiparticle currents, in this case Reff > 1 kΩ. At odd n on the contrary,
radiation is expected to be strong, and in this case the damping is given by the
radiative resistance of the system, which is ≈ 50 Ω [90]. An asymmetry between
odd and even n steps is seen also in the results from this section: only even n steps
are clearly observable. An explanation for the suppression of odd n resonances
can be a strong emission of radiation and the related enhanced radiative losses at
these resonances.

3.4.2 Temperature dependence of geometrical resonances

The measurements in the previous section were performed at low temperatures
where Fiske steps in the I-V curves had large amplitudes and were almost verti-
cal. The study of Fiske steps at higher temperatures can give information on the
feasibility of IJJs as FFOs and also on fundamental properties of HTSCs.

Figure 3.24 shows the temperature dependence of I-V curves (intensity plots)
for mesa 4b at B = 1.4 T from T = 2.0 K to T = 15.1 K. This mesa initially had
N = 8 IJJs. The time-span between the previous measurements on this sample
and the measurements in this section was large (≈ 2 years) and during this time
the top layers of the crystal surface around the mesa were passivated through the
exposure to humidity in the air, which resulted in an increase of the number of
active IJJs to N = 12.

From Fig. 3.24 it is evident, that with increasing temperature, the amplitude
of Fiske steps decreases rapidly. At T = 10.1 K the hysteretic steps are smeared
out almost completely and at T = 15.1 K they have vanished, which indicates a
substantial reduction of the resonance quality factor. At this temperature, only a
collective, non-hysteretic step is visible at ≈ 12 × V2,8.

The reduction of the quality factor Eq. (1.40) of the resonances is caused by
the temperature dependence of the QP-resistance. With increasing temperature,
the QP-resistance decreases, which gives rise to a decreasing value of Q.

The strong temperature dependence of the amplitude of Fiske steps, may limit
the operation of IJJs as flux-flow oscillators to low operating temperature because
a low value of Q may lead to less radiation power and to an increased linewidth.
It implies also that high bias currents, which can lead to significant self-heating
of the mesa, are disadvantageous.
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Figure 3.24: Temperature dependence (T = 2.0 K − 15.1 K) of I-V curves for mesa 4b
at B = 1.4 T. The first four QP-branches are indicated. At T = 2.0 K (a) and T = 5.2 K
(b), sequences of Fiske steps with high intensity are observed. At T = 10.1 K (c) these
steps appear smeared out and at T = 15.1 K (d) they have vanished, only a non-hysteretic
collective step is seen.

3.5 Phonon resonances and phonon-polaritons

3.5.1 Phonon resonances

Figure 3.25 shows the low bias region of the I-V curve at B = 0 for the lead
doped mesa Pb32-6b that was studied in section 3.3. Here, current steps are
present on the quasiparticle branches. As mentioned in section 1.8, these steps
were observed previously [30, 66] and are resonant structures caused by an inter-
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action between Josephson oscillations and phonons and occur when vQP = Φ0 fLO.
Phonon-resonances are observed on all QP-branches and show hysteretic steps.

A closer view of a phonon resonance on the first three QP-branches is pre-
sented in Fig. 3.26. The first QP-branch can be divided into two sub-branches
[30], labeled ”a” resp. ”b” in the figure. On sub-branch ”a”, the resistive junc-
tion is in the resonant state, whereas on sub-branch ”b” it has switched to the
unperturbed QP-state. The increased number of voltage steps on higher order
QP-branches results from the individual switching of the junctions between sub-
branches ”a” and ”b”. On the second QP-branch for example, sub-branch ”aa”
corresponds to both junctions being in state ”a”, sub-branch ”ab” corresponds
to one junction being in state ”a” while the other has switched to state ”b” and
finally on sub-branch ”bb” both junctions have switched to state ”b”.

Figure 3.27 shows a measurement performed at B = 7 T and T = 1.6 K,
the angle between the ab-plane and B is θ = 3◦. The non-zero angle between
the ab-plane and the magnetic field prevents the establishment of a distinctive
flux-flow branch and allows the observation of phonon resonances on the QP
branches. As in Fig. 3.26, a family of sub-branches is seen on each QP-branch.
At high voltages, sub-branch families are overlapping with each other. The first
two red lines labeled ”c” and ”d” are fitted to the experimental data, the lines at
higher voltages are linear combinations of them. Voltage positions of these linear

Figure 3.25: I-V characteristics at low bias, measured at B = 0 and T = 1.6 K. The
current steps on the QP-branches are phonon resonances.
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Figure 3.26: A closer view of a phonon resonance on the first three QP-branches.
The two sub-branches on the first QP-branch are labeled ”a” and ”b”. On higher or-
der QP-branches, the increased number of voltage steps results from combinations of
sub-branches ”a” and ”b”.

Figure 3.27: Digital oscillogram measured at B = 7 T and T = 1.6 K, the angle between
the ab-plane and B is θ = 3◦. The first two red lines (”c” and ”d”) are fitted to the
experimental data, the lines at higher voltages are linear combinations of ”c” and ”d”.
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combinations can be written as: V(I) = NcVc(I) + NdVd(I), where Nc and Nd are
the number of IJJs in state ”c” resp. ”d”. Vc(I) and Vd(I) is the voltage in state
”c” resp. ”d” at current I. It is seen that experimental voltage steps follow the red
lines closely. This confirms the assumption that the observed sub-branches result
from the hysteretic switching of IJJs between the two states ”c” and ”d”.

In Fig. 3.28 the temperature dependence of phonon resonances is studied. The
first QP branch at temperatures between 5.1 K and 79.2 K and in zero magnetic
field is shown. Phonon resonances are seen as current steps at low bias and low
temperature, whereas at high bias or at high temperatures, the resonances are less
intense and only kinks are seen on the I-V-curves. From the figure it is seen
that the voltage positions of the resonances are temperature-independent. In total
14 phonon resonances are observed, as indicated by the vertical dashed lines.
Their voltage positions are given in table 3.3 in mV and their frequencies are
given in cm−1 and THz. The eight most intense phonon modes are identified by
comparison with the results from optical experiments in table 1.2. The type and
the assignment of the phonon modes are adopted from Kovalelva et al. [83].

Figure 3.28: The first QP branch at temperatures from 5.1 K up to 79.2 K. Measurements
are performed in zero magnetic field. The voltage positions of the phonon-resonances are
indicated by dashed vertical lines.
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j V j ωLO, j fLO, j Type Symmetry Assignment
(mV) (cm−1) (THz)

1 6.0 97 2.9 IR A2u Bi′:Cu1CaSr
2 7.8 126 3.8 Raman A1g Cu1Sr
3 10.5 169 5.1 IR A2u Sr:Cu1′

4 11.2 181 5.4 Raman A1g Sr:Cu1′

5 13.3 214 6.4
6 14.5 234 7.0 IR A2u Ca:Sr′

7 16.0 258 7.7
8 17.1 275 8.3
9 19.6 316 9.5

10 20.4 329 9.9 IR A2u O3O1
11 21.3 343 10.3
12 22.8 368 11.0 IR A2u O1′:CaO3
13 25.5 411 12.3 Raman A1g O1:Sr′

14 29.1 469 14.1

Table 3.3: The 14 observed phonon resonances, given are the voltage positions in mV
and the corresponding frequencies of the Josephson oscillations in cm−1 and THz. The
eight phonon resonances with the highest intensity are identified by comparison with
table 1.2. The type, symmetry and assignments of the phonon-modes are adopted from
Kovaleva et al. [83].

It should be noted that identification of phonons is not unambiguous, for ex-
ample due to the contradictory assignment of phonon modes in the literature, see
e.g. [111] or due to a small separation between phonon resonances (e.g. phonons
number 3 and 4).

3.5.2 Observation of phonon-polaritons

In the previous section it was seen that phonon resonances occur on the QP-
branches of IJJs. In this section it will be shown that very strong resonances
occur also in the flux-flow-state when vFF ≈ V j.

The behavior of phonon resonances in magnetic fields parallel to the CuO
double planes is examined first for the pure Bi-2212 mesa 4b (properties of this
mesa are given in table 3.1). Figure 3.29(a) shows measurements of dV/dI curves
of the last resistive branch at B = 0, B = 4 T resp. B = 9 T, measurements are
performed at a temperature of T = 1.6 K. dV/dI(V)-curves are measured by a
lock-in technique and measurements of the last resistive branch are done by first
applying a high bias current to switch all junctions to a resistive state and then
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Figure 3.29: (a) dV/dI curves of the last quasiparticle branch for the pure Bi-2212 mesa
4b with size 2.7 × 1.4 µm2 and with N = 8 intrinsic junctions, measured at T = 1.6 K
and at B = 0, B = 4 T resp. B = 9 T. For clarity, the curve at B = 4 T is offset with 20 kΩ

and the curve at B = 9 T is offset with 40 kΩ. Two phonon/phonon-polariton resonances
(minima and maxima indicated by arrows) and the flux-flow step (indicated by arrows)
are seen. (b) Magnetic field dependence of voltage positions of the phonon/phonon-
polariton resonances [determined from the average of positions of minima and maxima
in dV/dI curves in (a)] and of the flux-flow step. Green dashed lines indicate phonons at
V1 resp. V2.
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decreasing the current from there. Positions of the minima and maxima at the
resonances and the positions of the flux-flow step are indicated by arrows.

Phonon resonances in the pure Bi-2212 sample are much less pronounced
than for lead doped samples and only two resonances are observed ( j = 1, 2).
This is expected as the intensity of phonon resonances in IJJs is proportional to
I2
c [30] and the critical current Ic of the pure Bi-2212 sample is smaller by one

order of magnitude than Ic of lead doped samples.
In Fig. 3.29(b), the magnetic field dependence of the resonance voltage posi-

tions from zero to 15 T is presented, the average of the positions of the minima
and maxima of the differential resistivity at the resonances are depicted. In zero
magnetic field, phonon resonances are observed at voltage 47 mV resp. 62 mV.
As the voltage on the last quasiparticle branch is measured over all N = 8 junc-
tions in series, the resonance voltage per junction are V1 = 5.9 mV resp. V2 = 7.8
mV. It is observed that the resonance positions shift to higher voltages with in-
creasing magnetic field.

The voltage of the flux-flow step as a function of the magnetic field is obtained
from dV/dI curves as well and is also shown in Fig. 3.29(b). VFFS(B) is linear
for small fields, then it shows a small kink in the vicinity of V1, similar to the
observation in Ref. [112]. At high fields, the measured voltage of the flux-flow
step saturates at a voltage close to phonon j = 2. This is similar to the Pb-doped
sample, where VFFS(B) also levels out at high fields, see Fig. 3.19.

Both observed features in the magnetic field dependence of the flux-flow step
voltage (the kink in the vicinity of phonon j = 1 and the saturation in the vicinity
of phonon j = 2) can be explained by the interaction between flux-flow and
phonons in parallel magnetic fields that was predicted by Preis et al. in Ref. [113].
At voltages close to a phonon-resonances, the dielectric function εr(ω) of the
insulating barrier shows a strong frequency dependence. εr(ω) can be written
as [30, 80, 113]

εr(ω) = ε∞ +
∑

j

S jω
2
TO, j

ω2
TO, j − ω

2 − iγ jω
, (3.12)

where the index j labels each phonon. ε∞ is the dielectric constant at high
frequencies, S j the oscillator strength, ωTO, j the transversal eigenfrequency and
γ j the damping-factor of phonon j.

A consequence of the frequency-dependence is, that the velocity of electro-
magnetic waves inside the junction cn and therefore also the maximum fluxon
velocity uFF,max change. As a result, the voltage position of the flux-flow step
VFFS(B) is no longer proportional to the magnetic field.

The coupling between flux-flow and phonons leads to the formation of pho-
non-polaritons. Phonon-polaritons result from the coupling between transverse
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electromagnetic waves and TO-phonons in an ionic crystal [114]. The phonon-
polariton is the quantum associated with the coupled system of a phonon and a
photon. The coupling arises from the fact that oscillations of ions are accompa-
nied by an ac-electromagnetic field and vice versa an electromagnetic wave in an
ionic crystal is accompanied by the movement of ions (lattice vibrations). This
coupling occurs when the frequency and the wavevector of the phonon are close
to the frequency and the wavevector of the EM-wave.

Due to the coupling between EM-waves and phonons, resonances no longer
occur at the bare phonon-frequencies but are determined by the dispersion rela-
tion of phonon-polaritons, which can be written as

ω(kx) = kxcn(εr[ω]), (3.13)

where cn(εr[ω]) is obtained from Eqs. (1.29), (1.14), (1.13), (1.20) and (3.12)
and kx is the wavevector along the ab-plane.

Eq. (3.13) can be written in a more convenient form as

ω(kx) = kxcn(ε∞)
√

ε∞
Re[εr(ω)]

. (3.14)

Generation of phonon-polaritons in IJJs occurs when the flux-flow step ap-
proaches a phonon resonance voltage. At this resonance condition, the electro-
magnetic wave that is emitted from moving fluxons interacts strongly with lat-
tice vibrations and polaritons are generated. At the velocity matching condition,
the wavevector of electromagnetic waves along the ab-plane inside the intrinsic
Josephson junctions is proportional to the magnetic field and is given by

kx = 2πBs/Φ0. (3.15)

The corresponding wavelength is equal to the distance between fluxons at
magnetic field B. The frequency ω of electromagnetic waves at the resonance
voltage Vres is given by the ac-Josephson relation:

ω = 2πVres/Φ0. (3.16)

With these two equations, the dispersion relation ω(kx) of the coupled system
between phonons and EM-waves (polariton-dispersion) can be directly obtained
from measurements of Vres(B).

As an illustration, the dielectric function εr(ω) obtained from Eq. (3.12) for
one phonon band is shown in Fig. 3.30 (left panel). The following parameters
were used: γ = 0, S = 3, ωTO = 2 · 1013s−1, and ε∞ = 10. εr has a pole at ωTO and
is zero at ωLO. For frequencies between ωTO and ωLO, εr is negative, therefore no
electromagnetic waves can propagate in this region.
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Figure 3.30: (left) The dielectric function εr calculated from Eq. (3.12) for one phonon
band. The following parameters were used: γ = 0, S = 3, ωTO = 2·1013 s−1 and ε∞ = 10.
ωTO and ωLO are indicated by vertical dashed lines. (right) The polariton dispersion
ω(kx) calculated with Eq. (3.13) and with cn(ε∞) = 4.4 · 105 m/s. ωTO and ωLO are
indicated by horizontal dashed lines. The dispersion of the uncoupled electromagnetic
wave [ω(kx) = kxcn(ε∞)] is indicated by the diagonal dashed line.

The polariton dispersion ω(kx) is calculated with Eq. (3.13) with cn(ε∞) =

4.4 · 105 m/s and is shown in Fig. 3.30 (right panel). It consists of two branches,
the lower ends at the TO frequency of the phonon and the upper starts at the LO
frequency. For frequencies ωTO < ω < ωLO there is a gap. The dispersion of
the uncoupled electromagnetic wave [ω(kx) = kxcn(ε∞)] is shown by the diagonal
dashed line.

The experimental data resembles the calculated dispersion relation: VFFS(B)
in Fig. 3.29(b) is flux-flow like for small B but saturates as it approaches a
TO phonon and becomes here phonon-like. The resonance changes thus char-
acter [113]: at low kx, where dω/dkx ≈ cn it corresponds to a velocity matching
step with a constant speed of light, at higher kx it transforms to a phonon-polariton
resonance (mixture between flux-flow step and phonon resonance) and finally it
saturates at the TO phonon frequency, where dω/dkx ≈ 0. The branch corre-
sponds here to a TO-phonon resonance. Similarly, the upper branch starts as an
LO-phonon, transforms to a polariton and finally to a velocity matching step at
high kx.

The interaction between flux-flow and phonons is also studied for Bi(Pb)-
2212 mesas. Figure 3.31 shows a digital oscillogram of a lead doped mesa with
N = 11 and a size of 0.9 × 1.3 µm2 [115] at B = 10 T applied strictly par-
allel to the ab-plane. The contact resistance originating from the deteriorated
topmost IJJ is numerically subtracted. The multi-branch structure of the I-V
characteristic originates from the switching of individual junctions between dif-
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Figure 3.31: I-V characteristic of Pb-doped mesa with N = 11 IJJs at B = 10 T. The
multi-branch structure originates from the switching of individual junctions between the
following dynamic states: flux-flow step, flux-flow/phonon (polariton) resonances and
quasiparticle state. The series of voltage steps in region A (cyan) is due to the switching
from the flux-flow step to the QP-state, the series in regions B (blue), C (green) and D
(red) due to the switching from the flux-flow step to three different polariton resonances.

ferent states. Here, the following dynamic states are considered: flux-flow step
(velocity matching resonance), phonon-polariton resonances and QP state. At
low bias, all junctions are in the flux-flow state which is observed by the ap-
pearance of the flux-flow branch. Characteristic for the flux-flow branch is the
distinct positive curvature (d2I/dV2 > 0) leading to the velocity matching con-
dition at NvFFS = BNsuFF,max. At higher bias, individual junctions switch either
to a different resonant state or to the QP state. The switching to the QP state
(labeled A in Fig. 3.31) is observed as a series of N QP-branches with voltages
V = ivQP + (N − i)vFFS with i = 1, 2, ...N.

Labels (B-D) in Fig. 3.31 indicate the switching of junctions from the flux-
flow step to different polariton resonances. Each of the three series of resonant
voltage steps is caused by the interaction with a different phonon. The steps occur
at voltages VB,C,D = ivB,C,D + (N − i)vFFS with i = 1, 2, ...N.
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Figure 3.32: A set of I-V curves for the lead-doped mesa with N = 11 IJJs at different in-
plane magnetic fields and T = 1.6 K. The curves are offset vertically for clarity. Develop-
ment of the velocity-matching flux-flow resonance (circles) and higher flux-flow/phonon
resonances (squares, rhombuses and triangles) is seen. With increasing B voltages of
flux-flow-phonon resonances first increase and then saturate when the ac-Josephson fre-
quency is approaching the next TO phonon frequency (marked by vertical lines).
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Figure 3.33: Magnetic field dependence of resonance voltage positions for the lead
doped mesa Pb32-6b. Horizontal lines represent all observed LO phonons.

In Fig. 3.32, a set of I-V curves for the same mesa at different in-plane mag-
netic fields and at T = 1.6 K is shown. The curves are offset vertically for clarity.
Development of the velocity-matching flux-flow resonance (circles) and higher
flux-flow/phonon resonances (squares, rhombuses and triangles) is seen. With
increasing B voltages of flux-flow-phonon resonances first increase and then sat-
urate when the ac-Josephson frequency is approaching the next TO phonon fre-
quency (marked by vertical lines). In the figure it is indicated that at B = 0,
resonances occur at voltages corresponding to LO phonons, while at B = 17 T,
resonances occur at voltages corresponding to TO phonons. When comparing the
resonances at B = 9.5 T resp. B = 17 T to the phonon resonances at B = 0 in
the same figure, it is also observed that their intensity increases when a parallel
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Figure 3.34: A stack of IJJs in out-of-phase resp. in-phase state. Electric and magnetic
ac fields are indicated by wavy lines. Fluxon centers are shown by yellow circles. Fluxons
move with a velocity uFF. The out-of-phase state couples to Raman-active phonons, while
the in-phase state couples to IR-active phonons.

magnetic field is applied.
The magnetic field dependence of resonance voltages is shown in Fig. 3.33

for the lead doped mesa Pb32-6b. The figure reveals that VFFS(B) saturates as
it approaches V2, resonances shift to higher voltages with increasing magnetic
field and resonance-voltages saturate when they approach the next TO phonon at
higher voltage in accordance with the polariton dispersion. In contrast to the pure
crystal (Fig. 3.29), the lead doped crystals show both much more pronounced
resonances and a larger shift of resonance voltages.

The results discussed above show that in magnetic fields parallel to the ab-
plane, combined flux-flow and phonon-resonances of high intensity exist in lead-
doped samples up to large voltages. It was also observed that the intensity of these
resonances is higher than the intensity of phonon resonances at zero magnetic
field. This indicates that a mutual enhancement between flux-flow (EM-waves)
and phonon resonances takes place in Bi(Pb)-2212 mesas. On the contrary, in
pure Bi-2212 samples, where phonons are much weaker at B = 0, the coupling
between phonons and flux-flow is much less pronounced and only weak reso-
nances are seen also in the flux-flow state.

The structure of the fluxon lattice determines which type of phonon (Raman-
active resp. IR-active) can be excited. If fluxons are arranged in an in-phase order
(n = 1), the wavevector along c-axis is kz = π/Ns and for symmetry reasons
preferably IR-active phonons couple to the electric field in the junctions, see Fig.
3.34 and section 1.8. On the other hand, if the fluxon lattice is out-of-phase
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(n = N), kz = π/s and Raman-active phonons can couple to the E-field.
Apart from the observation of a kink in VFFS(B) at ≈ V1 [see Fig. 3.29(b)],

similar to that found in Ref. [112], no strong interaction between the IR-active
phonon at V1 and fluxons is observed, see Fig. 3.33. On the other hand, the
phonon at V2 was identified as being Raman-active and a coupling to flux-flow
was observed. This is consistent with the fact that fluxon lattices moving with
a low velocity are of out-of-phase-type, therefore only Raman-active phonons
can couple at low voltages. The two phonons V3 and V6 at higher voltages were
identified as being IR-active, which indicates the presence of a rectangular fluxon
lattice in this voltage range.

In conclusion, the stabilization of the in-phase fluxon state by IR-active pho-
nons which was observed here could be of interest when considering IJJs of
Bi(Pb)-2212 as FFOs. A collective generation of phonon-polaritons is observed
at frequencies above 10 THz which is considerably higher than the frequencies
measured in THz-emission experiments [5–7].
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Conclusions

Intrinsic Josephson junctions in strongly anisotropic high-temperature supercon-
ductors are interesting for research for several reasons. First, intrinsic tunneling
spectroscopy gives insight into the nature of high-temperature superconductivity.
Second, intrinsic Josephson junctions are candidates for devices that emit coher-
ent electromagnetic waves with frequencies in the THz-range. Such a device is
the flux-flow oscillator, which utilizes the unidirectional flow of fluxons inside
the Josephson junctions. To obtain high emission-powers, flux-flow oscillators
require an in-phase fluxon state with a rectangular fluxon lattice that synchro-
nizes the emission from all junctions in the stack.

In this thesis, small mesa structures are patterned on top of Bi2Sr2CaCu2O8

single crystals with photolithography and argon ion etching. The mesa area is
then further reduced with a focused ion beam. Miniaturization of the mesa area
is important mainly for two reasons: reduction of self-heating and stabilization
of the in-phase fluxon state.

The following new results were obtained during the course of this thesis:

• From the study of the temperature dependence of current-voltage character-
istics and c-axis resistance, a change in the interlayer transport mechanism
is found at the critical temperature in underdoped crystals: a crossover oc-
curs from thermal activation above Tc to quantum tunneling below Tc.

• The Fraunhofer pattern of Ic(B) is observed clearly in Bi-2212. Oscilla-
tions in the Ic(B)-patterns are found for magnetic fields strictly parallel to
the ab-plane. For long junctions and small magnetic fields the fluxons are
arranged in a triangular lattice and the period of oscillations corresponds
to half a flux quantum per junction, whereas for small junctions and high
magnetic fields the fluxons are arranged in a rectangular lattice due to the
stronger interaction with the junction edges and the period of oscillations
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corresponds to one flux quantum per junction. Results are in agreement
with previous theoretical works. Thus, it is shown that the formation of
the static rectangular lattice can be promoted by decreasing the size of the
mesas. A drawback that should be taken into account is that the emission
power from small mesas is also small.

• Superluminal (faster than the lowest velocity of electromagnetic waves
cN ≈ 3.2 × 105 m/s) electromagnetic cavity resonances are observed as
Fiske steps in the current-voltage characteristics. A large variety of steps
shows that several mode-velocities are involved. Fiske steps are important
for flux-flow oscillators as they are able to increase the power and to de-
crease the linewidth of the emitted THz-radiation. The presence of high
quality Fiske steps is evidence for the existence of a standing electromag-
netic wave of high intensity inside the mesa. The observed asymmetry be-
tween even and odd velocity modes gives an indirect evidence for emission
of radiation. From an analysis of flux-flow characteristics, the maximum
velocity of fluxons inside the mesa is calculated to uFF,max = 4.3× 105 m/s,
which is superluminal as well. The study of the temperature dependence
of geometrical and velocity-matching resonances shows that their quality
factors decrease rapidly with increasing temperature. This observation im-
poses a constraint on the application of Bi-2212 mesas as flux-flow oscilla-
tors and may limit their operation to low temperatures and low bias.

• Phonon-polaritons are observed in Bi-2212. It is observed, that the posi-
tions of phonon resonances in the current-voltage characteristics change
when high parallel magnetic fields are applied: they move to higher volt-
ages with increasing magnetic field. Furthermore it is found that the max-
imum flux-flow voltage is no longer proportional to the magnetic field in
the vicinity of a phonon resonance. These observations demonstrate the
interaction between flux-flow and phonon resonances and the generation of
phonon-polaritons by means of electrostriction. Evidence is found for the
stabilization of the in-phase fluxon state by IR-active phonons at frequen-
cies >10 THz. Moreover, the generation of phonon-polaritons shows that
stacks of intrinsic Josephson junctions are working as sources and multi-
layered transmission lines not only for coherent electromagnetic waves but
also for coherent phonon-polaritons in a frequency range that spans the
complete ”terahertz gap”.
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[57] H. B. Wang, S. Guénon, J. Yuan, A. Iishi, S. Arisawa, T. Hatano,
T. Yamashita, D. Koelle, and R. Kleiner, “Hot Spots and Waves in
Bi2Sr2CaCu2O8 Intrinsic Josephson Junction Stacks: A Study by Low
Temperature Scanning Laser Microscopy,” Phys. Rev. Lett., vol. 102,
p. 017006, Jan 2009.

[58] S. Guénon, M. Grünzweig, B. Gross, J. Yuan, Z. G. Jiang, Y. Y. Zhong,
M. Y. Li, A. Iishi, P. H. Wu, T. Hatano, R. G. Mints, E. Goldobin,
D. Koelle, H. B. Wang, and R. Kleiner, “Interaction of hot spots and tera-
hertz waves in Bi2Sr2CaCu2O8 intrinsic Josephson junction stacks of vari-
ous geometry,” Phys. Rev. B, vol. 82, p. 214506, Dec 2010.

[59] X. Hu and S.-Z. Lin, “Phase dynamics in a stack of inductively coupled
intrinsic Josephson junctions and terahertz electromagnetic radiation,” Su-
perconductor Science and Technology, vol. 23, no. 5, p. 053001, 2010.

[60] V. M. Krasnov, “Terahertz electromagnetic radiation from intrinsic Joseph-
son junctions at zero magnetic field via breather-type self-oscillations,”
Phys. Rev. B, vol. 83, p. 174517, May 2011.

[61] A. J. Dahm, A. Denenstein, D. N. Langenberg, W. H. Parker, D. Rogovin,
and D. J. Scalapino, “Linewidth of the Radiation Emitted by a Josephson
Junction,” Phys. Rev. Lett., vol. 22, p. 1416, Jun 1969.

[62] E. Joergensen, V. P. Koshelets, R. Monaco, J. Mygind, M. R. Samuelsen,
and M. Salerno, “Thermal Fluctuations in Resonant Motion of Fluxons on
a Josephson Transmission Line: Theory and Experiment,” Phys. Rev. Lett.,
vol. 49, p. 1093, Oct 1982.

[63] H. B. Wang, P. H. Wu, and T. Yamashita, “Terahertz Responses of Intrinsic
Josephson Junctions in High Tc Superconductors,” Phys. Rev. Lett., vol. 87,
p. 107002, Aug 2001.

[64] G. Hechtfischer, R. Kleiner, K. Schlenga, W. Walkenhorst, P. Müller,
and H. L. Johnson, “Collective motion of Josephson vortices in intrinsic
Josephson junctions in Bi2Sr2CaCu2O8+y,” Phys. Rev. B, vol. 55, p. 14638,
Jun 1997.

[65] K. Schlenga, G. Hechtfischer, R. Kleiner, W. Walkenhorst, P. Müller,
H. L. Johnson, M. Veith, W. Brodkorb, and E. Steinbeiss, “Subgap
Structures in Intrinsic Josephson Junctions of Tl2Ba2Ca2Cu3O10+δ and
Bi2Sr2CaCu2O8+δ,” Phys. Rev. Lett., vol. 76, p. 4943, Jun 1996.



BIBLIOGRAPHY 99

[66] A. Yurgens, D. Winkler, N. V. Zavaritsky, and T. Claeson, “Gap and sub-
gap stuctures of intrinsic Josephson tunnel junctions in Bi2Sr2CaCu2O8+x

single crystals,” Proc. SPIE, vol. 2697, no. 1, p. 433, 1996.

[67] D. D. Coon and M. D. Fiske, “Josephson ac and Step Structure in the
Supercurrent Tunneling Characteristic,” Phys. Rev., vol. 138, pp. A744–
A746, May 1965.

[68] B. Dueholm, O. A. Levring, J. Mygind, N. F. Pedersen, O. H. Soerensen,
and M. Cirillo, “Multisoliton Excitations in Long Josephson Junctions,”
Phys. Rev. Lett., vol. 46, pp. 1299–1302, May 1981.

[69] I. O. Kulik, “Wave propagation in a Josephson tunnel junction in the
presence of vortices and the electrodynamics of weak superconductivity,”
JETP, vol. 24, no. 6, p. 1307, 1967.

[70] A. L. Fetter and M. J. Stephen, “Fluctuations in a Josephson Junction,”
Phys. Rev., vol. 168, pp. 475–480, Apr 1968.

[71] S. Savel’ev, V. A. Yampol’skii, A. L. Rakhmanov, and F. Nori, “Terahertz
Josephson plasma waves in layered superconductors: spectrum, genera-
tion, nonlinear and quantum phenomena,” Reports on Progress in Physics,
vol. 73, no. 2, p. 026501, 2010.

[72] A. Irie, Y. Hirai, and G. Oya, “Fiske and flux-flow modes of the intrinsic
Josephson junctions in Bi2Sr2CaCu2Oy mesas,” Appl. Phys. Lett., vol. 72,
no. 17, pp. 2159–2161, 1998.

[73] V. M. Krasnov, N. Mros, A. Yurgens, and D. Winkler, “Fiske steps in
intrinsic Bi2Sr2CaCu2O8+x stacked Josephson junctions,” Phys. Rev. B,
vol. 59, p. 8463, Apr 1999.

[74] Y. Latyshev, A. Koshelev, V. Pavlenko, M. Gaifullin, T. Yamashita, and
Y. Matsuda, “Novel features of Josephson flux flow in Bi-2212: contribu-
tion of in-plane dissipation, coherent response to mm-wave radiation, size
effect,” Physica C: Superconductivity, vol. 367, no. 1-4, pp. 365 – 375,
2002.

[75] I. O. Kulik, “Theory of ”‘steps”’ of voltage-current characteristic of the
Josephson tunnel current,” JETP Lett., vol. 2, p. 84, 1965.

[76] M. Cirillo, N. Grønbech-Jensen, M. R. Samuelsen, M. Salerno, and G. V.
Rinati, “Fiske modes and Eck steps in long Josephson junctions: Theory
and experiments,” Phys. Rev. B, vol. 58, pp. 12377–12384, Nov 1998.



100 BIBLIOGRAPHY

[77] V. M. Krasnov, “Coherent flux-flow emission from stacked Josephson
junctions: Nonlocal radiative boundary conditions and the role of geo-
metrical resonances,” Phys. Rev. B, vol. 82, p. 134524, Oct 2010.

[78] G. Oya and A. Irie, “New features of subgap structures in intrinsic Joseph-
son junctions of Bi1−xPbxSr2CaCu2Oy,” Physica C, vol. 362, no. 1-4,
p. 138, 2001.

[79] Y. G. Ponomarev, E. B. Tsokur, M. V. Sudakova, S. N. Tchesnokov, M. E.
Shabalin, M. A. Lorenz, M. A. Hein, G. Müller, H. Piel, and B. A. Aminov,
“Evidence for strong electron-phonon interaction from inelastic tunneling
of Cooper pairs in c-direction in Bi2Sr2CaCu2O8 break junctions,” Solid
State Communications, vol. 111, no. 9, p. 513, 1999.

[80] C. Helm, C. Preis, C. Walter, and J. Keller, “Theory for the coupling be-
tween longitudinal phonons and intrinsic Josephson oscillations in layered
superconductors,” Phys. Rev. B, vol. 62, p. 6002, Sep 2000.

[81] E. G. Maksimov, P. I. Arseyev, and N. S. Maslova, “Phonon assisted tun-
neling in Josephson junctions,” Solid State Communications, vol. 111,
no. 7, p. 391, 1999.

[82] J. Prade, A. D. Kulkarni, F. W. d. Wette, U. Schröder, and W. Kress, “Cal-
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