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INTRODUCTION

We'll have to think up bigger problems

if we want to keep them [computers] busy.

— Howard Hathaway Aiken [1]

Computation was an important driving force for the fast developments of the late
20th century [2] and is the defining feature of many common tasks, like information
exchange via the internet and local data processing, e.g. word processing. In the sci-
entific setting computers are used for automated data collection and handling as well
as simulation of complex physical systems. Especially the latter can be one of those
“bigger problems” mentioned in the quote at the top, which was said by Howard
Aiken referring to electromechanical computers in the 1940ies. Even though comput-
ing power has increased by several orders of magnitude since then [3] and thus much
more complex problems can be solved, there are still enough left that are too hard to
be calculated. Some can be computed in parallel to be solvable in a reasonable time,
which lead to the development of multicore central processing units (CPUs) and, a
step further, general purpose computing on graphics processing units (GPUs), which
consist not only of 2, 4 or 8 cores, but several thousands [4].

While all these ideas lead to a tremendous amount of computing power it is not
nearly sufficient in some cases. One very prominent example is the factorization of
big integer numbers into primes. This problem is believed to be superpolynomial on a
classical computer, which means with bigger input numbers the time to factorize them
grows faster than polynomial. In order to solve this problem it is useful to think about

completely different types of computers to reduce the overall complexity of the issue
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INTRODUCTION

and not just to increase the speed of existing systems. It is believed that this factoriza-
tion, upon other problems, can be solved faster with the use of a quantum computer.
Those machines extend the information of a bit to the qunatum mechanical analog,
a qubit, which is represented by a two state system. Due to its quantum nature the
qubit allows for superpositions of the two states in each qubit as well as entanglement
between neighboring qubits. These two properties constitute the main differences to
a classical computer and enable the implementation of new types of algorithms, like
Shor’s algorithm in the case of prime factorization. [5]

However, the quantum information stored in the qubits has to be stable over time
to be able to perform the calculations intended. The probability of decoherence in
the system becomes bigger with environmental noise and as more qubits are intro-
duced [6, 7]. In contrast to classical computers the quantum information can not just
be cloned [8] in order to correct errors on a hardware basis. Other forms of quan-
tum error correction are possible, but increase the amount of qubits and operations
needed [9, 10]. Consequently effects of decoherence in the system have to be reduced
to advance quantum computation from a scientific idea to a useful application.

Data storage with qubits has been realized in several systems, e.g. quantum dots [11],
trapped ions [12] or nuclear magnetic resonance [13] only to name a few. In the latter
it was even possible to apply Shor’s algorithm to the number 15 to receive the factors 3
and 5 [13]. But all these systems have a serious problem with decoherence, when they
are scaled to larger size. A possibility to avoid most types of decoherence is given in
the subcategory of topological quantum computing. Here non-abelian anyons are used
to encode the quantum information. In contrast to common particles like fermions or
bosons, these types of quasiparticles are able to store the information non-locally and
perform calculations by braiding, i.e. exchanging the particles. Thus common causes
of decoherence based on local interaction, like electron-phonon or electron-electron
interactions, are expected to have no influence on the qubit system [14].

One way to experimentally realize these non-abelian anyons was given by Fu and
Kane in 2008. They suggested the use of a topological insulator in contact with a
s-wave superconductor [15]. This interface should be able to host zero energy bound
states so-called Majorana states, which obey non-abelian statistics and thus can be
used for topological quantum computing. The goal of this thesis is to develop a fab-

rication process to produce these interfaces for the first time. Afterwards they are
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INTRODUCTION

studied in transport measurements to investigate, if any signatures proposed by Fu
and Kane are appearing due to the usage of a topological insulator.

The first component of the interface, the topological insulator, is a newly discovered
state of matter. This material is insulating in the bulk, but at the same time has con-
ductive states at its surfaces [16, 17]. Its properties will be discussed in chapter 2 for
the case of strained bulk HgTe. The second component, the s-wave superconductor,
is already a well known system. After a short overview of the theoretical basics re-
quired for understanding superconducting devices the idea behind the combination
of a topological insulator and a superconductor will be presented in chapter 3. Before
moving on to the experimental results, the sample preparation and the equivalently
important filtering and measurement systems will be described in chapter 4.

The concept as well as the measurements on superconductor/topological insula-
tor /superconductor junctions is presented in chapter 5, which allows to test for the
appearance of Majorana states. This is followed by superconducting quantum interfer-
ence devices (SQUIDs) built from two of the above junctions to test for unusual phase
relations between the superconducting leads in chapter 6. Finally the results will be

recapped in an English as well as a German summary in chapter 7 and 8 respectively.
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HGTE AS A 3D TOPOLOGICAL INSULATOR

The main motivation of this thesis is to detect signatures of Majorana fermions in the
solid state context. It is expected, that one way of achieving this is the combination of
a topological insulator (TT) and a superconductor (S) to mimic a px + ipy superconduc-
tor [15]. This type of S can then be gapped to generate a Majorana bound state [18].
This chapter will discuss the TI, which is the first part needed in the realization of

these special states.

2.1 BAND STRUCTURE OF HGTE

Two requirements have to be met in order to form a TI: on the one hand the material
must have a band inversion and on the other hand an insulating bulk. In Fig. 1 the
band structure of bulk HgTe is shown. In contrast to the usual band ordering the
I'c-band is below the heavy and light hole I's-bands. HgTe already has an inverted
band ordering.

The second requirement is not fulfilled. Looking at the I'-point, the two I's-bands
are touching at the Fermi energy — HgTe is a semimetal. To circumvent this limitation
one can introduce strain into the system to break the symmetry and to open a band
gap.

The HgTe layers are grown on CdTe substrates along the [0o1]- or z-direction (see
Fig. 2). Due to the underlaying CdTe lattice the HgTe is forced to adapt the lattice
constant of CdTe in the (xy)-plane, which leads to tensile strain.

The strain in the (xy)-plane can be calculated by comparing the lattice constant
of CdTe acgqre = 0.6481 nm with the lattice constant of unstrained HgTe apgre =

0.6461 nm (both values taken from [20]). The resulting strain is then
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HGTE AS A 3D TOPOLOGICAL INSULATOR
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Figure 1: Band structure of HgTe. The Fermi energy is drawn as a red line. Redrawn after [19]

ACdTe — AHgGT:
€ =€ = €yy = 4 T8 — 0.3%. (1)
AHgTe

To calculate the complete strain energy of this problem one also needs to know the
strain in z-direction €,,. This component can be derived by looking at Hooke’s law
o = Ce, which connects the stress ¢ to the strain € via the elastic stiffness matrix C,
often also called Young’s modulus. Written in Voigt notation and taking into account

the cubic symmetry of the zinkblende structure of HgTe one obtains [21]

Oxx Ci Cp Cp2 Exx
Oyy Cp Cn Cp2 Eyy
022 Ciz Ci2 Cpp €22
— (2)
o Caa 2€3
o Cas 2€13
o3 Cas 3e1n
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2.2 SURFACE STATES

2 [001]

]
)\ HgTe
CdTe

> Xxory

Figure 2: Symbolic representation of unit cells as rectangles at a HgTe/CdTe interface. The
direction of strain in HgTe due to the growth on a CdTe substrate is shown as small
arrows.

No stress is applied on the structure in z-direction 0, = 0 and thus, extracting the

according equation from the matrix notation, one gets

C12€xx + C'12€yy + Cllezz =0. (3)

Substituting the above mentioned exx = €yy the final form is

C
€zz = _2€XXC71?' (4)

Now it is possible to calculate the size of the bandgap using

taken from [22]. Where b = -1.5 eV [23] is the uniaxial deformation potential and the
ratio of the stiffness constants amounts to Ci/Cy; = 0.683 [24]. The resulting direct
band gap at the I'-point is Eg = 21 meV.

The ordering of the bands in unstrained HgTe around the I'-point is shown in
Fig. 3 a). Taking the calculated strain energy into account a band gap develops be-
tween the I's heavy hole and light hole bands [Fig. 3 b)] turning the semimetal HgTe
into a semiconductor. As a consequence the system now suffices both prerequisites for

a T1I, a inverted band ordering and an insulating bulk.

2.2 SURFACE STATES
One of the most interesting features of a TI is the formation of surface states, which

can be explained as follows: When looking at an interface between a TI, e.g. HgTe,

and a normal insulator, e.g. CdTe, the inverted bands need to change places from one
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HGTE AS A 3D TOPOLOGICAL INSULATOR

> >
k k

Figure 3: Band structure of unstrained a) and strained b) HgTe at the I'-point.

material to the other (see Fig. 4). As long as the Fermi energy Ef lies in the band gap
in both bulk materials there always has to be a crossing of Er at the interface leading

to conducting states at this position.

E A CdTe HgTe

>
Z

Figure 4: Sketch of the position-dependent band gap at a CdTe/HgTe interface.

One feature of these surface states is their linear dispersion relation [25] in contrast
to the usual quadratic dispersion. The surface states can be described within the Dirac-

Hamiltonian for massless fermions [26]

Hgyrface = —1hvpo'V, (6)

with the Fermi velocity v, the vector ¢ = (g, gy) constructed from the Pauli spin
matrices and the nabla operator V. Only the (xy)-plane of the interface is described
with this Hamiltonian, which reduces the problem to two dimensions. This, for now,

only describes part of the problem and other surfaces need to be added later to de-
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2.2 SURFACE STATES

scribe the compete system with all surfaces. By solving Eq. (6) one can extract the

energy dispersion relation

E= ihUF|k‘/ (7)

which is clearly linear: E o |k|. The energy dispersion resulting from Hgyface 1S
shown in Fig. 5 a). One can see that not only the energy dispersion is unusual, but

also the spin texture is significantly different from a normal metal or semiconductor.

b)

Y
XW‘

Figure 5: a) Dirac cone with sketched spin directions (indicated by coloring and arrows) b) Cut
of the cone in the (E ky)-plane with two exemplary spin states at k and —k.

In contrast to most systems the spin is not doubly degenerate. Still, due to time
reversal symmetry, for every state in the system with wavevector k there has to be
a state at —k with opposite spin and equal energy. This leads to the spin situation
sketched in the cut through the Dirac cone in Fig. 5 b). One can see that every state
on the red branch has a partner in the blue branch that exactly fulfills this claim. If
one then expands this into the two dimensions of momentum one gets a chiral spin
polarization of the system as depicted by the arrows in Fig. 5 a).

Hence, it is important to understand which selection criteria were utilized to choose
the materials used in the experiments. On the one hand the thickness of the HgTe
layers has to be smaller than 160 nm [27]. Otherwise the crystal strain energy gets too
big and relaxation processes start to set in. As a result the samples are no longer fully
strained and the band gap decreases. On the other hand the layers must be thicker than

roughly 40 nm [28] to ensure that the quantum mechanical confinement does not start
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HGTE AS A 3D TOPOLOGICAL INSULATOR

to play a dominant role and that the surface states on the top (HgTe/air) and bottom
(HgTe/CdTe) interfaces [see Fig. 6 a)] do not start to overlap. The samples used in this
thesis ranged from 66 nm to 76 nm and are thus well within the wanted range. The
second important criterion is the dominance of the surface state conduction over bulk

conduction, which can be verified by performing magneto-resistance measurements.

2.3 PROOF OF 2-DIMENSIONALITY

A good way to investigate the dimensionality of a system is to probe it for quantum
Hall effect (QHE), which can only exist in a 2-dimensional system [29]. The most used
geometry for this kind of measurements is a Hall bar, as depicted in Fig. 6 b). One
records the current I and the longitudinal voltage Vi, while varying the magnetic
tield B, to be able to extract the longitudinal resistance Ry« = Vi /I. Oscillatory be-
havior in Ry is often referred to as Shubnikov-de Haas (SdH) oscillations. Similarly

one can measure the Hall resistance Ryy = Viy /1.

a) i ¢ b) ’_@_‘

HgTe

I
CdTe BO @9

I

Figure 6: a) Sideview of the HgTe layer on CdTe substrate with contacts in orange. The red
lines symbolize the two conducting layers assumed in the model. b) Top view of the
Hall bar geometry with exemplary voltage probe setup.

When looking at a Hall bar of bulk HgTe the description of the surface states by
Eq. (6) has to be expanded to the geometry at hand and has to include magnetic
tield dependence. To simplify the problem, the Hall bar is described as two parallel
surfaces « (top and bottom), with spin ¢, which are oriented perpendicular to the
applied magnetic field B. The surfaces are sketched as red lines in Fig. 6 a). The states

of the system can then be noted as |«, ). The new Hamiltonian in this basis is then

[30]

kxoy — kyox 0

(8)

HzD = hog
0 —(kxoy — kyox)

20



2.3 PROOF OF 2-DIMENSIONALITY

One can now introduce the magnetic field in z-direction by using a Peierls substi-
tution and replacing k with m = k + ; A, where A = (0, Box, 0) describes the field

B = By%. The resulting energy dispersion in magnetic field is given by

Ex(n4) = sgn(ng)y/2e |nq| hvdBy ng =0,+£1,+£2,... (9)

with the Landau level index n,. The resulting density of states (DOS) at finite mag-
netic field is sketched in Fig. 7, clearly showing the unusual Landau level position at

zero energy, which would not be possible in a system with quadratic dispersion.

N|—

Figure 7: DOS of a single Dirac surface plotted against energy E, at finite magnetic field. The
Landau levels 1, are numbered in integers and the SAH minimum index is the half
integer value between both neighboring Landau levels, m, = (141 + 142) /2.

Comparable to the results on graphene systems [31], which have a degeneracy of
four, a single surface as described by Eq. (6) only consists of one non degenerate Dirac
valley and thus shows quantized conduction values of

e? 1 3 /5

Oaxy = maﬁ My = ii'ii'ii’”' (10)

between the Landau levels, with m, being the SAH minimum index. One can also
express m, as half integer value between both neighboring Landau levels, m, =
(ny1 + na2) /2. Due to the values of m, this is often referred to as half integer QHE.
To understand the how the of the Hall and SdH resistance develop from the single
surface, described so far, to a more complete model one can look at the case of two

symmetric surfaces with equal carrier densities and thus equal Fermi velocities vg.
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HGTE AS A 3D TOPOLOGICAL INSULATOR

Due to the equal energy dispersions both surfaces would undergo the transition from
one SAH minimum to the next at the same magnetic field value and equivalently the
transition from one Hall plateau to the next happens in parallel with the resulting
quantization of

62 2

e
Otop, xy + Obottom, Xy = 2msymﬁ = Nﬁ N=135,... (11)

only showing odd plateau values in the Hall resistance Ryy.

This however is not the case here as the top and bottom surface differ in their
composition. The bottom layer is a CdTe/HgTe interface that is buried in the structure
and thus much better protected against any form of contamination. The top layer is
a HgTe/Air interface and exposed to different chemicals during sample processing
as well as oxide from the atmosphere. Hence it is expected that the carrier densities
of both surfaces are not equal and the transitions between the SAH minima and Hall
plateaus do not happen at the same magnetic field value in top and bottom surface.
The resulting Hall traces have to be considered as a superposition of two surfaces with
different densities and plateaus only occur if both subsystems are simultaneously in
a stable quantized configuration. In this case one could use N = myop + Mpotrom and
the resulting N would be integer, but has not to be an odd number. In the following
discussion the two surface model will be applied to a Hall measurement.

Figure 8 a) shows Ryxx and Ryy for a 70 nm thick HgTe sample in Hall bar geometry
at T = 4.2K. The metallic contacts (golden areas) of the Hall bar are connected to the
top and bottom surface simultaneously.

Both curves show some quantization features, but there are no clear plateaus visible
in Ryy. If one would take the interval of smallest slope as plateau positions the values
strongly deviate form the expected values. For comparison the fractions of the Klitzing
constant R = h/e? [32] are included as dashed red lines. It appears as if an additional
parallel conductance is present in the system, which does not show QHE.

This changes when reducing the temperature to 20 mK in Fig. 8 b). The plateaus
nearly reach the expected value and a clear numbering is possible. The Ry« minima
now develop much more clearly, when the system shows a plateau, which indicates
that the parallel conductance present at 4.2 K has mostly vanished.

The plateau with N = mp + Mpoom = 3, or short plateau 3, is well developed
in Rxy and the SdH resistance shows a clear minimum. This happens because both

surfaces enter this minimum simultaneously and thus Ryy also clearly quantizes. The
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2.3 PROOF OF 2-DIMENSIONALITY
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Figure 8: Magnetoelectric measurements of a 70 nm strained HgTe layer in Hall bar geometry
ata) T = 42K and b) T = 20 mK. Both graphs are plotted with the same scale for
better comparison. The red dashed lines show fractions of #
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HGTE AS A 3D TOPOLOGICAL INSULATOR

deviation in Ryy from the ideal value could be attributed to a parallel conduction
path. Possible options for this are a small residual bulk contribution or the mesa sides,
oriented perpendicular to the magnetic field. Going to higher fields one can observe
the transition to plateau 2, but before reaching a stable situation on this plateau the
transition to plateau 1 already starts. This is also visible in the SdH resistance, where
nearly no dip is observable.

Another indication of the different character of both surfaces is the broadening
of the SAH oscillations. Looking at the transition from 3 to 2 one can see a much
smaller broadening than for the transition from 2 to 1 [indicated by black arrows in
Fig. 8 b)]. This hints to the first transition happening at the lower surface and the
second, broadened transition happening at the dirtier top surface.

One can find, that the model only consisting of two surfaces can be applied to the
measurements at T = 20 mK, although a lot of other influences have been neglected.
Among these are, e. g., the conducting side surfaces parallel to the magnetic field B
and the contribution of residual bulk conduction. Here only some basic properties of
this systems have been shown. More information can be found in the papers of Briine
et al. [16, 28] and a very detailed analysis is given by the thesis of C. Thienel [33].

The contrast between 4.2 K and 20 mK has been shown, because, due to time con-
straints, not all material used in this thesis has been characterized at 20 mK. After
having tested several strained HgTe structures at both temperatures and consistently
getting the above mentioned result, a measurement comparable to the one shown in
Fig. 8 a) at 4.2 K was enough to assume the sample will show clear surface conduc-
tion at 20 mK. After this introduction into strained bulk HgTe and its properties as
3-dimensional TI the basic properties of superconductivity need to be discussed before

the exciting topic of interaction of TI and S is following.
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INTRINSIC AND INDUCED SUPERCONDUCTIVITY

To understand why the phenomenon of superconductivity is interesting one should
have a look at the basic properties of a Majorana fermion (MF). The common solution
to the relativistic energy-momentum relation is the Dirac equation, which results in
the concept of the Fermi sea and the postulation of particles and antiparticles [34].
A possible alternative solution is the interpretation of Ettore Majorana, which leads
to the postulation of charge neutral particles which are their own antiparticles [35].
This type of particle has not been found yet, but there are suggestions to realize the
properties of a MF as a quasiparticle state in solids [15, 36, 37]. In the following chapter
the characteristics of superconductors will be presented and the prerequisites for the

appearance of a Majorana state will be explored.

3.1 INTRINSIC SUPERCONDUCTIVITY

Shortly after the liquification of He was possible, transport experiments showed a
very unusual behavior in some materials like Hg, Al and Pb. Below a critical temper-
ature Tc the materials resistance drops to zero allowing for dissipationless transport.
This phenomenon is now called superconductivity (5C) and was discovered by Kam-
erlingh-Onnes in 1913 [38].

As expected on temperature increase above Tc the superconductor (S) returns from
the superconducting state back to the normal, resistive regime. But S can also be
brought into the normal regime below Tc by applying a critical magnetic field intensity
Hc or current Ic.

If S is brought into a magnetic field dissipationless currents are induced at the
surface to hinder the penetration of magnetic flux into its volume. This is known as

the Meissner effect and thus this state is called Meissner phase. Due to its response to
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INTRINSIC AND INDUCED SUPERCONDUCTIVITY

a magnetic field S can also be seen as perfect diamagnet [39]. The magnetic field is not
instantly shielded at the surface, but has a penetration depth known as the London

penetration depth Ay. It is defined by the exponential decay of the magnetic field By

B(x) = Bpexp (—;L) , (12)

with x being the distance to the surface of S [40]. This will play a role when calcu-
lating the magnetic flux of an area enclosed by S, as the penetration of magnetic field
into S leads to slightly bigger effective area.

S can be divided into two subgroups. Type I S loose their superconducting proper-
ties completely when exceeding Hc. They directly go from the Meissner phase into
the metallic phase. In contrast to that, type II S experience the intermediate Shubnikov
phase, where magnetic flux can enter S as flux tube in the magnetic field intensity
range Hc, > H > Hc,. Those flux tubes only locally break SC and merely after Hc, is
reached the material is completely normal conducting. The superconductor used here
is Nb, which is a type II material [41]. This however has no major consequences as
most measurements are done in a range below 0.02 MA/m and the critical magnetic
tield intensity Hc; = 0.13 MA/m [41], where Nb enters the Shubnikov phase, is well
above.

So far only phenomenological aspects of S have been discussed. It is now time to
have a look at the underlying microscopic BCS* theory. In 1956 Cooper presented the
idea, that weakly, attractively interacting particles can form bound states and alter the
DOS of the Fermi sea [42].

Considering the simplest case of two electrons in their lowest possible energy state,
one can expect opposite momentum k and —k due to the total momentum being zero.
Both particles interact with each other, but not with other electrons except by the

Fermi exclusion principle. The wave function then takes the form [43]

P (r—r) =Y grene (13)
k>kg

with weighting factors gi. The total wave function has to be antisymmetric regard-
ing electron exchange, which leads to two possible solutions: Either a spin singlet
pairing® (1)) — |{1)) with an antisymmetric function in position space or a triplet

pairing (|11), [L4), [T1) + |41)) with the symmetric counterpart. Following the sym-

1 named after John Bardeen, Leon Neil Cooper and John Robert Schrieffer
2 |apB) denoting the spin state of electron 1 and 2, with «, § =1 (spin up) or | (spin down)
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3.1 INTRINSIC SUPERCONDUCTIVITY

metry of atomic orbitals the first type of S are referred to as s-wave S and the second
type are called p-wave S [44].

As the force between the electrons is expected to be attractive the spin singlet, in
most systems, has lower energy, due to the higher distribution probability of both
electrons near each other. This leads to the singlet wave function with opposite spin

given by

P (r1—1) = { Y gkcos [k (r —rz)]} (I14) = ). (14)

k>kg
Using this equation one can solve the problem assuming the attractive potential V
is only present inside the cut-off energy range ficwc around the Fermi energy and zero
otherwise. The size of fiwc will become apparent later. Additionally utilizing the weak-
coupling approximation N(0)V < 1, with the electrons DOS at zero temperature
N(0), the energy of the state is [43]

E ~ 2Ep — 2hwee 2/NOV, (15)

It is clear from Eq. (15) that due to the small attractive interaction assumed here,
there is a state for an electron pair with energy below 2Eg. Furthermore the electron
pair has an energy smaller than the sum of two single electrons. Both electrons in
the pair are time reversed, due to the opposite momentum and spin, and together
with the interaction V' form a Cooper pair (CP). The size of V also determines the
superconducting band gap A, which is the main energy scale in S.

What is left to investigate is the nature of the attractive potential. It was found that
the critical values (T¢, Bc) of S depend on the mass of the atoms used, which has been
proven by looking at different isotopes of superconducting elements [45, 46]. This
showed, that the potential V has to be based on the exchange of virtual phonons. As a
result the energy range of the potential approximation fiwc can be estimated with the
cut-off energy of phonons in a crystal fiwp. Here wp is the Debye frequency.

To get a better feeling for the concept of CP it is interesting to look at its extent [47]

_ hog

¢ A 99 nm, (16)

calculated for Nb, with the Fermi velocity vg = 1.37 - 10° m/s [48] and supercon-
ducting band gap A = 2.9 meV [49]. This means that, compared to the size of a typical

lattice constant, CP occupy a larger volume and are thus strongly overlapping. Addi-
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tionally the spins of both electrons are anti-parallel and as a result the total spin of CP
is zero, leading to bosonic character. These properties allow to describe the ground

state of S, the CP-condensate, by a single wave function

Y = Toei¢s = ]’lCPEinS, (17)

which only depends on the density of CPs ncp and the macroscopic phase of the
superconductor ¢s [50].

b)

) AE AE

DOS DOS

Figure 9: a) DOS of a normal metal b) DOS of a S with cooper pairs (red) in the band gap of
2A.

The creation of CP also has consequences for the DOS. In a normal conducting
metallic system at zero temperature the DOS is continuous and filled up to the Fermi
energy [see Fig. 9 a)]. If the metal becomes superconducting a band gap of 2A is
introduced to the system [see Fig. 9 b)]. This gap can also be considered as the binding
energy of a cooper pair, because it has to be overcome by magnetic field or temperature
to split up CP . Because of this gap CP can not scatter with other particles and thus can
conduct dissipationless. One can also see that the DOS at the band edges is strongly
increased and decreases back to the DOS of the normal metal far from the gap [43].

To describe the ground state in BCS theory the concept of quasiparticles is intro-
duced. These quasiparticles are described as superposition of hole-like and electron-

like excitations. The quasiparticle operators for creation and annihilation are [43]

v =utep + vclr (18)
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3.1 INTRINSIC SUPERCONDUCTIVITY

v = ch{ +v'cy, (19)

which are based on the creation c} and annihilation c, operators of electrons, with
spin &« = 1 or |. The values u and v denote the statistical probability of being in a
hole-like or electron-like state. The state is normalized by demanding ]u|2 + |v|2 =1

The energy dependence of u and v is given as

2 2 1< € >
v =1-|ul" =z |1- ——= ), 20
o =1- P =5 (1~ (20)

with the relative energy difference of the quasiparticle and the chemical potential
€ = E—poratT = 0 to the Fermi energy Eg. For values much higher then the
chemical potential € > u Eq. (20) gives ]u\z = 1, a state solely consisting of an electron.
This is also visible in Egs. (18) and (19), which reduce to the pure electronic excitation.
Similarly for € < pu, the same is true for holes. The interesting area is close to the
chemical potential where € ~ i, here the electron and hole states coexist |v|2 ~ \u|2 S
L

Another interesting property, due to this description of a S, can directly be seen in

Egs. (18) and (19), which can be converted into one another by conjugate transpose.

This operation also inverts the energy of the state € —+ —¢, leading to

v(e) = 7' (—e). (21)

This is known as electron-hole symmetry [18] and can be related back to the intro-
duction of this chapter: the Majorana fermion (MF). They are expected to be their own
antiparticle, which is fulfilled in S for the zero energy mode € = 0. This state however
can not exist in s-wave S due to the violation of Pauli’s principle [51].

Other systems have to be explored in order to realize the Majorana mode. So far
the spin singlet pairing in s-wave S was investigated. It has not explicitly been shown,
but this type of Ss has a momentum k independent band gap: A(k) = A. In uncon-
ventional S this is no longer the case and the size of the band gap can vary with
momentum direction.

One instance where MF can emerge is in p-wave or py + ip, S. The name is used
because of the symmetry of the k-dependent superconducting band gap. These S are
in a triplet state with parallel spin and as a result the spin does not need to be ex-

plicitly included in the description below, thus the alternative name of a spinless S. In
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this type of superconductors the states are not degenerate in spin and thus do break
time reversal symmetry. They can be described by the Bogoliubov-de Gennes (BdG)

Hamiltonian [52]

€ A(px+ip
Hp—wave = g ( : y) ’ (22)
A (px —ipy) —p
again with relative difference between the energy and the chemical potential €, =
E, — p. The states of this Hamiltonian can be denoted as a two component vector

Y= (c, C+)T, called Nambu basis. In the spinless case the zero energy state is possible

and fulfills the claim of a Majorana mode:

1(e=0)=1"(e =0). (23)

Several experiments on SroRuQOy suggest a p-wave pairing in this material [53]. It
could be directly used for the purpose of creating Majorana modes, but this system is
extremely sensitive to disorder [54]. As a result, even if one could detect MF in this
systems the next step of storing them long enough to be able to do calculations with
them appears very unlikely.

An alternative route was proposed by Fu and Kane [15]. They suggested to use
a s-wave S-TI interface to create an environment capable of hosting MFs. In order
to understand this concept one first needs to discuss how superconductivity can be

induced in non superconducting materials.

3.2 INDUCED SUPERCONDUCTIVITY

As many other physical properties SC does not suddenly vanish at an interface be-
tween normal conductor (N) and superconductor (S). The next paragraphs will de-
scribe the behavior of quasiparticles and CP at such an interface.

Let us consider a N/S interface as shown in Fig 10 a). An electron has the energy e
relative to the Fermi energy, which is smaller than the superconducting band gap A.
Coming from N it reaches S and can not be transmitted as there are no free states. The
only process possible is the reflection of the electron. If one however takes higher order
processes into account the electron can couple to an electron with energy —e below

the Fermi energy and form CP, which then can enter S. This process can equivalently
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3.2 INDUCED SUPERCONDUCTIVITY

be described as an incident electron getting retroreflected as a hole with opposite
momentum, while creating CP. This sequence can also happen in reverse order: CP
gets annihilated, while absorbing a hole and creating an electron. This process was
described by A. F. Andreev [55] and is now known as Andreev reflection (AR).

The most interesting part of these conversion processes is that both particles, elec-
tron and hole, get correlated in N — the hole will trace back the incident path of the
electron and as a result the particles appear as a linked pair.

To estimate the range of this particle correlation one has to take a closer look at
the process. The concept that both particles have identical momentum is only true for
€ = 0 at Ef, also referred to as perfect Andreev reflection [see Fig. 10 b)]. A small
energy € > 0 leads to a slight difference in momentum of the electron k. = kg + g and
for the hole k;, = kg — g, with the Fermi wavevector kg [see Fig. 10 c)]. The difference

in momentum perpendicular to the N/S surface is then [56]

€
0k =2q = kFE—F. (24)
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Figure 10: a) DOS at an interface of normal conductor (N) and superconductor (S) with sketch
of Andreev reflection (AR) b) perfect AR at € = 0 plotted in real space c) AR with
€ > 0, visualizing the difference in momentum.

Due to the difference dk the phase of both particles increases monotonically and

consequently one can define the energy-dependent coherent length [56]

Le =/ —, (25)
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with the diffusion coefficient D of the normal conductor. Le denotes the average
distance at which both particles loose coherence and no longer retrace the path of the
corresponding particle. This dephasing process is sketched in Fig. 11. The coherence
length described by Eq. (25) is energy dependent and increases as € approaches to
zero energy. At € = 0 the L. would be infinite, but the process is additionally limited

by the phase coherence length Ly of the single electron or hole.

S N

A
¥
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&

Figure 11: Dephasing of electron and hole at S/N interface (adapted after [56])

By inverting Eq. (25) one can express the distance dependance as

hD
€Th = 1z (26)

where ey, is the Thouless energy. This means, that at a distance L from the interface
only electrons with an energy smaller than ery, are still correlated in pairs [56].

The pairing in N automatically has to lead to a reduction of unpaired quasiparticles
and can be seen as an introduction of a superconducting gap in the normal metal.
This is e.g. visible in tunnelspectroscopy experiments [57], where the closing of the
induced gap with increasing distance to S has been shown as described by Eq. (26). A
qualitative analysis of the probability of AR versus normal reflection at a N/S interface
including limited interface transparency will be given in section 5.3 on page 58. It has
been shown that S in contact to N can introduce a band gap. The next step is to

understand what effect an induced gap can have in a TI.

3.3 TOPOLOGICAL SUPERCONDUCTIVITY

As mentioned before, Fu and Kane proposed to generate the environment needed

for a Majorana fermion by combining a TI and a normal s-wave S [15]. To make a
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comparison to a p-wave S [see Eq. (22)] one can have a look at the Hamiltonian of a

TI with induced superconductivity [18]

Hy A

Hrs = (27)

A" —oyHgo,

It is given in Nambu notation as before ¥ = (c 1€ CI, c*)T, but because this is no
longer a spinless system the vector has to be extended to four components. At the
same time the matrix of the Hamiltonian Hyg is extended to 4x4 and consists of the
2x2 sub matrices H, and its time reversed counterpart —gyﬂégy. These matrices de-
scribe the surface states of the TI as given by the Dirac Hamiltonian in Eq. (6). The
off-diagonal elements A and A* describe the induced s-wave superconducting cou-
pling, i.e. they couple up and down spins and do not show any angular dependencies
as seen in the case of a p-wave S before. The interesting relation between the p-wave S
and the induced superconductivity in the surface state of a TI is that even though the
two systems have a different Hamiltonian they both are expected to be able to host
Majorana states [15]. By using the S/TI system it is expected that the problem of im-
purity sensitivity in Sro,RuQOy is not important as the states are topologically protected.
The goal of this thesis is to realize and study the idea of induced superconductivity in

the surface state of a topological insulator.
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After discussing the basic concepts of TIs (Ch. 2) and SC (Ch. 3) the focus will now
be shifted towards the actual realization of the experiments. First the sample fabri-
cation will be covered and then the special requirements regarding superconducting

measurements are presented, namely noise filtering and adapted transport setups.

4.1 SAMPLE FABRICATION

The used heterostructures were grown in a molecular beam epitaxy (MBE)-system.
Starting from a substrate made of crystalline CdTe, an additional layer of CdTe is
grown on top in-situ to achieve the best possible quality of the substrate surface. Be-
cause of the differences in growth temperature of CdTe and HgTe it is not possible to
grow a HgTe layer until the substrate has been cooled down. Only then the functional
layer can be grown (Fig. 12 left). This means the CdTe/HgTe interface is exposed to
the chamber environment for quite some time and unwanted impurities can collect
at the interface. Due to the high HgTe partial pressure during the growth, compared
to those of the contaminants, it is not possible to estimate the impurity density of the
interface. Additionally the top surface is exposed to atmosphere after the wafer leaves
the MBE chamber. Both these factors are reducing the resulting mobility.

To circumvent this problem HgCdTe spacers have been introduced. In contrast to
the first type of heterostructure this gives the possibility to continuously grow the lay-
ers without a break and the upper HgCdTe layer acts as a protection against oxidiza-
tion and contamination of the upper HgTe/HgCdTe interface after the heterostructure
leaves the MBE-chamber (Fig. 12 right). The second type of heterostructure is referred
to as capped HgTe in contrast to uncapped HgTe in the first case. Even though the mo-

bilities of the capped HgTe are higher, the lithographic treatment of those structures is
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HgCdTe
HgTe
HgTe
HgCdTe
CdTe CdTe

Figure 12: Typical heterostructures. Left: only a layer of HgTe is grown. Right: the HgTe layer
has a HgCdTe spacer on the bottom as well as a cap on the top.

more difficult, because, in contrast to uncapped HgTe, the top HgCdTe layer needs to
be properly removed before being able to produce a transparent contact to the HgTe
layer.

The next steps sketch the preparation of a sample from an uncapped HgTe layer.
The differences compared to capped HgTe will be discussed later. The detailed recipe
is listed in Appendix B.2.

The grown heterostructure is first cleaved to adequate size for a single sample. While
being handled in the MBE system the samples are glued onto a carrier using In. Before
starting with the functional sample it is necessary to make sure that superconducting
In-residues are removed, because they could distort applied fields or even worse trap
magnetic flux. This is accomplished by etching in HCl solution while the front of the
sample is protected with a wax layer.

It is now possible to define the conducting area, often also called mesa’, with the
help of a Ti etch mask and dry etching the unwanted HgTe in an Ar plasma [see Fig.
13 a)]. After the removal of the etch shield in the next, most important step the S-TI
interface is fabricated.

When depositing the S, in our case Nb, on the sample one wants to produce a high
transparent interface between the TI and the S to ensure a high probability of Andreev
reflection [58]. To achieve this goal one deposits a polymethyl methacrylate (PMMA)
etch mask. The area of superconducting contacts is exposed via e-beam lithography
and afterwards the PMMA layer is locally dissolved in a development process. This
exposes the contact area for further treatment. The oxide layer on top of the HgTe
is removed with a short dry etching process. Here one needs to find the balance

between etching long enough to remove all residues on top of the HgTe layer and

Named after the hill formation, which is, just as the lithographically defined mesa, an elevation with a
flat top.
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side view top view
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Figure 13: a) HgTe stripe after dry etching and etch mask removal b) finished Nb layer after
interface cleaning and sputtering

etching short enough to not damage the PMMA layer too strong to no longer be able
to perform a clean lift-off>. After the cleaning process the sample is transferred to the
sputtering chamber as fast as possible. Ideally the sample should be kept in vacuum,
but this is not possible due to the used equipment. Before inserting the sample into
the main chamber the Nb target is cleaned by sputtering, ensuring the removal of
unwanted contaminants on the source material as well as the best possible pressure
in the chamber. Thin layers of evaporated Nb react with residual gases in the chamber
and reduce the overall pressure [59]. This is often referred to as getter properties and
is more commonly known for Ti, which is used in Ti sublimation pumps. In the next
step Nb is sputtered onto the sample to produce the S-TT interface. To protect the Nb
layer from oxidation two thin layers of Al and Ru are sputtered. To ensure a sufficient
coverage of the mesa side surface the material is sputtered at an angle of v = 20° with
respect to the surface normal (see Fig. 14 lower left). After the lift-off one obtains the
situation sketched in Fig. 13 b).

The procedure for capped HgTe layers is the same, except for the etching process.
The etch time needs to be adjusted to cut through the complete HgCdTe layer on the
top which is normally 5 nm thick. This gives problems with the used PMMA, because

2 Process of removing the unwanted metal deposited on top of the resist layer by solving the resist.
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the damage done during the etch process [60] leads to a very poor lift-off performance.
One needs to use ultrasonic and still the yield of working structures is reduced. For
HgCdTe layers bigger than 5 nm this process is not usable at all. To be able to work
with thicker cap layers a different more etch resistant type of resist shield needs to be
developed in the future.

The resulting Nb layers, colored in orange, can be seen in the scanning electron
microscope (SEM) pictures of Fig. 14. The orientation of the sputter angle ¢ = 20° is
shown in the lower left picture and is indicated in all four pictures by the red arrows.
Looking at the topview of both samples one can see that more material is deposited
on the lower edge and less on the upper edge of the Nb layer. Sputtering is not a very
directional process, due to the high gas pressure in the chamber and the big source
material area, still the angling of the sample has the desired result of depositing more
material on one side. This enables sufficient coverage of the mesa side surfaces to
ensure a stable superconducting layer.

When comparing the quality of the Nb layer deposited on uncapped HgTe with an
etch time of 6 s and capped HgTe with 12 s one can clearly see the increase of material
deposition at the edges of the Nb layers as unwanted sidewalls. In the case of the
capped sample the sidewalls are close to the PMMA thickness of 110 nm. Hence the
lift-off quality is strongly reduced.

To finish the sample it is necessary to deposit metallic contacts to be able to later
bond3 the sample after it is glued into the chip carriert. After the Nb layer is deposited
these samples should always be stored in a nitrogen atmosphere to prevent any further
oxidization. Nevertheless samples need several months of exposure to air, before they
deteriorate, meaning the Nb no longer gets superconducting. The storage in nitrogen
is therefore recommended, but not absolutely necessary. But not only a clean sample
is required, but one also needs to carefully prepare the measurement environment as

seen below.

4.2 FILTERING SYSTEM

To get a feeling for the energy scale of induced superconductivity in this samples let

us consider two typical values: the critical current is in the range of 5 pA and the

Bonding describes a way of connecting the metal contacts on the sample to a standardized chip carrier
via gold wires.

The chip carrier is a ceramic sample carrier with multiple contacts. This standardized contact layout can
then be easily mounted in the measurement stations.

38



4.2 FILTERING SYSTEM

uncapped HgTe (6 s) capped HgTe (12 s)

top view = top. view

side view = S = " side view

Figure 14: SEM image of Nb layers (colored in orange) on mesa. Left: uncapped HgTe with an
Ar etch time of 6 s. Right: capped HgTe which needs to be etched for at least 12 s.
The sidewall formation is much more dominant.

critical voltage is 150 pV. To be able to properly resolve this values one needs to be
well below these with all other energy scales.

The first aspect that comes to mind is temperature. A pumped *He cryostat can
reach the energy scale of Et,(1.7K) = kgT = 146 neV. This could be enough to see an
onset of induced superconductivity, but is not enough to properly resolve it. For this
one needs a >He cryostat or a *He/*He dilution refrigerator. The measurements in this
thesis were mostly carried out in the latter and it could reach a base temperature of
25 mK giving Etp, (25 mK) = 2peV. The functionality of a dilution refrigerator will not
be described here and can be e.g. found in ref. [61].

Additional to thermal noise one needs to take into account electrical noise. At low
temperatures the interaction of lattice phonons and electrons gets very small [62]. This
means that even though the lattice is cooled to the above mentioned 25 mK the elec-

trons can have a much higher temperature. To deal with this situation a low noise
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environment needs to deal with electromagnetic noise, which is mainly introduced
through the cable connections. The wiring and filtering setup used for the measure-
ments was adapted from Ref. [63] and will now be described in detail going from
room temperature down to the coldest point. An overview is given in Fig. 15.

The connections at room temperature have to be done with special care, as the
wiring is not already shielded by the Faraday cage of the metallic cryostat. The con-
nection cable> (see black cable on top in Fig. 15) is not only shielded as a whole,
but every wire has its own shield to minimize crosstalk. The cable is connected to a
aluminum box, which houses switches as well as the first filter stage.

The used switches® employ the so called make-before-break mechanic: When switch-
ing from contact A to the contact B the switch first shorts the two contacts before
disconnecting A. This ensures that at no time the wire is at an undefined potential
and due to the mechanical realization also suppresses contact chatter. The switching
happens between the three states: connected through the filter, connected to ground
and not connected or floating. Especially the last state is different to the usual setup
as the floating connection is inside the aluminum box and not exposed to the lab
environment.

Before entering the cryostat each wire is individually passed through a Mini-Circuits
PLP 1.9+7 low-pass filter with a cutoff frequency of 1.9 MHz. These filters are of a con-
siderable size (20 mm - 10 mm - 10 mm) and can not be fitted inside the cryostat.

The measurement wiring from this point going down consists of two sets of 24
twisted pair copper wires, one for each mounted sample, which are embedded in a
loom for easier handling. Only 18 of those 24 wires are used for measurements.

The next filtering stage is in the cryostat and runs from room temperature at the top
of the cryostat to the 1 K pot with a temperature of 1.7 K. Materials used in this context
need to be able to sustain thermal cycling and the thermal gradient. Furthermore the
wires need to run inside a slim metal tube, which limits the available space. To be able
to construct a filter here Eccosorb CRS-117 (EC)® was used. The material is described
as magnetically loaded, but the exact composition not disclosed by the manufacturer.
It acts as as low-pass filter with a cutoff frequency of 1 GHz when in proximity to
wiring. EC is a two component material, which is liquid after mixing and becomes a

flexible material after drying for one day. To fit a filter in the afore mentioned space

5 Belden 8170 CM 10PR24 shielded (ul) E108998 or AWM 2493

6 ELMA, Drehschalter oyR1x4k horiz. ZB WD (Art.Nr. 07R1423-30000)
7 Mini-Circuits, Low-Pass filter PLP-1.9+ Rev. A

8 Emerson & Cuming MWP, Eccosorb CRS-117
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L-C filterbox

still connection

eccosorb line

1 K pot

upper heat exchangers

lower heat exchangers

mixing chamber

copper powder filters

) sample holder

Figure 15: *He/*He dilution refrigerator with colored temperature zones. Additional installed
filters are written in blue. The cables inside the cryostat are a 24-wire twisted pair
loom (orange) which are made from copper (300 K to 1.7 K and below mixing
chamber) and the superconductor NbTi (1.7 K up to mixing chamber).
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the wiring is first guided through a PVC hose, which is then filled with EC. After
drying the PVC hose, including the wiring, can be inserted into the metal tube (see
Fig. 15).

At the 1 K pot the wiring material changes to superconducting NbTi. Because of the
properties of the material the thermal conduction is strongly suppressed [64] helping
to decouple the different thermal stages. While the wiring continues downwards it is
thermally anchored at every temperature stage to only allow the smallest amount of
heat possible to propagate to the mixing chamber and the sample.

At the mixing chamber the lowest temperature of roughly 25 mK is reached. Here
materials with high thermal conductivity are used to ensure a good thermal coupling
to the sample and thus the best possible cooling. Hence the wiring below the mixing
chamber is made from copper.

At this lowest temperature stage the wiring is filtered with a copper powder filter.
As each grain of the powder has a thin oxide layer they are all insulated from each
other forming a enormous surface area. The skin effect then leads to strong attenuation
in the GHz range [65]. When building the filter the copper powder is mixed with the
epoxy Stycast 1266 to ensure easy and clean usability after drying. The epoxy does

not interfere with the attenuation properties.

Figure 16: copper powder filters in version 1 (left) with R-C-filtering and version 2 (right)

The first filter (version 1) built with this technique can be seen on the left side
in Fig. 16. It is completely encased in a copper box to protect the wiring and ensure
good thermal coupling to the mixing chamber when mounted. After the powder based
filters the wires are connected to a PCBY. The board, which carries R-C-filters, is built

from SMD parts to be able to fit two times 18 lines in the small space available. Here

printed circuit board. Insulating board with printed connections for electrical components.
surface mounted device. Instead of wires guided through the soldering joint (THT) these devices are
soldered directly on the PCB-surface. This type of mounting needs less space.
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the very low cutoff frequency of 10 kHz was chosen to filter as much extra noise as
possible. Because the cryostat is also used for higher resistance measurements and a
manufacturing error the R-C-filters were only used once and then removed later. A
second concern was the size and weight of the massive copper powder filters.

This led to the development of the second version of the filters (Fig. 16 right). Based
on the same filtering idea the geometrical aspects have been changed massively. The
loom carrying the wires is now just coated with a thin layer of the filtering mass
(copper powder and Stycast) and then wound around two copper posts. The Stycast
is hard enough to protect the wiring and the thermal coupling through the copper
posts is still good enough. No additional copper housing is needed in this version.
The filter is split into two parts one for each 24 wire loom and thus can be built in
separately per sample. To get an idea of the size difference the base of the two versions
of filters is sketched in Fig. 17. The height of both filters is comparable. The additional
obtained space with version 2 can now be used for further options, like the installation
of coaxial wiring for high frequency measurements. The downside of version 2 is the

missing mounting for the R-C-filtering.

version 1

version 2

Figure 17: Comparison of the base of the two versions of copper powder filters. The height is
similar.

To distinguish which filters have been used for a certain measurement the icons
shown in Fig. 18 are placed next to the graphs depending on the installed filters. After
optimizing the electrical connections to the sample all the magnetic influences need to

be checked carefully.

4.3 MEASUREMENT SETUP
The environment for the sample needs to be prepared carefully before even building it

in. All materials in the vicinity need to be checked to ensure none are superconducting,

which could, due to them being diamagnetic, distort the applied magnetic fields.
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Figure 18: These icons are used in the measurement plots to indicate the used filtering

4.3.1  Magnetic coil

All cryostat systems, used for the measurements in this thesis, have superconducting
coils built in to generate the magnetic field at the sample. The next paragraphs discuss
how to optimize these coils for measurements on superconducting samples.

The materials used for the coils are based on type 2 Ss and show magnetic rema-
nence, which depends on the magnetic history. As a result the size of the remnant
field is not a fixed value, but is generally unknown. Depending on the maximum field
generated by the coil the typical values range from 5 mT (9 T) to 15 mT (16 T) at
zero current. These magnetic fields could already lead to trapped flux in the S in the
sample, when cooling below the critical temperature.

The easiest way of reducing the remnant field is to do a so called de-gaussing pro-
cedure. The maximum remnant field is reached at 1 T. Starting from this value, the
magnetic field is driven repeatedly from positive to negative values while continu-
ously lowering the maximum amplitude. This procedure reduces the remnant field
below 1 mT. [66]

As mentioned above the size of the remnant field is unknown, which means one
can not know the exact position of zero magnetic field. To get around this problem an
additional device can be created on a sample and the position of a distinct feature at
zero field is used as a reference point. All magnetic values given in this thesis need to
be considered as relative values.

A cleaner solution would be the construction of a superconducting shield to remove
all magnetic field around the sample [67]. Inside this shield a non-superconducting

coil creates a small magnetic field, which does not show remnant behavior. As a result
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the magnetic zero is always also at zero current. Due to time constraints this could not
yet be realized.

The power supplies normally used with superconducting magnet coils are opti-
mized for big outputs to be able to supply the currents needed for fields of several
Tesla. Consequently they do not perform as good in terms of resolution and linearity
in very small field ranges. To get around this limitation the original power supply is
completely disconnected and a high resolution current source is used. That way the
distortions in magnetic field caused by the original power supply are no longer visible
and the resolution is increased from 0.2 mT to 10 puT. The size of a typical oscillation

is in the range of 0.5 mT.

4.3.2 Bias measurement

The most basic measurement setup is sketched in Fig. 19 (central and upper red part).
A direct current (DC)-voltage is applied over the reference resistor Rref and the sample
(symbolized as resistor Rsample)- The voltage measurement over Rger gives the current
I flowing. Simultaneously the voltage drop Vsample Over Rsample is recorded. This is
often referred to as I-V measurement.

The 1:1 voltage amplifiers are used to maximize the input impedance in front of the
voltmeter. They additionally shield the sample from noise generated in the voltmeter.

Depending on the desired measurement range Rges has to be adjusted. If one focuses
on ranges away from the critical current |I| > |Iyit| the sample resistance is not
changing very strongly and one can choose Rref & Rsample-

If however one is interested in the range close to I.i: the current should still be
changed in equidistant steps with the applied voltage. To ensure this holds for the non-
superconducting (Rsample > 0) as well as the superconducting (Rsample = 0) sample
the reference resistance needs to be chosen that Rref > Rsample at all times. The former
situation is referred to as voltage bias and the latter as current bias.

To be able to resolve small resistance changes the setup can be extended to addi-
tionally measure the differential resistance (see Fig. 19 blue part). A small alternating
current (AC) signal is coupled into the DC line using a transformer. The voltage drop
over reference and sample is then detected using lock-in amplifiers and digitized via

a second voltmeter. The devices influencing the sample (e.g. DC-source and magnetic
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Figure 19: Setup overview for a DC measurement (upper red and central part) and extension
with the AC measurement components (lower blue part). If only the DC part is used
the transformer is not built in.

power supply) are set and the voltmeters are read by a computer connected via GPIB**
(shown as hatched lines in Fig. 19).

The advantage of this setup is the good signal-to-noise ratio, which allows high res-
olution of measurements. But due to the integration time of the used instrumentation
these two types of measurements need several seconds to record a single measurement
point. Often one only wants to record the maximum critical current dependent on e.g.
magnetic field. To get around the integration time limitation a different approach was

taken with the next method.

4.3.3 Threshold measurement

To be able to conduct faster measurements of the critical current an ADwin'? system
was used. This system consists of a programmable 