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Abstract

In this thesis, intrinsic Josephson junctions, naturally formed in the strongly
anisotropic high-temperature superconductor Bi2Sr2CaCu2O8, are studied ex-
perimentally. 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 mesa-area to ≈ 1 × 1 µm2.

Intrinsic tunneling spectroscopy is performed to study the properties of
charge transport between adjacent copper-oxide layers. For this purpose, cur-
rent voltage characteristics along the crystallographic c-axis are measured and
temperature and bias-dependence of the c-axis quasiparticle resistance is stud-
ied. A change in the interlayer transport-mechanism is observed at the critical
temperature Tc: from thermal activation like above Tc to multiparticle trans-
port below Tc.

In magnetic fields B parallel to the copper-oxide planes, Josephson-vortices
(fluxons) penetrate the intrinsic Josephson junctions in the form of a vortex-
lattice. Information about the static lattice structure can be obtained from
the magnetic field dependence of the critical current Ic. In this thesis, Ic(B) is
measured for mesas with different sizes in magnetic fields up to 4 T and at a
temperature of 1.6 K. Modulations similar to the Fraunhofer diffraction pattern
are found. For long mesas, the period of oscillations is equal to half a flux
quantum per junction, but it changes to one flux quantum per junction if the
size of the mesa is reduced, or if the magnetic field is increased. This indicates
a transition from a triangular to a rectangular fluxon-lattice by geometrical
confinement in small mesas.

Flux-flow characteristics and resonance phenomena in mesa structures of
Bi2Sr2CaCu2O8+x and Bi2−yPbySr2CaCu2O8+x are finally studied. From mea-
surements of the flux-flow voltage in magnetic fields up to 17 T, the maximum
velocity of fluxons is calculated to cmax = 4.3 × 105 m/s. Phonon resonances
are observed in the current-voltage characteristics. Their voltage positions are
shown to be temperature-independent. The analysis of phonon-resonances in
magnetic fields reveals a shift in the phonon frequencies with increasing fields.
Evidence for an interaction between flux-flow and phonon resonances is found.
In addition, Fiske steps (cavity-resonances) are observed in the current-voltage
characteristics.
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It is argued that the employed technique for miniaturization of mesas and
the obtained results can be useful for better understanding of fundamental
properties of high-temperature superconductors and for realization of a coher-
ent flux-flow oscillator in the important THz frequency range.
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Chapter 1

Introduction

1.1 Motivation

More than 20 years after the discovery of superconductivity in cuprates, the
mechanism which explains high-temperature superconductivity has not been
found yet. High-Tc materials consist of superconducting 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 copper oxide
layers and interlayer transport occurs via tunneling.

The method employed in this thesis for studying high-temperature super-
conductors is intrinsic tunneling spectroscopy (ITS). In this method, interlayer
transport 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 perpen-
dicular to the copper-oxide layers and current-voltage characteristics are mea-
sured. Power dissipation in the mesa may lead to an increase of the mesa tem-
perature. To obtain unambiguous spectroscopic information, the self-heating
has to be kept to a minimum 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 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. Therefore, this region
from about 0.3 THz to 3 THz is sometimes called the ”terahertz gap”. Here, I
study one of the promising devices for emission of electromagnetic waves with
these frequencies: the flux-flow oscillator. It is based on vortex motion in a
Josephson junction. The emission power of the flux-flow oscillator can be in-
creased by using several coupled stacked Josephson junctions. Due to their lay-
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ered crystal structure, a single crystal of high-temperature superconductors like
Bi2Sr2CaCu2O8 represents a stack of intrinsic Josephson junctions [1,2], where
the distance between neighboring superconducting layers is only 15 Å. The
superconducting layers are thin compared to the London penetration depth,
therefore intrinsic Josephson junctions are coupled to each other via shared
magnetic fields.

These intrinsic Josephson junctions have the advantage of a high supercon-
ducting energy gap, which means a large range of frequencies is accessible. In
addition, they are formed naturally in single crystals which means they are
identical and reproducible. Recent experiments showed promising results for
emission at frequencies up to 0.85 THz [3]. High output power can be achieved
in case of synchronized emission of many junctions. As shown in this thesis, the
in-phase state can be facilitated by miniaturization of the Josephson junctions.

Both intrinsic tunneling spectroscopy and flux-flow oscillators require mesas
with a small area: for reduction of self-heating and for establishing the in-phase
fluxon state. In this thesis, miniaturization is done with the help of focused
ion beam.

1.2 Josephson-junctions

An SIS-Josephson-junction is the arrangement of two superconducting layers
(S) separated by a thin electrically insulating barrier (I). A Josephson-junction
is characterized by the maximum supercurrent it can carry, the critical current
Ic. Cooper-pairs can tunnel through the barrier without the presence of a volt-
age when the junction is biased with a current smaller than Ic. The existence of
this zero-voltage supercurrent is known as the dc-Josephson effect. The magni-
tude of the supercurrent depends on the difference between the phases θ1 and
θ2 of the superconducting wave-function in each of the two superconductors:

Is = Ic sin ϕ, (1.1)

where ϕ is the gauge-invariant phase difference of the superconducting wave-
functions across the barrier:

ϕ = θ2 − θ1 −
2e

h̄

∫ 2

1

Adl, (1.2)

here A is the vectorpotential.
If the current exceeds the critical current, an additional quasiparticle current

flows through the junction. The junction has then switched to the resistive state
(McCumber state) and a voltage V is established across the barrier. The phase
difference in the resistive state is time-dependent (ac-Josephson effect):

∂ϕ

∂t
=

2π

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

Is = Ic sin(
2π

Φ0
V t + ϕ0), (1.4)

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 effects were theoretically predicted
by Brian D. Josephson in 1962 [4]. Figure 1.1 shows a typical current-voltage
(I − V ) curve of a Nb-AlOx-Nb Josephson-junction measured at T = 2.5 K.

Figure 1.1: I − V curve of a Nb-AlOx-Nb Josephson junction at T = 2.5 K.

In the figure, the dc-supercurrent can be seen by the zero-voltage branch.
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 quasi-particles requires the break-
ing of Cooper pairs which becomes possible at this voltage. For voltages above
Vg the I − V curve shows ohmic-behavior, with a slope corresponding 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 volt-
age 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, the retrapping current.

The I − V curves of Josephson junctions can be described by the RCSJ
(resistively and capacitively shunted junction) model [5], where the current
through the junction is given by the sum of the supercurrent, the quasipar-
ticle current and the displacement current. Expressed in terms of the phase
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difference, the total current is given by

I = Ic sin ϕ +
Φ0

2πR

∂ϕ

∂t
+

CΦ0

2π

∂2ϕ

∂t2
, (1.6)

where R is the normal resistance of the Josephson junction and C the capaci-
tance of the junction.

When the variation of the phase difference along the junction length (x-
direction) is taken into account, the RCSJ-equation is complemented by an
extra term which is proportional to the second spatial derivative of the phase
difference. This leads to the perturbed sine-Gordon equation [5], which de-
scribes the phase dynamics of a Josephson junction:

λ2
J

∂2ϕ

∂x2
− ω−2

pl

∂2ϕ

∂t2
− αω−1

pl

∂ϕ

∂t
= sinϕ − J

Jc

, (1.7)

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

λJ =

√

Φ0

2πµ0JcΛ
, (1.8)

ωpl =

√

2πIc

Φ0C
, (1.9)

α =
1√
βc

=

√

Φ0

2πIcR2C
. (1.10)

βc is the McCumber parameter and Λ is given by

Λ = 2λS coth
d

λS

+ t. (1.11)

In equation (1.11), d is the thickness of the two superconducting layers which
are assumed to be identical, t is the thickness of the barrier and λS is the
London penetration depth of the superconductor. The perturbed sine-Gordon
equation is a non-linear wave equation which can only be solved numerically.
Analytical solutions exist when α = 0 (zero damping) and J = 0 (zero bias
current). In this case (1.7) 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 vortex, carries a quantum
of magnetic flux and has solitonic properties. It appears as a 2π phase shift
along the junction length and has a circulating vortex current around its center.
The size of a stationary fluxon along the junction length is ≈ 2λJ . Fluxons are
relativistic objects and in the presence of a bias current, they can be accelerated
up to a limiting velocity c0, the Swihart-velocity. In a single junction, c0 is the
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velocity of electromagnetic waves in a transmission line formed by the junction,
it is given by [6]

c0 = λJωpl = c
√

t/ǫrΛ, (1.12)

where c is the velocity of light in vacuum and ǫr is the dielectric constant
of the tunnel barrier. Typically, c0 is a few percent of c.

λJ gives the length-scale over which a magnetic field can penetrate into the
junction. The behavior of the junction depends on the length L of the junction
relative to λJ . If the junction is short (L < λJ), the magnetic field penetrates
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 [5,7].
This system is also described by the perturbed sine Gordon equation. The
deflection angle of a pendulum corresponds to the phase difference ϕ in equation
1.7. A fluxon can be created in this model by the rotation of one end of the
chain of pendulums by 2π, see figure 1.2. This 2π-twist behaves like a particle
and can move along the chain of pendulums. Josephson plasma waves are
represented in this model by small amplitude waves along the chain.

Figure 1.2: A mechanical analog of a long Josephson junction. The dynamics
of the 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.

1.3 High-temperature superconductors

High-temperature superconductors (HTSC) were discovered in 1986 by J.G.
Bednorz and K.A. Müller [8]. HTSC are ceramics with a perovskite crystal
structure and with critical temperatures between 30 K and 135 K. They contain
layers of copper-oxide and are also known under the name ”cuprates”. One of
the most studied HTSC is Bi2Sr2CaCu2O8+x (Bi-2212).
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Figure 1.3: Crystal structure of Bi-2212. The coordinate system indicates the
crystallographic axes. The alternating superconducting (S) and insulating (I)
layers represent a stack of intrinsic SIS Josephson junctions. The thickness of
S-layers is d ≈ 0.3 nm, while the thickness of I-layers is t ≈ 1.2 nm.

Figure 1.3 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 CuO2 along the crystallographic ab-plane, alternating with planes
of BiO and SrO. One half of the unit cell has a size of s = 15 Å along the
crystallographic c-axis, corresponding to the space periodicity of CuO2 double-
planes. The copper-oxide double-planes are superconducting, while planes of
bismuth-oxide and strontium-oxide are electrically insulating. The insulating
layer has a thickness of t ≈ 1.2 nm. Table 1.1 summarizes important properties
of Bi-2212.

The properties of Bi2Sr2CaCu2O8+x strongly depend on the degree of dop-
ing with oxygen or with other elements (e.g. Pb). The undoped compound
(x = 0) is an antiferromagnetic insulator. As the oxygen content is increased,
superconductivity eventually appears. The excess oxygen atoms are located
between the BiO layers and pull electrons out of the CuO2 layers. This cre-
ates mobile holes in the CuO2 layers. The critical temperature reaches its
maximum of ≈ 94 K at an oxygen content of x ≈ 0.16 [9]. The crystal is
then said to be optimally doped. Bi-2212 crystals are called underdoped when
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Tc max (K) 94
ξab (nm) 2
ξc (nm) 0.1
λab (nm) 200-300
λc (µm) 15-150

Bc2,ab (T) > 250
Bc2,c (T) > 60

Table 1.1: Properties of Bi-2212 (from [7]). ξab is the Ginzburg-Landau coher-
ence length along ab-plane, ξc is the Ginzburg-Landau coherence length along
c-axis, λab is the London penetration depth for screening currents in the ab-
plane, λc is the London penetration depth for screening currents along the
c-axis, Bc2,ab is the upper critical field for field-orientation parallel to the ab-
plane and Bc2,c is the upper critical field for field-orientation along c-axis. All
values are doping dependent.

x < 0.16 and overdoped when x > 0.16. The oxygen content can be controlled
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 atom with an atom of 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 CuO2 layers.

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 resistivity along the c-axis is much higher
than in the ab-plane. The Ginzburg-Landau coherence length along c-axis is
smaller than the interlayer spacing s, therefore superconductivity is confined to
the CuO2 planes. In 1992, R. Kleiner and P. Müller discovered experimentally
that two neighboring CuO2 double planes and the intervening insulating layer
represent a Josephson junction [1]. This means that a single crystal of Bi-2212
acts as a densely packed, naturally formed array of intrinsic Josephson junctions
(IJJ). A single crystal with a thickness of 1 µm contains almost 700 junctions.
The advantage of IJJ in comparison to conventional Josephson-junctions is that
they are naturally formed and therefore they are uniform and reproducible.

In different experiments [10–12] it has been observed, that a gap exists in
the quasiparticle density of states in underdoped cuprates even above the crit-
ical temperature. This gap is called the pseudogap. It still remains unclear if
and how the pseudogap is related to superconductivity. If superconductivity
is its origin, preformed Cooper pairs that exist above Tc could be the reason
for the existence of the normal state gap. To answer this question, the study
of the temperature dependence of the superconducting gap and the pseudogap
is helpful [13]. An often used method is scanning tunneling spectroscopy [10],
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which probes the surface of the crystal. There are complications with surface-
sensitive methods though: 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
CuO2 plane. These problems are avoided by intrinsic tunneling spectroscopy
(ITS) which utilizes the intrinsic Josephson junctions and probes thus the bulk
properties of the crystal [11, 12, 14]. For ITS, mesa shaped structures are pat-
terned on the surface of Bi-2212 single crystals. The mesa is biased with a
transport current along the c-axis and an I − V curve is measured. The num-
ber N of IJJ over which the measurement is performed is controlled by the
height of the mesa. The main problem with intrinsic tunneling spectroscopy is
self heating due to the bias current. Self heating can be reduced by decreasing
the area of the mesa [15].

A typical I − V curve of a Bi-2212 mesa is presented in figure 1.4. The
I − V curve is hysteretic and has several branches.

Figure 1.4: I − V curve of a Bi-2212 mesa at T = 14 K. The stack contains
seven intrinsic Josephson junctions as can be seen from the number of branches
in the I − V curve.

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 IJJ can be
either in the superconducting or in the resistive state if I < Ic. When all IJJ
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 IJJ 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
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and the number of IJJ in the mesa can therefore be determined by counting
the number of branches (the mesa from figure 1.4 consists of seven IJJ and the
height of the mesa is therefore 7s = 10.5 nm).

1.4 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 is much larger
than the thickness of the superconducting layers d, 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 Pedersen [16].
The CSGE can be applied both to intrinsic Josephson junctions of HTSC and
to artificially fabricated stacks of Josephson junctions.

Figure 1.5: 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).

Figure 1.5 shows the geometry of the stack. The bias current is along z-axis,
the junction barriers are along the xy-plane and a magnetic field is applied in
y direction. L is assumed to be larger than λJ , whereas W is assumed to be
smaller than λJ .

For a stack of N identical junctions, the coupled sine-Gordon equations can
be written in the following form:
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, (1.13)

where ϕi is the phase difference in junction number i, Λ is given by (1.11) and
S is given by

S =
λS

sinh(d/λS)
(1.14)

The current densities Jzi across junction i are obtained from (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, (1.15)

here, Jb is the bias current density.
External magnetic fields enters the CSGE via boundary conditions.

1.4.1 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. The CSGE can be written
in a more simple way by dividing (1.13) 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

)

, (1.16)

As with the perturbed sine-Gordon equation, the CSGE can be solved only
numerically. Only special cases can be solved analytically. First the case with
no Josephson tunneling, zero bias current and no damping is considered. Under
these circumstances, the current components obtained from equation (1.15) are:

Jzi/Jc = ω−2
pl

∂2ϕi

∂t2
. With the ansatz ϕi = Aie

ik(x−ut) it follows

u−2

(

ϕ1

ϕ2

)

= c−2
0

(

1 −S′

−S′ 1

)(

ϕ1

ϕ2

)

, (1.17)

which is an eigenvalue equation. c0 is the Swihart velocity of a single junction
(1.12). 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 (1.18)
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This results in
u± =

c0√
1 ± S′

(1.19)

which gives the characteristic velocities of electromagnetic waves in the stack
of junctions. Two different velocities exist. One is higher than the Swihart
velocity of a single 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 smaller velocity u+. This corresponds to an in-phase and an out-of
phase mode of electromagnetic wave propagation, respectively.

Now the case for small variations of the phase is considered, so that sinϕ ≈
ϕ and again, the bias current is assumed to be zero and no damping is assumed
to be present. The current components obtained from equation (1.15) are then

Jzi/Jc = ω−2
pl

∂2ϕi

∂t2
+ ϕi and with the ansatz ϕi = Aie

i(kx−ωt) it follows

k2

(

ϕ1

ϕ2

)

= (c−2
0 ω2 − λ−2

J )

(

1 −S′

−S′ 1

) (

ϕ1

ϕ2

)

, (1.20)

and
∣

∣

∣

∣

c−2
0 ω2 − λ−2

J − k2 −(c−2
0 ω2 − λ−2

J )S′

−(c−2
0 ω2 − λ−2

J )S′ c−2
0 ω2 − λ−2

J − k2

∣

∣

∣

∣

= 0 (1.21)

This results in

ω2 =
c2
0k

2

1 ± S′
+ ω2

pl (1.22)

which is the dispersion relation for electromagnetic Josephson plasma waves
inside the junctions.

1.4.2 N-junction stack

For a stack of N Josephson junctions the different mode velocities are given
by [17]

cn =
c0

√

1 − 2S′ cos nπ
N+1

, for n = 1, 2, ..., N. (1.23)

Thus, there exist N different characteristic velocities in a stack of N junc-
tions. The mode with the highest velocity c1, corresponds to the in-phase mode,
while the mode with the lowest velocity cN , corresponds to the out-of-phase
mode.

For Bi-2212, d is small compared to the London penetration depth, therefore

Λ ≈ 2λ2

S

d
and S ≈ λ2

S

d
. The normalized coupling constant S′ is very close to its

asymptotic value 0.5 in this case.
λS is the isotropic London penetration depth of the superconducting layers.

The effective London penetration depth of Bi-2212 along the c-axis, λab, is
related to λS via λab =

√

s/dλS [18]. λab is larger than λS because screening
currents are reduced in the layered structure of Bi-2212.
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Figure 1.6: The characteristic velocities cn calculated from (1.23) 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.

Figure 1.6 shows a calculation of the characteristic velocities cn for a stack
of N = 25 junctions. Parameters typical for Bi-2212 have been used (d = 0.3
nm, t = 1.2 nm, λab = 200 nm, ǫr = 25 [19]), the coupling constant is then
S′ = 0.49998. The Swihart velocity for a single junction is calculated to c0 =
2.83 × 105 m/s and is indicated by the dashed horizontal line in the figure. It
should be noted that the absolute values of the calculated velocities are only
rough estimates because the parameters are not known exactly. Especially the
value of the dielectric constant of Bi-2212 is uncertain.

In general, cN approaches asymptotically the value c0/
√

2 (for N ≫ 1),
while the highest velocity c1 approaches c/

√
ǫr (for N ≫ 1 and d → 0).

The CSGE describe the phase dynamics for a stack of Josephson junc-
tions. All important electromagnetic quantities can be derived from the phase-
difference ϕ: the Josephson current is proportional to sinϕ, the voltage (which
is proportional to the electric field over the junction barrier) is proportional to
∂ϕ/∂t and the magnetic field is proportional to ∂ϕ/∂x. As for a single junction,
fluxons are solutions also to the CSGE. Fluxon-dynamics will be described in
the next section.

1.5 Flux-flow oscillator

Figure 1.7 presents a sketch of a single Josephson junction acting as a flux-
flow oscillator (FFO). 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
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Figure 1.7: Sketch of a single Josephson junction working as a flux-flow os-
cillator. Jb is the applied bias current density, B the magnetic field applied
parallel to the junction plane and u 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.

inside the Josephson junction. The force between two fluxons is repulsive and
a fluxon array is formed inside the junction. The fluxon array is pinned at the
boundaries of the junction. When a bias current is applied, a Lorentz force
is exerted on the fluxons. As the bias current is increased, the Lorentz force
will eventually overcome the pinning force and the fluxon array starts to move.
This leads to a unidirectional flow of the fluxon-array, 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 u.

The moving fluxons induce a voltage across the junction - the flux-flow
voltage. One fluxon passes the junction in time T = L/u and each fluxon
induces a phase shift ∆ϕ = 2π along the junction. The voltage that one
fluxon induces can then be determined from the Josephson relation (1.3): V =
Φ0∆ϕ/2π∆t = Φ0u/L.

The number of fluxons in the junction is Nfluxon = Φ/Φ0, where Φ =
BdeffL is the magnetic flux through the junction. deff is the effective magnetic
thickness of the Josephson junction:

deff = 2λS tanh
d

2λS

+ t. (1.24)

The total flux-flow voltage is then

VFF = NfluxonV = Bdeffu (1.25)

This shows that the flux-flow voltage is proportional both to the fluxon-velocity
and the magnetic field and independent of the junction length.
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The flux-flow voltage can be seen in I − V curves as an extra branch that
develops 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 figure 1.8. Fluxons can be accelerated to the
limiting velocity c0 and the corresponding flux-flow voltage saturates. A flux-
flow step is seen at this voltage in the I − V curve. This step is also called the
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 when the bias current is increased further.

When a fluxon reaches the boundary and leaves the junction, its energy is
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 = Bdeffu/Φ0. This frequency can
also be obtained from the ac-Josephson relation (1.5) at the flux-flow voltage:
f = VFF /Φ0.

A part of the emitted radiation is reflected back and can excite cavity
resonances in the Josephson junction. Cavity resonances occur when an integer
number of half-wavelengths of the emitted electromagnetic radiation fit the
length of the junction and the formation of a standing wave becomes possible.
Due to the interaction between the standing wave and the Josephson current,
current steps will develop in the I − V characteristic at the corresponding
voltage [20]. These so-called Fiske steps can be seen in figure 1.8.

Figure 1.8: 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
Koshelets et al. [21]
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Figure 1.9: Sketches of stacks of two Josephson junctions. Fluxons are arranged
in in-phase configuration (a) resp. out-of-phase configuration (b).

Now a stack of N intrinsic Josephson junctions is considered, 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 pene-
tration depth is much larger than the thickness of the superconducting layers.
Thus, fluxons in neighboring junctions interact and instead of having indepen-
dent fluxon-arrays in each junction, a fluxon-lattice will be created inside the
stack. As discussed in the previous section, N different modes of electromag-
netic wave propagation exist in the stack and the structure of the fluxon-lattice
will be different for each of the modes. If the stack is in mode n = N corre-
sponding to the lowest velocity of electromagnetic waves, fluxons are arranged
in a triangular vortex-lattice (out-of-phase mode). On the other hand, flux-
ons are arranged in a rectangular lattice (in-phase mode) when the stack is in
mode n = 1 corresponding to the highest velocity [16, 22]. This is illustrated
schematically in figure 1.9 for a stack of two junctions.

For Bi-2212, equation (1.24) reduces to deff = d + t = s = 1.5 nm, as
d ≪ λS .

In the presence of a bias current, the fluxon-lattice is accelerated. The
flux-flow voltage at the velocity matching step is obtained from equation (1.25)
with u = cn:

VFFS = NFF Bscn, (1.26)

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). For example, fluxons can be pinned more strongly in some junctions due
to crystal defects.

The condition for exciting Fiske steps in a stacked Josephson junctions is:

fm,n =
mcn

2L
, for m = 1, 2, 3, ... and n = 1, 2, ..., N. (1.27)

In ref. [22] it has been shown, that a stack of Josephson junctions acts as a
two-dimensional resonance cavity, in which cavity resonances are excited with
m half wavelength in x direction and with n half wavelength in z direction.
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Fiske steps have been observed in artificial stacks of low-Tc junctions [17] and
in intrinsic stacked Josephson junctions of Bi-2212 [19,23].

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. When the fluxons are arranged in a triangular lattice instead,
fluxons hit the junction barrier out of phase and the emission power is minimal
because of destructive interference. Intrinsic Josephson junctions in HTSC are
actively studied as potential high-power coherent THz-oscillators [3,24]. Later
in this thesis it will be shown, that, the rectangular static lattice is promoted
by geometrical confinement in IJJ, if the junction length perpendicular to the
magnetic field is reduced to L ≈ 4λJ ≈ 3 µm [25].

The full linewidth of emitted electromagnetic radiation at half power due
to thermal noise is [26,27]

∆f =
4πkBTR2

D

Φ2
0R

2
S

, (1.28)

where RD is the differential resistance at the bias point and RS is the 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
emitted signal. Some of the resonances that can be excited in IJJ are: cav-
ity resonances (Fiske steps), resonances to external electromagnetic radiation
(Shapiro steps) [28], the flux-flow step [29] and phonon resonances [14, 30–32].
Koshelets et al. [21] demonstrated, that a flux-flow oscillator can be operated
with a linewidth as low as 1 Hz.
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Experimental methods

2.1 Micro/nano-fabrication

Miniaturization of the mesa area is important for several reasons. In spec-
troscopy, it is crucial to have as low self-heating as possible in order 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 will promote the in-phase vortex-lattice by geometrical
confinement as will be shown later in this thesis. The in-phase fluxon lattice is
important for the use of IJJ as coherent THz-oscillators as described in the in-
troduction. Besides those two main reasons for miniaturization of the junction
area, the probability for crystal defects is also reduced in mesas with smaller
area.

Sample fabrication was done in the Nano-Fab Lab clean-room facilities at
AlbaNova University Center.

2.1.1 Crystal cleaving

Two batches of single crystal were used throughout the work of this thesis:
a pure Bi-2212 and a lead doped Bi(Pb)-2212. 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 because sapphire has high
thermal conductivity, additionally, it is a very hard material that does not break
or scratch easily. 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

23
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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 put on the droplet. To cure the epoxy, the sample is baked on a hot-plate at
120◦C for 15 minutes.

The surface or the crystal gets easily contaminated from humidity in the
air which deteriorates the surface layer of the crystal. Therefore, the crystal
must be cleaved 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 the 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 one crystal plane and large terraces are formed
on the surface or if the surface contains many cracks, the cleaving has to be
repeated. The crystal is inspected with an optical microscope to see if it has
the required properties. A 30 nm thick layer of gold is then deposited on the
sample to protect the surface of the crystal. The Au-deposition is done by
e-beam deposition in a UHV vacuum chamber.

2.1.2 Fabrication of the pedestal mesa

A small square with a dimension of 120 × 120 µm is patterned on the crystal
by photo-lithography for fabrication of a pedestal mesa. In this work, the
projection mask aligner PPC-210 from Canon was used for photo-lithography.
In a projection mask-aligner, UV-light from a mercury lamp is used to project
a pattern from a photo-mask through an optical system onto a photo-resist
coated sample. After exposure, the sample is developed in a developer-fluid
and the photo-resist is dissolved in those regions on the sample that have been
exposed to the UV-light. In this way, the pattern has been transferred from
the photo-mask to the sample.

Below, the photo-lithographic process is described in detail. Photo-resist
S1813 is used in combination with developer MF 319. To coat the sample with
a layer of photo-resist, a droplet of resist is applied onto the substrate and the
substrate is spinned at 4000 rpm for one minute. This will give a resist-layer
with a thickness of 1.5 µm. The substrate is then put on a hot-plate at 90◦C
for one minute to soft-bake the photo-resist. During soft-baking, solvents in
the photo-resist will evaporate and the photo-resist gets more viscous and the
adhesion to the substrate and the crystal is increased.

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.

Photo-resist can be left sometimes around the mesa-pattern due to under
exposure. Those parts can be removed by ashing in oxygen-plasma. A reactive
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a) b)

Figure 2.1: a) A crystal with the gold-covered pedestal mesa and the photo-
resist pattern of the mesa-line on top. b) The pedestal mesa and the photo-
resist pattern of the mesa-line at higher magnification.

ion etching (RIE) system Oxford PlasmaLab 80 is used for ashing. In this
system, the process-chamber is filled with a process-gas (in this case oxygen)
and a plasma is generated by an RF-electric field at a frequency of 13.56 MHz.
The Oxford PlasmaLab 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 (this will result in higher etch-rates). When the sample is put
inside the plasma, oxygen radicals will react with the organic photo-resist and
the photo-resist is etched. Typically, the sample is ashed for ≈ 2 minutes at 15
W RF-power and at a pressure of 100 mTorr.

The next step is to etch the sample in a gold etch solution (KI-I2 solution).
This will remove the gold around the photo-resist pattern of the mesa. After
etching, the photo-resist-mask is removed with aceton followed by a cleaning
in isopropanol. The pedestal mesa on the crystal can be seen in figure 2.1a).

2.1.3 Fabrication of the mesa-line

In a second step of photo-lithography, a line-shaped mesa with dimensions
5 × 100 µm2 is patterned on the pedestal mesa. In this step, a double layer
of photo-resist 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 photo-resist
layer is exposed completely. Then a second layer of photo-resist is applied, the
photo-mask of the mesa-line is aligned to the pedestal mesa and the sample is
exposed. The sample is then developed. Figure 2.1b) shows the photo-resist
pattern of the line on the pedestal mesa. The reason for using the double layer
of photo-resist is to achieve an undercut. Undercut means, that the profile of
the photo-resist 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.
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a) b)

c) d)

Figure 2.2: a) The mesa-line on a crystal after ion-milling. b-c) The mesa-line
on a crystal after ion-milling, insulation with CaF2 and lift-off. The mesa-line
is free from photo-resist and CaF2, while the rest of the sample is covered
with an insulating layer of CaF2. d) A sample after planarization by photo-
lithography. The sample is coated with photo-resist and a rectangular window
is opened around the mesa.

The sample is then etched by argon-ion-milling. The set-up used is a
Kaufman-type ion-source from Veeco Instruments, installed in an UHV-vacuum
chamber. 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 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
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process.

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 Bi-2212 crystal, see figure 2.2a). After ion-
milling, an electrically insulating layer with a thickness of ≈ 30 nm is deposited.
Materials used are either aluminum oxide (Al2O3) or calcium fluoride (CaF2).
Aluminum oxide has the advantage 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 during deposition. Heating of the sample
can lead mainly to two complications. The first is that the photo-resist 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. Deposition of the insulating materials
is done in an Edwards e-beam deposition chamber.

In the next step, a lift-off is performed to get rid of the photo-resist and
the insulation layer on top of the line-shaped mesa. The lift off process is
done by putting the sample for 20 seconds inside an ultrasonic bath at 40◦C in
acetone. Figure 2.2b-c) show the line shaped mesa after the lift-off procedure.
The gold-covered mesa-line is free from photo-resist and CaF2, while the rest
of the sample is covered by an insulating CaF2 layer.

2.1.4 Fabrication of the electrodes and the six mesas

In this section, the fabrication of the electrodes will be described. The elec-
trodes 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 figure 2.2a) and b). The gold layer that will be later
deposited, 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
photo-lithography. Figure 2.2d) shows a sample which has been planarized this
way. The sample has been coated with photo-resist and soft-baked in the usual
way. Depending on the thickness of the crystal, diluted photo-resist 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
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a) b)

c)

Figure 2.3: a) The photo-resist pattern of the electrodes after development.
The electrodes have been aligned to the mesa-line. b) 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. c) A finished sample. The
twelve gold contacts can be seen. They reach from the Bi-2212 crystal in the
middle of the figure to the outer parts of the substrate.
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Figure 2.4: A sketch of the sample layout. On the surface of the crystal, the
line shaped mesa has been etched. The crystal surface around the mesa-line
has been covered with an insulating layer of CaF2 with the help of the lift-off-
process. After etching of the electrodes, six mesas are created on the mesa-line.
The electrodes themselves are not shown in this figure. The cuts that will be
made by focused ion beam, are illustrated on the mesa on the far right.

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
improve 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.

The deposition of gold is done from three different angles (0◦, +45◦,-45◦)
to better cover the edges of the mesa and the photo-resist. After that, in a
final step of photo-lithography, the contacts are patterned. The mask for the
contacts has six electrodes that are aligned to the mesa-line, see figure 2.3a).

After photo-lithography, 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 figure 2.3b). In the same figure it can be
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seen that each of the six mesa is connected to two gold contacts. An image of a
finished sample at lower magnification is shown in figure 2.3c). The twelve gold
contacts can be seen. Figure 2.4 presents a sketch of the final sample-layout.

The photo-resist 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 photo-resist can
be difficult to remove. First the photo-resist 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-fluid, 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
photo-resist in this step, because aceton would dissolve the photo-resist under
the gold-electrodes which was applied for planaraization. This would detach
the electrodes from the substrate.

2.1.5 Focused Ion Beam trimming

The six mesas that were fabricated so far have an area of ≈ 5 × 6 µm2. To
reduce the area, nano-fabrication tools are employed. For this purpose, the
dual beam system FEI Nova 200 is used, which is a combination of a scanning
electron microscope (SEM) with 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 cutting the sample. Cuts with a width down to 20 nm can be made.
The dual beam system is also equipped with a gas injection system for ion
beam induced platinum-deposition (IBID): a precursor-gas is injected through
a needle very close to the surface of the sample. The precursor-gas consists
of an organic-metallic molecule which will decompose when exposed to the ion
beam. Platinum will then be deposited on the regions of the sample surface
which have been scanned with the ion beam.

FIB-cuts for reducing the area of a mesa are illustrated in the sketch of
figure 2.4. Figure 2.5a) shows a SEM image of a mesa that was trimmed with
FIB. Its area was reduced to ≈ 1 × 1 µm2.

Besides trimming of the mesas, the FIB is used to repair samples which have
defects. Typical defects are shorts between electrodes and broken electrodes at
the edges of the crystal and the epoxy. Shortcuts are created when photo-resist
was left between neighboring electrodes after development. This results in gold
being left between the electrodes after ion-milling. These shortcuts can easily
be removed by cutting with focused ion beam. Broken electrodes are repaired
by depositing a strip of platinum to bridge the interrupted electrode. A sample
with repaired electrodes is shown in figure 2.5b).
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a)

b)

Figure 2.5: 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 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.
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2.2 Low-temperature measurements

Low-temperatures measurements are performed 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-build cryogen-free cryostat that
reaches temperatures down to 12 K. The cryostat from Cryogencic Ltd. has a
base temperature of 1.6 K and the sample is placed in a variable temperature
insert (VTI). The VTI temperature can be regulated from base temperature
up to 300 K with a heater. This cryostat is equipped with a 17 T Nb3Sn/NbTi
magnet which can be operated in persistent mode.

Figure 2.6a) shows a sample that has been attached to a sample-holder
plug-in with vacuum grease. Aluminum wires are bonded with a wedge-bonder
from the electrodes of the sample to the contact-pads of the plug-in. The plug-
in is placed on a rotatable sample-holder which is then inserted into the VTI. A
picture of the sample-holder is shown in figure 2.7a). 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 figure 2.7b).

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 sample-holder and the tempera-
ture is controlled with a LakeShore LS340 temperature controller. Data acqui-
sition is done with PXI analog-to-digital converters from National Instruments
and a PC-based LabVIEW measurement system. The sample is current-biased
with a PXI arbitrary waveform generator. A Keithley 6221 current source was
used in one part of the experiment. The current through the sample is ob-
tained by measuring the voltage drop over a 100 Ω resistor in series with the
sample and the voltage over the sample is measured with three probe or quasi-
four-probe configuration. Figure 2.6b) shows schematically the principle 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.
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a) b)

Figure 2.6: a) 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. On the
contact pads of the sample, silver paint can be seen. b) Schematic of a 3-
probe measurement. The current is applied from I+ to I− and the voltage is
measured between V + and V −.

a) b)

Figure 2.7: a) The rotatable sample holder. The plug-in from figure 2.6a) will
be attached to the sample-holder. A step-motor rotates the sample with a
precision of 0.02◦. b) A sketch of the rotatable sample holder. θ is the angle
between the magnetic field and the crystallographic ab-plane of the sample.
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Chapter 3

Results

3.1 Basic properties of small mesa structures

Intrinsic tunneling spectroscopy is a method for probing the bulk properties of
HTSC. As mentioned in the introduction, charge carriers are confined to the
CuO2 layers. Information about the interlayer transport mechanism can be
obtained from analyzing current voltage characteristics for transport currents
along the c-axis and from measurements of the c-axis resistivity. In this section,
measurements on an underdoped Bi-2212 sample are discussed. The area of
the studied mesa is 5 × 6 µm2. The sample was cooled with the homebuilt
cryostat.

The temperature dependence of the c-axis resistance is shown in figure 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 cleaved, which has lead to a deterioration of its surface.

An I − V curve for this mesa at low bias and at T = 14 K was shown
in figure 1.4. As discussed, the mesa contains N = 7 intrinsic Josephson
junctions. Voltage spacings between neighboring quasiparticle (QP) 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 deterioration 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 3.2a) 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 high bias (above the gap-voltage), the curves
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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.

approach a temperature independent normal resistance.
Figure 3.2b) shows the dI/dV curves, which were calculated numerically

from the I − V curves in figure 3.2a). At the superconducting gap-voltage, a
pronounced peak is seen in the dI/dV curves. The peak moves to lower volt-
ages with increasing temperatures, which is a consequence of the temperature-
dependence of the superconducting gap. Another feature in the dI/dV curves
is a hump at high bias, which is usually referred to as being a consequence of
the pseudogap in the quasiparticle density of states [10–12]. In addition, the

Figure 3.2: a) I−V curves at temperatures from 14 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 14 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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curves cross in almost one point.
Above Tc, c-axis transport in Bi-2212 can be described by thermal acti-

vation over a barrier with a temperature-independent height UTA [33]. The
temperature- and voltage-dependence of the current over the barrier is given
by the following expression:

I(T, V ) ∝ ne
−UT A

kBT sinh
eV

2kBT
, (3.1)

where n is the quasiparticle density. Differentiating (3.1) with respect to V ,
gives the conductance as a function of temperature and voltage:

dI

dV
(T, V ) ∝ n

T
e

−UT A

kBT cosh
eV

2kBT
. (3.2)

At T > Tc and for voltages V ≤ 2UTA, equation (3.2) reproduces the ex-
perimental curves, including the crossing point. An extension of the thermal
activation analysis to higher voltages reproduces also the hump in the dI/dV
curves [13], without the assumption of a gap in the density of states above Tc.

The quasiparticle resistance cannot be measured with the method from
figure 3.1 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 characteristics, is chosen.
The hysteresis allows the measurement of the quasiparticle resistance even for
currents smaller than the Josephson critical current. Measurements of the dc-
resistance are done by stepwise ramping the current from ≥ 4mA to smaller
values. A typical current pulse is shown in figure 3.3. Due to the fact that the

Figure 3.3: 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.
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Figure 3.4: a) 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. b) 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.

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
figure 1.4). For each current, the resistance is calculated by dividing the average
of the measured voltage by the dc-current. For this experiment, a Keithley dc
current-source was used.

The temperature was swept from 14 K up to room temperature. Figure
3.4a) 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 super-
conducting gap voltage. At low bias, the resistances increase with decreasing
temperature and approach an asymptotic value at I → 0. The observed drops
in resistance at temperatures between 50 K and 80 K occur when the retrap-
ping 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
obtained from equation (3.2) with V = 0:

R0
TA =

dV

dI
(T, V = 0) ∝ T

n
e

UT A

kBT . (3.3)

RDC/T is plotted together with R0
TA/T as a function of 1/T in a semi-

logarithmic plot, see figure 3.4b). UTA = 23 meV and n=const. is used in
equation (3.3). The experimental curves collapse with R0

TA/T for temperatures
above Tc. On the other hand, when the temperature is decreased below Tc, the
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experimental resistance is increasing much slower than the theoretical curve.
This behavior, which is seen only in underdoped samples [13,33], is unexpected:
below Tc, the resistance should increase faster because the superconducting
gap opens, quasiparticles condensate into Cooper pairs and consequently the
density of states is reduced for energies below the gap.

The slowed increase of the resistance that is observed here, suggests that ad-
ditional quasiparticle transport mechanisms through the barrier become avail-
able in the superconducting state. Additional transport mechanisms could be
multiparticle processes, such as multiparticle tunneling or multiple Andreev re-
flections [33]. These processes involve Cooper-pairs and are therefore possible
only at T < Tc.

3.2 Fraunhofer pattern

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 configura-
tion in the static case can be analyzed by studying the magnetic field depen-
dence 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.

A consequence of the dc-Josephson effect is the modulation of the critical
current in parallel magnetic fields according to the Fraunhofer pattern:

Ic(Φ) = Ic(0)

∣

∣

∣

∣

∣

sin πΦ
Φ0

πΦ
Φ0

∣

∣

∣

∣

∣

, (3.4)

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
perpendicular to the magnetic field and deff is given by equation (1.24).

The critical current oscillates with periodicity B0, which is the field nec-
essary to create one quantum of flux inside a junction. B0 is inversely pro-
portional to the junction length: B0 = Φ0/Ldeff . Ic is minimal for magnetic
fields equal to integer multiples of B0. The Fraunhofer-modulation has been
experimentally observed in single low Tc Josephson junctions [5], whereas it has
been difficult to find in stacked Josephson junctions [34]. However, similar os-
cillations have experimentally been observed in measurements of the flux-flow
resistance versus magnetic field in intrinsic Josephson junctions of Bi-2212 [35].

A pure Bi-2212 sample with Tc = 82 K is studied in this section. Mea-
surement 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 penetration depth is given by equation (1.8), with Λ ≈ 2λ2

S/d and

λS =
√

d/sλab:
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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. L is the length of the junction
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 equation (3.5), where
λab = 200 nm has been used, B0 is calculated with B0 = Φ0/Ls and Bexp

0 is
the measured periodicity of Ic-oscillations.

λJ =

√

Φ0s

4πµ0λ2
abJc0

, (3.5)

where Jc0 is the critical current density in zero magnetic field. For Bi-2212,
B0 is given by B0 = Φ0/Ls (as deff = s) and Bexp

0 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 H‖ab. Sample alignment is crucial, because
Abrikosov vortices can enter the sample at angles different from parallel orienta-
tion. Trapped Abrikosov vortices 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). The increase of the Abrikosov vortex density in perpendicular magnetic
fields gives rise to a negative magnetoresistance [36] because Abrikosov vor-
tices have normal cores which increases the number of quasiparticles. At H‖ab
the magnetoresistance is zero as no Abrikosov vortices are introduced in the
junctions.

Figure 3.5a) shows the I − V characteristic of mesa 4b at zero field. As
discussed in the previous section, the topmost junction of the mesas has a
much lower critical current than the other junctions and consequently, it always
resides in the McCumber state. Therefore, the first branch of the I−V curve in
figure 3.5a) 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 subtracted from the I −V curves, see figure 3.5b-c).
Figure 3.5b) shows an I − V characteristic at B = 1 T for the same mesa and
figure 3.5c) 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
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Figure 3.5: (a) I − V characteristic of mesa 4b at zero field. b) I − V charac-
teristic 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.

V = 0 V, while sweeping the magnetic field.

Figure 3.6 shows the measurements for the largest mesa (4a) in semi-
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 dis-
tance 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 inter-
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Figure 3.6: Ic modulation for mesa 4a in a semi-logarithmic scale. The dis-
tance between 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 in-
set shows a measurement with trapped Abrikosov vortices inside the sample.
Modulation of the critical current is suppressed.

vals:

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 figure 3.6. The critical current is reduced and oscillations
are suppressed. When Abrikosov vortices have entered the mesa, the sample
has to be realigned and subsequently heated above Tc to get rid of trapped
Abrikosov vortices.

Figure 3.7 shows the critical current as a function of the applied magnetic
field for mesa 4b. Its length perpendicular to the magnetic field is 2.7 µm,
which gives a Josephson penetration depth of λJ = 0.69 µm. Thus the ratio of
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Figure 3.7: 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.

the length to the penetration depth (L/λJ ) is equal to 3.9. Magnetic field was
swept from -4 to +4 T.

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

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

Finally, the data for the smallest mesa (6b) is presented in figure 3.8. 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. Here it
is measured 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 cur-
rent on magnetic field resembles the Fraunhofer modulation with a periodicity
of B0.

A similar transition from B0

2 to B0 oscillations has been observed in mea-
surements of the flux-flow resistance versus magnetic field [35] and was shortly
after explained as a consequence of the transition from the triangular to the
rectangular Josephson-vortex lattice [37–39]. Additionally, the following be-
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Figure 3.8: 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 suppressed.

havior was predicted for oscillations of the critical current: at high fields, flux-
ons are arranged in rectangular lattice and oscillations 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 under-
stood 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 tri-
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angular 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 over-
lapping with each other and therefore in-plane forces are dominating and the
rectangular lattice is formed. An estimation for the field at which this happens
is:

Φ

Φ0
≥ L

λJ

(3.6)

which can be written as

B ≥ Φ0

λJs
(3.7)

For the studied samples this gives a field of B ≈ 2 T, which is in agreement
with the measurements above.

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
intermediate fields, fluxons are arranged in a triangular lattice, which leads
to oscillations with a periodicity of B0

2 and at high fields, fluxons reside on a
rectangular lattice which leads to the usual Fraunhofer-oscillations.

3.3 Flux-flow and resonant phenomena

3.3.1 Flux-flow characteristics

In the previous section, the properties of the static fluxon lattice were ex-
amined. 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 generated over the stack of Josephson junctions. In a current-voltage charac-
teristic, this flux-flow voltage can be seen as an additional branch that develops
in parallel magnetic fields, the flux-flow branch.

First, a lead doped Bi(Pb)-2212 sample with Tc = 91 K is examined. Figure
3.9 shows the I−V characteristic at T = 1.6 K of a mesa with size 1.9×1.4 µm2

and with a critical current Ic = 200 µA. The Josephson penetration depth for
this sample is calculated to λJ = 0.21 µm. The first quasiparticle (QP) 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. This is a rather large number of intrinsic junctions, therefore
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
dependencies of the superconducting gap and the quasiparticle resistance.

Figure 3.10 shows I − V characteristics for the same mesa in parallel mag-
netic fields (B = 4, 7, 10 and 17 T) at T = 1.6 K. The first four quasiparticle
branches at B = 0 are shown also. The development of the flux-flow branch is
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Figure 3.9: I − V characteristic for the Bi(Pb)-2212 mesa with an area of
1.9 × 1.4 µm2 and 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.

clearly seen 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. With increasing magnetic field, the flux-flow step moves con-
tinuously to higher voltages. In addition, the separation of the QP-branches,

Figure 3.10: I − V characteristics at T = 1.6 K in different parallel magnetic
fields (B = 4, 7, 10 and 17 T). The first four quasiparticle branches at B = 0 are
shown for comparison. The inset shows the magnetic field dependence of the
maximum flux-flow voltage per IJJ, calculated from the quasiparticle branch
separation.
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∆VQP , decreases with increasing field.

In the following, an expression for ∆VQP will be derived. At the flux-flow
step (V = VFFS(B)), NFF IJJ 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) = NFF vFFS(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 then

∆VQP (B, I) = vQP (I) − vFFS(B), (3.8)

here it is indicated that ∆VQP and vQP also depend on the bias current I, as
seen in figure 3.10. This relation shows, that ∆VQP is reduced in the flux-flow
state.

Equation (3.8) 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 figure 3.10 shows vFFS(B) determined with equation (3.8).
A linear fit to this data gives a slope of vFFS(B)/B = 0.65 mV/T.

Figure 3.11: The flux-flow branch in parallel magnetic fields from 2 T to 17 T,
measured at T = 1.6 K.
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Figure 3.12: Magnetic field dependence of the maximum flux-flow voltage
VFFS , determined from I − V characteristics. The dashed horizontal line in-
dicates the voltage position of the phonon at NFF V2(B = 10 T) = 139.4 mV,
with NFF = 17.

The total maximum flux-flow voltage VFFS(B) over the stack of all IJJ can
be obtained directly from the position of the flux-flow step. In figure 3.11, the
flux-flow branch for fields from 2 to 17 T is shown. Figure 3.12 shows VFFS(B).
VFFS(B) is almost linear up to ≈ 10 T and levels out at higher fields. The
slope of VFFS vs. B from 0 to 10 T is VFFS(B)/H = 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 equation (1.26) and to estimate the maximum
fluxon velocity. With the values for NFF and VFFS(B)/B from above, the
velocity is calculated to

cmax = 4.3 × 105 m/s. (3.9)

This value is slightly higher than the velocity of the lowest mode cN ≈
2.4−3.3×105 m/s reported in Refs. [19,29,40]. With equation (1.23), the ratio
of the highest mode velocity to the lowest velocity for a stack of 25 junctions
and with parameters typical for Bi-2212 is calculated to c1/c25 = 16.5, see also
figure 1.6. This leads to the conclusion that the mode velocity observed in
this experiment was smaller than c1 and that fluxons were not arranged in a
rectangular lattice.

3.3.2 Resonant phenomena

Figure 3.13a) shows the low bias region of the I − V curve for the same lead-
doped sample. Here, current steps are present on the quasiparticle branches.
These steps are resonant structures caused by an interaction between Josephson
oscillations and phonons. The resonances are observed on all QP-branches and
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Figure 3.13: a) I − V characteristics at low bias, measured at B = 0 T and
T = 1.6 K. The current steps on the QP-branches are phonon resonances. b) A
closer view of a phonon resonance on the first three QP-branches. The two sub-
branches are labeled ”a” and ”b” on the first QP-branch. On higher order QP-
branches, the increased number of voltage steps results from a superposition of
sub-branches ”a” and ”b”.

show hysteretic steps. A closer view of such a phonon-resonance on the first
three QP-branches is presented in figure 3.13b). The first QP-branch can be di-
vided into two sub-branches, labeled ”a” resp. ”b” in the figure. On sub-branch
”a”, the resistive junction 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
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Figure 3.14: 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.

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 are in
state ”b”.

Figure 3.14 shows the first QP branch at different temperatures from 5.1 K
to 79.2 K in zero magnetic field. 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.
The voltage positions of the phonon resonances are: V(1−6) =6.1, 7.9, 11.2,
14.5, 20.5 resp. 25.6 mV. As indicated by the vertical dashed lines, the voltage
positions are temperature-independent. At B = 0, the resonance at 6.1 mV is
traced out in the I−V characteristic only for T > 30 K, at lower temperatures,
the junctions retrap to the superconducting state at V > 6 mV.

Phonon-resonances were observed previously in cuprates Bi-2212 and Tl-
2223 and were shown to be independent of temperature, moderate magnetic
fields and size of the junctions [14, 30–32, 41]. The resonance-structures were
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intrinsic tunneling IR-reflectivity Raman-scattering
present work [14] [44] [45] [46]

(mV) (THz) (mV) (mV) (cm−1) (THz) (cm−1) (THz)
3.87

(4.7) (2.3) 4.60
4.98

6.1 (6.2) 2.9 (3.0) 6.04 6.3 96.7 2.90
7.18
7.51 119 3.57

7.9 3.8 7.99 8.2 129 3.87
9.62
10.70 10.8 173.5 5.21

11.2 5.4 11.61 11.7 180 5.40

14.5 7.0 13.19 220.0 6.60
285 8.55

20.5 9.8 21.1 328.4 9.85
25.6 12.3 26.2 383.0 11.49

465 13.95
468.7 14.06
472.3 14.17
627.7 18.83
655.1 19.65

660 19.8

Table 3.2: Voltage positions of the phonon resonances for the Bi(Pb)-2212 mesa
and for the pure Bi-2212 mesa (in parenthesis) at B = 0, the corresponding
frequencies of the Josephson oscillations are given also. For comparison, data
from other intrinsic tunneling experiments and from optical measurements are
given.

explained by the coupling of Josephson oscillations to longitudinal phonons
[14, 42] or by inelastic tunneling [43]. Basically, lattice vibrations are excited
by the oscillating electric fields along c-axis with a frequency given by equation
(1.5). In zero magnetic field, the current and the electric field are distributed
homogenously along the ab-plane, therefore the excited lattice vibrations only
have a dispersion along the c-axis and phonons are longitudinally polarized.

Table 3.2 shows the voltage positions of the phonon resonances measured
during this work, also shown are results from other intrinsic tunneling ex-
periments by Schlenga et al. [14] and Kaneoya et al. [44] and from optical
measurements by Tsvetkov et al. [45] and Liu et al. [46].

Below, the behavior of phonons in magnetic fields up to 15 T is examined.
Figure 3.15a-b) shows I − V characteristics at B = 5 T and T = 1.6 K,
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measured at two different angles θ between the sample and the magnetic field.
At θ = 0, a flux-flow voltage is established over the junctions and therefore
the separation between QP-branches decreases. This affects also the voltage
positions of the phonon resonances (V ′

3 < V3). However, if the sample is tilted a
small angle away from parallel orientation, see figure 3.15b), Abrikosov vortices
enter the junctions, pin the fluxon-lattice and prevent flux-flow. This allows
a determination of the voltage positions of phonon resonances without the
parasitic influence of the flux-flow voltage.

To study the dependence of phonon voltages on magnetic field, I −V char-
acteristics or intensity plots are measured at an angle θ = 2◦ − 5◦ away from
parallel position. Figure 3.16 shows an intensity plot measured at 15 T and
at θ = 5◦. Intensity plots are measured by sweeping the bias current while
recording voltage vs. current over several thousands sweeps. The intensity is
presented as a grayscale plot with a typical resolution of 2000 × 2000 pixel.

Phonon resonances are clearly seen and are hysteretic even at this high

Figure 3.15: I − V characteristics at T = 1.6 K and B = 5 T measured at two
different angles θ between the magnetic field and the ab-plane.
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Figure 3.16: Intensity plot at B = 15 T, T = 1.6 K and θ = 5◦. Light/dark gray
corresponds to high/low intensity, respectively. The phonon at V1 is hysteretic.
The first QP-branch is not subtracted.

magnetic field, but a shift in the voltage position is observed: V1(B = 15 T)−
V1(B = 0 T) = 0.6 mV and V2(B = 10 T)−V2(B = 0 T) = 0.3 mV. In ref. [47]
such a shift was predicted and was explained by the dispersion of phonons along
the ab-plane.

The dependence of the flux-flow voltage VFFS on magnetic field, see figure
3.12, obtains a kink at VFFS = 72.8 mV or vFFS = 72.8 mV/17 = 4.3 mV, sim-
ilar to that found in ref. [48]. This feature can be explained by the interaction
between flux-flow and phonons, as was predicted also in ref. [47]. At voltages
corresponding to phonon resonances, the dielectric function ǫ diverges. As a
consequence, the phase velocity of electromagnetic waves inside the junction
changes and the flux-flow voltage is no longer proportional to the magnetic
field. In ref. [14] (see table 3.2), two phonon resonances were reported in the
voltage range between 3.8 mV and 4.6 mV, which may be the cause of the
observed feature.

Correspondingly, the behavior of VFFS(B) at high fields can be ascribed to
the presence of the phonon resonance at voltage V2, as indicated in figure 3.12
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Figure 3.17: a) dV/dI curves of the last quasiparticle branch for the pure Bi-
2212 mesa 4b with size 2.7 µm x 1.4 µm and with N = 10 intrinsic junctions
in the stack, measured at T = 1.6 K and at B = 0, B = 4 T resp. B = 9
T. For clarity, the curves are shown with an offset of 20 kΩ from each other.
Two phonon resonances and the flux-flow step are seen. b) Voltage positions
(determined from dV/dI curves) of the phonon resonances and the flux-flow
step for the pure Bi-2212 mesa as a function of the magnetic field.
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by the horizontal dashed line at voltage NFF V2(B = 10 T) = 139.4 mV, with
NFF = 17.

The flux-flow state and the behavior of phonon resonances in magnetic fields
is examined also for a pure Bi-2212 sample with Tc = 82 K.

Figure 3.17a) shows measurements of the dV/dI curves of the last quasi-
particle branch for mesa 4b (properties of this mesa are given in table 3.1) at
T = 1.6 K and at B = 0, B = 4 T resp. B = 9 T. The magnetic field was
applied parallel to the ab-plane (θ = 0). dV/dI curves of the last quasiparticle
branch were obtained by first applying a high bias current to switch all junc-
tions to the quasiparticle state and from there decreasing the current. In this
way it is ensured that no Josephson junction is in the flux-flow state.

In zero magnetic field, phonon resonances are observed at voltage 47 mV
resp. 62 mV. The resonances are less pronounced than for the lead doped
sample. As the voltage on the last quasiparticle branch is measured over all
N = 10 junctions in series, the resonance voltage position per junction are
V Bi

1 = 4.7 mV resp. V Bi
2 = 6.2 mV.

In figure 3.17b), the dependence of the sum phonon voltages on magnetic

Figure 3.18: Intensity plots of Bi-2212 mesa 4b measured at parallel magnetic
fields from 1.28 T to 1.44 T. Fiske steps with constant voltage spacings of 0.27
mV are seen.
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fields up to 15 T is presented, positions of the minima and maxima of the
differential resistivity at the resonances are depicted. It is observed that the
resonances shift to higher voltages with increasing magnetic field. The voltage
shifts are: V Bi

1 (B = 7 T) − V Bi
1 (B = 0 T) = 0.1 mV and V Bi

2 (B = 10 T) −
V Bi

2 (B = 0 T) = 0.3 mV.
The flux-flow voltage as a function of the magnetic field is obtained from

dV/dI curves and is also shown in figure 3.17b). VFFS(B) shows a kink in
the vicinity of V Bi

1 and similar to the Pb-doped sample, VFFS(B) levels out at
high fields, which can be explained by the influence of the phonon resonance
at V Bi

2 .
The Bi-2212 mesa showed strong Fiske resonances, as can be seen in figure

3.18. In the figure, intensity plots at fields from 1.28 T to 1.44 T are shown,
each color corresponds to a measurement at a certain magnetic field. The first
quasiparticle branch has been subtracted and QP-branches number two to four
are visible in the figure. On each branch, Fiske steps with constant voltage
spacings (=0.27 mV) are seen.
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Conclusions

Intrinsic Josephson junctions in strongly anisotropic high-temperature super-
conductors are interesting for research for several reasons. First, intrinsic tun-
neling spectroscopy gives insight into the nature of high-temperature supercon-
ductivity. Second, intrinsic Josephson junctions are candidates for devices that
emit coherent electromagnetic waves with frequencies in the THz-range. Such
a device is the flux-flow oscillator, which utilizes the unidirectional flow of flux-
ons inside the Josephson junctions. To obtain high emission-powers, flux-flow
oscillators require an in-phase fluxon state with a rectangular fluxon lattice.
The formation of the rectangular fluxon lattice synchronizes the emission from
all junctions in the stack, which is important for the use of intrinsic Josephson
junctions as THz-sources.

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

single crystals with photo-lithography 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 temperature dependence of current-voltage characteristics and c-axis
resistance is studied. A change of the interlayer transport mechanism at the
critical temperature is found: from thermal activation like above Tc to multi-
particle transport below Tc.

Clear oscillations 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 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.
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From an analysis of flux-flow characteristics, the mode velocity of electro-
magnetic waves inside the mesa is calculated to cn = 4.3×105 m/s, this means
that moving fluxons are most likely not arranged in a rectangular lattice, as
the characteristic velocity for in-phase motion is assumed to be considerably
higher.

In the current-voltage characteristics, phonon resonances are clearly seen. It
is observed, that their positions change when high magnetic fields are applied:
they move to higher voltages with increasing magnetic field. Such a shift can
be explained by the dispersion of phonons along the ab-plane.

Signs for an interaction between flux-flow and phonon resonances are ob-
served. It is found that the flux-flow voltage is no longer proportional to the
magnetic field in the vicinity of a phonon-resonance. This effect may be due
to the change of the dielectric function at voltages corresponding to phonon
resonances. Resonances may be important, as they reduce the linewidth of
emitted radiation.
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