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Chapter 1
Introduction

Topology can manifest itself in materials in several different forms, from

conducting channels at the surface to intricate contributions to transport

in the bulk. What these ways have in common is a protection against

back-scattering, which supports the synthesis of Majorana bound states

in these materials when they are coupled to a superconductor. Majo-

rana bound states exhibit non-Abelian statistics under exchange, which

makes them suitable for braiding, the basis for topological quantum com-

putation. Topological quantum computation is of fundamental interest

because it facilitates a new range of algorithms and because it could en-

hance computation speed when coupled to other methods of computation.

This provides a good reason to study devices that incorporate interfaces

between superconductors and topological materials.
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1.1. Topology

1.1 Topology

Ever since it was recognized that the spin-orbit interaction can lead to topological
properties [1–4], the topic of topology in condensed matter physics has kicked
off. Countless studies into the theoretical possibilities of topological insulators [5],
Dirac and Weyl semimetals [6] and more complicated topological phases have been
conducted [7]. Meanwhile, attempts to realize these phases in real materials were
fruitful. Topological states of matter were constructed by doping [8, 9] or stressing
materials [10, 11], or by creating new compounds altogether [12, 13].

In topological insulators, the principle of the topological states is relatively sim-
ple. The bulk valence band and conduction band are inverted. When a material
with inverted band structure is brought into contact with a material of regular band
order, the bands are required to reconnect to their quantum mechanical equiva-
lents. This means that conducting states are created at the interface between a
topological insulator and a material with a regular band order (or the vacuum), at
the edge or surface of the topological insulator.

The influence of spin-orbit coupling in topological insulators is twofold. On the
one hand, it can act as the source of the energy shift that inverts the conductance
and valence bands (though it is only one of the mechanisms which can have this
effect, other energy modifications which act differently on distinct bands can pro-
duce the same result). On the other hand, spin-orbit coupling can lock the spin of a
charge carrier to its momentum. This enforces a prohibition against backscattering
of charge carriers by virtue of the quantum mechanical orthogonality of the spins
in opposite momentum states. This restriction will have important ramifications
when bound states are considered in Section 1.3.

This notion of crossing surface states with a protection against backscattering
can be extended to bulk states in materials called Dirac and Weyl semimetals
[14–16], which have degenerate and non-degenerate crossing states, respectively.
Although these materials contain topological states throughout the bulk, their
crossings are still limited to a finite amount of points in the Brillouin zone. This
can be expanded further by introducing a continuous line of band crossings in the
Brillouin zone, a state of matter called a nodal line semimetal [7, 17]. Bringing
these types of materials into contact with superconductors leads to the opportunity
of establishing Majorana bound states, which possess interesting properties. But
before going into these states and their properties, superconductivity itself and its
property of Andreev reflection specifically will be briefly discussed.

1.2 Superconductivity and Andreev bound states

Superconductivity is the effect that the resistance of a material drops to zero be-
low a certain temperature. Not all roots of superconductivity are completely un-
derstood, but a generally accepted form of superconductivity was presented by
Bardeen, Cooper and Schrieffer [18]. Their theory describes the formation of
Cooper pairs, electrons of opposite momentum and spin, as a condensate of bosons.
This process opens a band gap around the Fermi level in the material.

One of the many properties of superconductors is Andreev reflection; the event
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Normal
reflection

Andreev
reflection

Figure 1.1: Andreev reflection at the interface between a normal state conductor and
a superconductor. The reflected hole travels in the opposite direction to the incoming
electron, in contrast to a regularly reflected electron.

where a propagating electron is reflected as a hole at the interface with a supercon-
ductor [19], depicted in Figure 1.1. Since there are no electronic states to propagate
to in the superconductor below the gap energy, an incoming electron cannot trans-
mit into the superconductor. However, it can combine with another electron to
form a Cooper pair, which can travel into the superconductor. This process leaves
a hole in the non-superconducting material, which has a momentum opposite to the
momentum of the incoming electron, since that is what the formation of a Cooper
pair requires. In a similar way, a hole can Andreev reflect by breaking up a Cooper
pair.

By constructing two parallel interfaces with a superconductor close together, i.e.
a non-superconducting material sandwiched by two superconductors, also known as
a Josephson junction, a bound state based on the Andreev reflection can be formed
when the phase interferes constructively after a round trip. This requirement can
be met in Josephson junctions when the path of the bound state is at certain angles
to the interface with the superconductors, since the momentum of the Andreev-
reflected electron or hole is always opposite to the momentum of the incoming hole
or electron.

1.3 Majorana bound states

To turn an Andreev bound state into a Majorana bound state, it will need to be
its own anti-mode, in analogy with a Majorana particle being its own antiparticle
[20–22]. Luckily, an Andreev bound state is an electron moving one way and a hole
on the way back, so all that needs to be done is to remove the spin degeneracy and
to move the mode to zero energy. The spin degeneracy is already removed in a
topological material because it is coupled to the momentum of the charge carrier.
Moving the bound state to zero energy is solved by the energy-phase relation of
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the Andreev bound state, which crosses zero energy at a phase difference of π
between the superconductors [23], see Figure 6.1c and the elaboration in Chapter
6 for details. Usually, the mode at zero energy is not attainable due to coupling to
the mode moving the opposite way. This leads to an avoided level crossing opening
a gap around zero energy. However, when the incident angle to the interfaces with
the superconductors is perpendicular in a topological material, this coupling is
nullified by the constraint that no backscattering is allowed. The suppression of
this coupling also leads to a doubling of the periodicity of the Andreev bound state,
since the avoided crossing at a phase difference of π is converted into a crossing.
This provides an interesting signature of the Majorana bound state in Josephson
junctions based on a topological material.

An interesting property of these Majorana bound states is their exchange statis-
tics. Upon exchanging two Majorana modes, the phase rotates by π/2 [24], in
contrast to the exchange of fermions or boson, which acquire a phase of π or 0,
respectively. Exchanging the Majorana modes again yields a total phase change
of π. Since the system does not return to its original state upon double exchange
of two of its components, it is subject to non-Abelian statistics, which enables the
opportunity of braiding in a system with Majorana modes [22, 24, 25].

Braiding utilizes the outcome that the history of the system is relevant when
the initial state is not recovered upon double exchange. Groups of operations
can be classified as braiding groups, which act as the fundamental elements for
topological quantum computation, distinctly different from the bit flips in classical
computation [25]. This opens the door to a new realm of potential algorithms.
Though algorithms based on braiding will not be able to solve all problems faster
than classical computation or quantum computation based on quantum bits could,
or even achieve universal quantum computation at all for that matter [25], it will be
a useful addition to a machine which incorporates multiple computation types to
benefit from the advantages of all. The fundamental opportunities that topological
quantum computation offers alone are sufficient justification for this study into
superconductor-topological material devices. The prospect of increased capabilities
of hybrid computation devices is only an additional benefit.

1.4 Outline

This thesis is comprised of studies on all three variations of the topological materials
discussed in Section 1.1. The three-dimensional topological insulator BiSbTeSe2 is
used in devices in Chapters 2, 4 and 5, the Dirac semimetal Bi0.97Sb0.03 is inspected
in Chapters 6 and 7, and the nodal line semimetal ZrSiS is discussed in Chapter 3.

First, Chapter 2 discusses the quantum Hall effect in BiSbTeSe2. Rather than
diving into the properties of Josephson junctions based on BiSbTeSe2 right away,
first the transport properties of a Hall bar in a magnetic field is studied. Besides
showing the ability to gate-tune both surfaces of the BiSbTeSe2 through several
Landau levels, the Hall conductance is found to acquire a non-integer value when
each surface is predominantly populated by charge carriers of opposite sign. This
situation allows for scattering between the modes of either surface, explaining the
departure from integer values of the Hall conductance.
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The search for 4π periodicity in the radio frequency response of Josephson junc-
tions based on topological materials is central in this thesis. In support of these
measurements, an analysis protocol for the identification of 4π periodicity is estab-
lished in Chapter 3. Measurements are performed on Josephson junctions based
on the nodal line semimetal ZrSiS. Though the response of the junctions to radio
frequency irradiation shows missing Shapiro steps at low temperature, increasing
the temperature reveals that the retrapping supercurrent is responsible for the
missing steps. This means that there is no sign of a 4π-periodic contribution to
the supercurrent in the ZrSiS-based Josephson junctions, but the study does pro-
vide a stronger foundation for the analysis protocol of using both frequency and
temperature in the search for 4π periodicity in Josephson junctions.

Having established the normal state transport properties of BiSbTeSe2 and an
analysis protocol for 4π periodicity, Chapter 4 describes the fabrication and mea-
surement of Josephson junctions based on BiSbTeSe2. The absence of the first
Shapiro step in the radio frequency response of the junctions under careful varia-
tion of frequency and temperature is interpreted as a 4π-periodic component to the
supercurrent. This provides a signature of a Majorana bound state in this system.

In search of further signatures of a Majorana zero mode, Chapter 5 elaborates
on spectroscopic measurements performed on BiSbTeSe2. The conductance at a
Nb-BiSbTeSe2 interface is read out using a Au electrode. Applying a magnetic
field unveils the presence of a zero-bias conductance peak. Although the zero-bias
conductance peak shows the existance of a mode at zero energy, further investiga-
tion into the nature of this mode will be required to definitively associate it with
a Majorana zero mode.

In Chapter 6, the normal state transport properties of Bi0.97Sb0.03 are studied,
after which the material is used in a Josephson junction. Irradiation with radio
frequency waves reveal a contribution of 4π-periodic components to the supercur-
rent in Bi0.97Sb0.03, providing a signature of Majorana bound states in a Dirac
semimetal as well. Application of a magnetic field in the plane of transport tunes
the junctions between the 0 and the π regime.

To further investigate this 0-π transistion, an asymmetric superconducting quan-
tum interference device (SQUID) based on Bi0.97Sb0.03 was fabricated and mea-
sured, as described in Chapter 7. A large in-plane g-factor enables tuning between
the 0 and the π regime by means of the Zeeman effect. This could be verified by
measuring the current-phase relation directly in the asymmetric SQUID. The non-
sinusoidal properties of the current-phase relation also show the ballistic nature of
the Bi0.97Sb0.03-based Josephson junction.





Chapter 2
Interaction between counter-propagating
quantum Hall edge channels in the three-
dimensional topological insulator BiSbTeSe2

The quantum Hall effect in the topological insulator BiSbTeSe2 is studied.

By employing top-gate and back-gate electric fields at high magnetic field,

the Landau levels of the Dirac cones in the top and bottom topological

surface states can be tuned independently. When one surface is tuned

to the electron-doped side of the Dirac cone and the other surface to the

hole-doped side, the quantum Hall edge channels are counter-propagating.

The opposite edge mode direction, combined with the opposite helicities

of top and bottom surfaces, allows for scattering between these counter-

propagating edge modes. The total Hall conductance is expected to be

integer valued only when the scattering is strong. For weaker interaction,

a non-integer quantum Hall effect is expected and indications for this effect

are measured.

Published as C. Li, B. de Ronde et al. Interaction between counter-propagating quantum
Hall edge channels in the 3D topological insulator BiSbTeSe2. Phys. Rev. B 96, 195427 (2017).
(Joint first author)
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2.1 Introduction

The quantum Hall effect can be described by the formation of quantized edge state
conduction. The conductance of quantum Hall edge modes in a semiconductor
is given by 2nG0, where n is the number of modes (linked to the Landau level
filling number of the bulk), the multiplication by two is to account for two spins,

and G0 = e2

h is the conductance quantum [26]. When the electronic dispersion of
a material is given by the Dirac equation, the first bulk Landau level sits at the
Dirac point and simply provides a conductance contribution of only G0

2 , as can be
explained by the extra Berry phase of π that is obtained in a Landau orbit. For
graphene, one then obtains an edge conduction of 4

(
n+ 1

2

)
G0, where the factor

of four comes from the twofold spin degeneracy and the twofold orbital degeneracy
due to there being Dirac points at the crystallographic K and K’ points [27].

After the discovery of topological insulators, it was soon understood that the
Dirac cone of the topological surface state of a three-dimensional topological in-
sulator is not spin degenerate, except at particular Kramer’s momenta. Like for
graphene, the Berry phase argument provides an offset of 1

2 , and the direction of
the conduction channels is determined by the position of the Fermi level in the
Dirac cone with respect to the Dirac point (electrons versus holes). Every surface
(e.g. top and bottom) then provides an edge conduction of

(
n+ 1

2

)
G0, rendering

the topological surface state effectively equivalent to one quarter of graphene [5].
The top (t) and bottom (b) surfaces of a three-dimensional topological insulator
possess Dirac cones of opposite helicities. When the two surfaces are gate-tuned
so that the Fermi energy in both systems is either above or below the Dirac point
(i.e. two electron or two hole Fermi surfaces), the edge modes of the two surfaces
propagate in the same direction, but with opposite helicity. Due to their orthog-
onality no scattering from one to the other is quantum mechanically allowed. In
such a case, the parallel mode conductances add up, yielding an integer quantum
Hall effect, i.e. the Hall conductance Gxy = (nt + nb + 1)G0. This integer quanti-
zation has indeed been observed for three-dimensional topological insulators such
as BiSbTeSe2 [28, 29], (Bi1−xSbx)2Te3 [30], HgTe [31], and magnetically doped
topological insulators, where the role of the external magnetic field is replaced by
an internal magnetization [32, 33].

However, when the top and bottom surfaces of a three-dimensional topological
insulator are gate-tuned to different sides of the Dirac point (i.e. one electron and
one hole Fermi surface) the edge modes of the two surfaces are counter-propagating.
In this case, the helicities of the states are equal as the sign reversal going from top
to bottom surface is cancelled by the sign reversal going from the electron to the
hole side of the Dirac cone. This situation is different from the counter-propagating
modes in a quantum spin Hall insulator [11], where the mode conductance lacks
the factor of 1

2 and where counter-propagating modes at an edge have opposite
spins and thus cannot scatter elastically into each other.

To take a closer look at the propagation of edge modes, an overview of the
different versions of the quantum Hall effect in different materials is given, as
well as the possible values for the quantized mode conductances in each case, see
Figure 2.1. A spin-degenerate semiconductor has two conductance quanta per mode
because of spin. The modes run in the direction as dictated by the magnetic field.
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Figure 2.1: The quantum Hall effect and mode conductances are shown for the following
five cases: a) a degenerate semiconductor, b) graphene, c) a quantum spin Hall insu-
lator (i.e. a two-dimensional topological insulator at zero magnetic field), and a three-
dimensional topological insulator with d) parallel propagation and e) counter-propagation
of the edge modes.

Graphene has an additional degeneracy factor of two because of valley degeneracy.
The Dirac type dispersion in graphene has an associated pseudospin-momentum
locking that provides an offset of 1

2 . This zeroth Landau level is also referred to as
a consequence of the non-zero Berry phase in a Landau orbit. The quantum spin
Hall insulator lacks this factor of 1

2 . The quantum spin Hall insulator has counter-
propagating modes, and hence conductance in both directions. The spin is opposite
for the two directions, therefore the modes are quantum mechanically orthogonal
and no elastic scattering between the modes is allowed. For the three-dimensional
topological insulator, the mode direction is determined by the magnetic field and
the nature of the carriers (electrons when the chemical potential lies above the
Dirac point, holes when the chemical potential is below the Dirac point). Modes
with parallel propagation have opposite spin (because the helicity is reversed for the
top and bottom surfaces) and a factor of 1

2 because of the helical spin-momentum
locking in the Dirac cone. Counter-propagating modes have the same spin and
scattering between the modes is quantum mechanically allowed. In this case, the
transparency of the mode, T , can be smaller than one.

Here, the interaction between counter-propagating surface states in a three-
dimensional topological insulator is studied, exploiting independent gate tuning
of the upper and lower topological surface states of a BiSbTeSe2 device. Non-
integer quantum Hall conductance values are observed, likely due to the reduced
scattering between the surface state modes by the use of a large separation between
top and bottom surfaces. The non-integer (but rational) conductance values can
be understood from the voltage probes being in perfect equilibrium with both the
top and bottom edge modes. Modeling the conductance data enables extraction
of a value for the probability of scattering between the top and bottom surface
modes.



10 2.2. Device fabrication

2.2 Device fabrication

As a three-dimensional topological insulator, stoichiometric BiSbTeSe2 [28, 34, 35]
is used because of its decent mobility and highly insulating bulk. High quality
BiSbTeSe2 single crystals were grown using a modified Bridgman method. Stoi-
chiometric amounts of the high purity elements Bi (99.999%), Sb (99.9999%), Te
(99.9999%) and Se (99.9995%) were sealed in an evacuated quartz tube and placed
vertically in a tube furnace. The material was kept at 850 ◦C for three days and
then cooled down to 500 ◦C with a speed of 3 ◦C per hour, followed by cooling
to room temperature at a speed of 10 ◦C per minute. Single crystal flakes were
mechanically exfoliated onto a highly doped silicon substrate topped with a 300
nm thick SiO2 layer on top. Nb/Pd (80/10 nm) metal contacts are fabricated using
sputter deposition and e-beam lithography. After making the contacts, the flakes
were shaped into a Hall bar structure using e-beam lithography and Ar+ etching.
Next, the entire central area of the BiSbTeSe2 flake is covered with a 20 nm thick
Al2O3 layer using atomic layer deposition at 100 ◦C. In the final step, the top gate
is realized by using e-beam lithography and lift-off of a sputter deposited Au layer.
Two devices have been characterized at low magnetic fields and both show simi-
lar behavior. One device was selected for the high-magnetic field measurements.
Figure 2.2 depicts the schematic layout of the experiment as well as an optical
microscopy image of the device.

2.3 Gate tuning of both surfaces

The differential resistance forRxx was measured at zero magnetic field in a Hall-bar-
shaped sample while sweeping the top-gate and back-gate voltages independently.
This yielded in the data presented in Figure 2.2b. A single maximum appears
in the gate scan range of the map, at which the Fermi levels of both top and
bottom surface states are tuned close to their respective Dirac points. Both top
and bottom surfaces were found to be electron doped initially, meaning the Dirac
points of both surfaces are positioned at negative gate voltage. To the left (below)
the two-dimensional figure, the profiles of Rxx as a function of the top-gate (back-
gate) voltage, Vtg (Vbg), are given for cuts indicated with a blue (red) line. The
maximum of the profile as a function of the top-gate voltage does not depend on
the back-gate voltage and vice versa, which means that the top-gate and back-
gate only tune the surface closest to them. This shows that the two surfaces are
decoupled, split as they are by the insulating bulk, consistent both with previous
observations of decoupled BSTS surfaces [37] and with the significant thickness of
the flake chosen (240 nm).

The independent gate tuning capability of the Dirac cones of the two topological
surface states is also manifested in the Hall effect data at low magnetic field. Figure
2.3 shows the anti-symmetrized Rxy Hall signal of top-gate sweeps recorded for a
range of magnetic fields. With the bottom surface slightly electron doped (Vbg =
−40 V), the slope of Rxy(B) changes sign when the top gate crosses the Dirac
point, which indicates that the top surface is tuned from a electron doping to a
hole doping. The bottom graph of Figure 2.3 shows a sharp change from a positive
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Figure 2.2: a) Schematic drawing of a dual-gated quantum Hall device with either paral-
lel propagation or counter-propagation of the edge states of the topological bottom and
top surfaces of a three-dimensional topological insulator. In the case of parallel propa-
gation (upper panel), the charge carriers move in the same direction, and the edges of
the surfaces form equipotential lines (µ±) [36]. For counter-propagation (lower panel),
the electrons and holes come from different potential reservoirs (electrodes) and move in
opposite directions. In this case, a non-zero probability exists for backscattering between
the top and bottom surfaces, given by (1 − τ). b) Two-dimensional gate map of the
longitudinal resistance, Rxx, as a function of the top-gate and back-gate voltages at zero
magnetic field. The maximum resistance indicates the chemical potential lying at the the
Dirac point. The color-coded linecuts showing Rxx versus gate voltages are also shown,
as is an inset showing an optical microscopy image of the device, in which the top gate
and the BiSbTeSe2 flake are clearly visible. The black arrows indicate the sweep direction
of the measurements.
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to a negative value of Rxy as a function of the top-gate voltage.

2.4 Multi-band fit

The carrier density was deduced from the Rxy data and the zero field value of the
Rxx data using a multi-band model, in order to account for the top and bottom
surface conduction contributions, the bulk contribution can be assumed to be neg-
ligible. In general, there are four fitting parameters; the top and bottom surface
mobilities, µt and µb, and the two carrier densities, Nt andNb. However, the results
of high field measurements (the high field measurements are described in detail in
Section 2.7) were used to estimate the gate dependence of the carrier density of
both surfaces more accurately. This was utilized to fix the carrier densities of two
surfaces and use the two mobilities as the only fitting parameters.

In a Dirac cone, the energy of the Landau levels is given by EN =
sgn(N)vF

√
2eB~|N |, N is the index of the Landau level. Considering that

the degeneracy of the spin is lifted for the two-dimensional topological surface

states, we get a density of states of D2D(E) = |EF |
2π~2v2F

. Using E = ±~vF k, the

number of carriers per unit area can be deduced for each surface as a function of
the gate voltage,

N(E) =
e

h
·B · |N | = N(Vtg) +N(Vbg). (2.1)

Using the ideal dielectric constant for the Al2O3 top gate and the SiO2 bottom gate,
the field dependence of the calculated Landau levels does not fit the experimental
results. Therefore, an attempt was made to fit the ‘Landau fan diagram’ using
an effective dielectric constant, εeff. In this way, a good fit was obtained with
εeff = 2.64 for the Al2O3 top-gate and εeff = 1.8 for the SiO2 back-gate. Note that,
when the theoretical lines fit the fan diagram well, the spacing between Landau
levels (described in Section 2.7) should also fit the data (Figure 2.4), confirming
the chosen effective dielectric constant. The reduced dielectric constant has also
been observed in previous experiments with BiSbTeSe2, presumably due to trapped
charged impurities or other screening effects (see supplementary material of [28]).

The effective dielectric constants obtained in this way could be used to determine
a rate of change in charge carrier density for each surface. This linear change
was used as a guideline for the fitting. The results of the fitting, see Figure 2.5,
show that both the top and bottom surfaces can be tuned to very low carrier
densities, so the Fermi level can be continuously tuned through the Dirac point.
When the Fermi level is very close to the Dirac point, rather than needing only
two conductance channels, the fitting requires a third contribution. Most likely,
this is not due to the side surfaces. In general, the etching steps in the Hall bar
fabrication procedure result in a very poor mobility for the side surfaces. Moreover,
the side surfaces are oriented parallel to the applied field, meaning that they do not
contribute to the Rxy signal either. Most likely, the extra contribution arises from
spatial charge fluctuations [38] in the two-dimensional surface states, also observed
for BiSbTeSe2 [39]. From the multi-band fit, the carrier density of these charge
puddles is estimated to be about 5× 1015 m−2.
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when Rxy crosses zero.
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Figure 2.5: Back-gate dependence of the carrier density, Nb, and mobility, µb, for a) -1.5
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It is evident that the bulk conductivity does not appear to be relevant in the
data fitting. This observation was already warranted from the independent gate
tuning of the top and bottom surfaces. Here it is argued that bulk conductivity is
also negligible when it comes to equilibration between electrodes. The independent
gating, as shown in Figure 2.2b, implies a negligible conductance between the top
and bottom surfaces on the scale of the longitudinal conductance. Given the order
of magnitude of the longitudinal resistance, Rxx, of 10 kΩ, and the dimensions of
the Hall bar (i.e. a flake thickness of 240 nm, a width of about 1 µm and a length
of more than 5 µm), the bulk resistivity is then found to be much larger than 2
Ωcm. The bulk channel resistance between electrodes (spacing is 2 µm) is then
found to be much larger than 2×105 Ω, meaning that it can be neglected when
compared to the quantum of the resistance.

The increased mobility close to the Dirac point is similar to what has been re-
ported for (Bi0.04Sb0.96)2Te3 [40], BiSbTeSe2 (see supplementary material of [28]),
and also for graphene [41]. Multiple scattering mechanisms can be responsible
for such a carrier density dependent mobility [42, 43]: defects on the topological
insulator surfaces, phonons, or even edge roughness. The observed kink in the
dependence of the top-surface carrier density on top-gate voltage must relate to
a change in gating efficiency across the Dirac point, likely related to a change in
dielectic screening.

2.5 Formation of ballistic edge states

At high magnetic field, Landau levels start to appear which form conducting edge
states. The two gates can be used to tune the Fermi level between Landau levels.
A gate map of unsymmetrized Gxy data at 15 T and -15 T and 50 mK is shown
in Figures 2.6a and b. It is already apparent that the Gxy gate map is divided
into several quasi-rectangular areas. These plateaus correspond to different filling
factor combinations of νt = nt + 1

2 and νb = nb + 1
2 . The different plateaus are

indicated in brackets in a normalized Gxy map after (anti-)symmetrizing the (Rxy)
Rxx data in Figure 2.6c.

However, due to the moderate mobility (albeit state-of-the-art for Bi based topo-
logical insulators), the Landau levels are not perfectly developed at a field of 15
T and the formed edge states stay dissipative. As a consequence, non-zero (but
strongly reduced) Rxx data is observed between two Landau levels, as well as a
reduced Gxy value, which complicate the results and prevents a direct matching of
experimental and theoretical results. For this, an additional analysis is applied.

2.6 Landauer-Büttiker formalism

To get a better understanding of the expected quantized Hall conductance in this
combined system of two surface states, the system was modeled using the Landauer-
Büttiker formula. In a Hall bar, see for example Figure 2.2a, the edge states provide
a quantized value of the Hall conductance Gxy. In a current biased Hall bar, the
Hall conductance, Gxy, relates to the measurable transverse resistance, Rxy, and

the longitudinal resistance, Rxx, by Gxy =
Rxy

R2
xx+R2

xy
.
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In general, to calculate device conductances from edge states, the Landauer-
Büttiker formalism is well suited. All device terminals, assumed to be leads that
are in equilibrium with potential µ, are labeled with an index. The current into
(positive) or out of (negative) a terminal is then given by

Ip =
∑
q

Gpq (µp − µq) , (2.2)

where Gpq are the values for the edge conductance from terminal p to q. This
equation can be converted into a matrix equation that relates current, I, to voltage,
V = eµ. Knowing the values of I then allows to solve for all the elements of µ. With
the definitions of Rxy and Rxx, the conductances, Gxx and Gxy, can be obtained.

The top and bottom surface of a three-dimensional topological insulator have
Dirac cones with opposite helicities. Therefore, when the two surfaces are gate-
tuned to both have the Fermi energy above or below the Dirac point (i.e. two
electron or two hole Fermi surfaces), the edge modes of the two surfaces propagate
in the same direction but are orthogonal and no scattering from one to the other
is quantum mechanically allowed. Therefore, the mode conductances

(
nt,b + 1

2

)
G0

add up in the elements of Gpq, e.g. G12 = (nt + nb + 1)G0. It is then straightfor-
ward to show that Gxy = (nt + nb + 1)G0.

However, when the two surfaces of a topological insulator are gate-tuned at dif-
ferent sides of the Dirac point (i.e. one electron and one hole Fermi surface), the
edge modes of the two surfaces are counter-propagating. In this case, the helicities
of the states are equal (the sign reversal going from the top to the bottom surface
is canceled by the sign reversal going from the electron to the hole side of the Dirac
cone). Here, a model for the interaction between the modes is derived, but first
the case of negligible coupling is considered, such as is the case for a sufficiently
thick topologial insulator for which the surfaces are far apart. In contrast to the
quantum spin Hall case which has only one mode in each direction, the counter-
propagating modes in a topological insulator can consist of higher values of n. For
example, the case of nt = 1 and nb = −1 gives Gpq values of G12 =

(
1 + 1

2

)
G0

and G21 =
(
−1 + 1

2

)
G0, etc. Solving the Landauer-Büttiker equation for a stan-

dard six-terminal Hall bar in such a case, quite surprisingly, provides a non-integer
quantized value of Gxy. For example, the case with counter-propagating modes
given above provides Gxy = 112

73 G0 ≈ 1.53G0. Quantum Hall conductance values
for other filling factors are mentioned in Figure 2.6f.

Next, the coupling between modes is also taken into account. A transmission
parameter, τ , is introduced for modes that have a counter-propagating partner
at the other surface. Since modes that orginate from different Landau levels are
orthogonal in real space, scattering between them is neglected. As an example, the
case of nt = 1 and nb = −1 is considered again, for which only scattering between
the 1

2 and − 1
2 terms is taken into account. The mode conductance at the top surface

then becomes (1 + τ
2 )G0, instead of (1 + 1

2 )G0. When the electrodes are numbered
from 1 to 6 clockwise around a six-terminal Hall bar, then the conductance matrix
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becomes

G =


0 1 + τ

2 0 0 0 τ
2

τ
2 0 1 + τ

2 0 0 0
0 τ

2 0 1 + τ
2 0 0

0 0 τ
2 0 1 + τ

2 0
0 0 0 τ

2 0 1 + τ
2

1 + τ
2 0 0 0 τ

2 0

G0. (2.3)

Combining Eqs. (2.2) and (2.3) then gives
I1
I2
I3
I4
I5
I6

 =


1 + τ −1− τ

2 0 0 0 − τ2
− τ2 1 + τ −1− τ

2 0 0 0
0 − τ2 1 + τ −1− τ

2 0 0
0 0 − τ2 1 + τ −1− τ

2 0
0 0 0 − τ2 1 + τ −1− τ

2
−1− τ

2 0 0 0 − τ2 1 + τ

G0


V1

V2

V3

V4

V5

V6

 ,

(2.4)

where Vp = eµp. Noting that I1 = −I4 = I makes the matrix equation solvable,
so Gxy can be calculated as a function of τ . For example, for τ = 0.8, a value of
Gxy = 1.42G0 is obtained. For the case of decoupled modes (in this context: a thick
topological insulator), there is no scattering between the modes and, therefore,
τ = 1, giving Gxy = 1.53G0. A very strong coupling can be modeled by taking
τ = 0, which effectively localizes the lowest modes at the two surfaces, excluding
them from the conductance. The conductance is then Gxy = G0. Also for higher
order filling factors the integer quantization is restored again for τ = 0, due to the
cancelation of the modes.

2.7 Analysis of Landau levels

Following from the Landauer-Büttiker formalism, unusual non-integer Hall conduc-
tance is expected in the regime where the two surfaces are populated by charge
carriers of opposite sign (lower panel of Figure 2.2a), but equal helicity. Intuitively,
when the coupling between electrons and holes is strong, the counter-propagating
states counteract each other and will cancel when summing the Hall conductances,
but this picture only holds when the counter-propagating filling factors are ex-
actly opposite (e.g. νt = −νb = 1

2 ). In general, counter-propagating edge modes
start off from different current injection electrodes, and therefore have different
chemical potentials, see also Figure 2.2a. If there is no interaction possible be-
tween the surface channels through the bulk, the only way to get equilibrium is to
equalize the potential inside the metal electrodes. Using this as a boundary con-
dition, non-integer values are theoretically expected for the Hall conductances in
the counter-propagating regime, even for perfect transmission of the edge channels.
The calculated and measured values are shown in Figure 2.6f. Cross-sectional cuts
of the data are shown in Figures 2.6d and e.

Due to the imperfect edge channels at these moderate magnetic fields (i.e. µB �
1 has not been fulfilled), the values of the Hall conductance deviate from the
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Figure 2.6: a) and b) Unsymmetrized Hall conductance Gxy as a function of top-gate
voltage (Vtg) and back-gate voltage (Vbg) at +15 and -15 T, respectively. c) Gxy gate-
map after (anti-)symmetrization. The dashed lines indicate the borders between plateaus
corresponding to different filling factors, labeled as (νt, νb). The voltage indicators on the
outside of the frame mark the positions of the cross-sections in the subsequent panels.
d) Back-gate voltage dependence of Gxy at the three values of Vtg indicated in c). The
vertical, dashed lines indicate different νb. e) Top-gate voltage dependence of Gxy at the
four different values of Vbg indicated in c). The vertical, dashed lines now indicate different

νt. f) Expected values of the Hall conductance for different filling factors in units of e2

h
.

The measured values are shown between brackets. g) Measured and calculated values for
the change in Gxy for successive bottom surface Landau levels, as indicated by the steps in
d) when going from one νb value to the next. Error bars are extracted from the averaging
of the gating map data. Left: νt = − 1

2
(counter-propagating modes). Right: νt = 1

2

(parallel propagation). The calculated step sizes are shown both for perfect transmission
(τ = 1) and for τ = 0.8. h) Longitudinal resistance, Rxx, at B = 15 T versus Vtg and
Vbg. Blue solid lines indicate the borders of the Landau level plateaus. The hatched areas
indicate regions with counter-propagating modes.
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expected values, and Rxx does not completely vanish. This effect becomes most
apparent for the top-gate dependence of Gxy at a single bottom surface Landau
level, as shown in Figure 2.6e. It is strongest in the regimes for which the surfaces
are populated by charge carriers of opposite sign (note that the mobility of the
holes is generally lower than the mobility of the electrons in topological insulators,
consistent with the observation in Figure 2.5). Indeed, impurities or defects on the
side surfaces of a topological insulator are predicted to lead to hybridization of the
edge states of the two surfaces [44].

However, the bottom surface shows better quantization values (perhaps due to
better protection during device processing), hence we use Figure 2.6d rather than
Figure 2.6e for the following analysis. Especially when taking a look at the step
size the Hall conductance at a single value of νt for subsequent values of νb, a
quantitative analysis can be made with regard to the nature of the coupling be-
tween counter-propagating edge modes. Both the calculated (red, green) and the
measured and averaged (blue) Hall conductance step sizes (δGxy) for subsequent
values of νb are plotted in Figure 2.6g. The step numbers 0, 1 and 2 correspond
to νb = − 1

2 →
1
2 , 1

2 →
3
2 , and 3

2 →
5
2 , respectively. Note that all experimental val-

ues are lower than theoretically expected, likely due to the non-vanishing shunting
conductance of the bulk states. Despite the overall lowering factor, a clearly non-
monotonic change in the Hall conductance is experimentally observed around step
1 for νt = − 1

2 for counter-propagating modes, as predicted by the model. However,
the Hall conductance step size remains almost constant for parallel propagation,
when νt = 1

2 , which is also in line with the model.
This observation is different from previous reports on topological insulators

[28, 29, 31], where the total Hall conductance remained integer valued, even in the
case of counter-propagating modes. However, the devices presented here have a
significantly larger separation between the surfaces, so scattering between counter-
propagating modes is reduced. Possible scenarios for the nature of the interaction
between the edge modes involve either impurities or a (small) side surface conduc-
tion [44]. The coupling between counter-propagating modes is modeled with an
effective mode transmission probability, τ . This means that the probability of re-
flecting into the mirrored, counter-propagating channel (both opposite charge and
propagation direction) is 1 − τ . When τ = 1, the counter-propagating channels
are only coupled through the equilibration of the chemical potential of the edge
modes inside the voltage probe electrodes. However, when τ = 0, the counter-
propagating channels are fully coupled, and the Hall conductance is found to be
integer valued. This is most likely the explanation of the integer quantum Hall
effect seen in thinner samples. The non-monotonic change in Hall conductance ob-
served here is consistent with a large value of τ (for comparison, also the expected
values for τ = 0.8 are shown in Figure 2.6g, which resemble the experimentally
observed relative step heights well), as expected for thicker flakes.

Interestingly, the longitudinal resistance, Rxx, also behaves differently for paral-
lel propagation and counter-propagation. For parallel propagation (areas without
hatching in Figure 2.6h), Rxx would tend to zero if the edge modes were to become
increasingly ideal at higher magnetic field. However, if the two topological sur-
faces have counter-propagating edge states (hatched regions in Figure 2.6h), Rxx
becomes large. The longitudinal resistance was calculated using the Landauer-
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Büttiker formula. For νt = ±1/2 and νb = ∓1/2, ρxx = h
τe2 was found. If

the channels are very transparent (τ ≈ 1), Rxx should be approximately G−1
0 ,

which can be understood from the equilibration of the chemical potential in the
voltage probe electrodes. This situation is also applicable to observations in the
HgTe/CdTe quantum spin Hall state, where τ = 1 because of the opposite spin of
the modes [11], albeit with a factor of two difference because of the different Berry
phase. If τ � 1, the two counter-propagating channels are strongly coupled, since
the backscattering rate is high, so Rxx is expected to be large. The gate map of
Rxx at 15 T is shown in Figure 2.6h. The filling factors for both surfaces are labeled
by (νt, νb). It can be seen that both Rxx( 1

2 ,−
1
2 ) = 22.5 kΩ and Rxx(− 1

2 ,
1
2 ) = 20.5

kΩ are close to G−1
0 , again indicative of τ being close to 1. For the thinner sample

of Xu et al. [28], based on their measured value for Rxx, τ = 0.1 can be estimated,
which is indeed an order of magnitude smaller. This indicates more proximate and
thus more strongly coupled edge channels, fully consistent with their observation
of an integer quantum Hall effect.

2.8 Conclusion

In conclusion, the Fermi level has been controlled independently for the upper and
lower surface states of a three-dimensional topological insulator using a dual-gating
configuration. The developing quantum Hall states are observed at a magnetic field
of 15 T. Applying the Landauer-Büttiker formalism, the system was simulated for
both a parallel propagation and counter-propagation edge state configuration and
a non-monotonic change in the Hall conductance was experimentally confirmed for
counter-propagating states when compared to the integer quantum Hall effect. The
data suggests that it is the interaction between counter-propagating modes that
results in the non-integer quantum Hall effect. The interaction can be understood
from the equilibration of the chemical potential in the electrodes and the scattering
between the edge modes of the top and bottom surfaces. Future experiments
with higher mobility samples or at higher magnetic fields will likely result in fully
developed quantum Hall edge states, with which the theory can be compared to
the data more directly.

Compared to the well studied electron-hole quantum Hall bilayers in semicon-
ducting two-dimensional heterostructures (e.g see [45–47]), the topological surface
states hold up the intriguing prospect of showing fractional exchange statistics
when combined with superconductivity, due to the helical nature of the edge modes.
Counter-propagating and spin-resolved edge modes have also been realized in quan-
tum spin Hall insulators [11] and twisted bilayer graphene [48, 49], but scattering
between counter-propagating edge modes, as reported here, is only possible for
three-dimensional topological insulators, providing an additional control parame-
ter in quantum Hall experiments and applications. The combination of edge mode
interaction and potential equilibration in the electrodes might also be a suitable
platform to investigate models for scattering in the fractional quantum Hall effect
[50] and independent tuning of quantum Hall edge states by the magnetic proximity
effect [51–53].



Chapter 3
Induced superconductivity in a ZrSiS-based
Josephson junction

Contacts of Nb were used to induce a large supercurrent in exfoliated ZrSiS

crystal flakes. Despite its linear dispersion over a considerable range around

the Fermi level, a thorough study of the radio frequency response does

not reveal any indication of 4π periodicity in the current-phase relation.

Though a missing first Shapiro step was observed at 20 mK, increasing the

temperature to 1.5 K recovered it. This also shows that the protocol of

testing the dependence on both frequency and temperature can be a useful

tool in interpreting radio frequency response data of Josephson junctions

in general.
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3.1 Introduction

In recent years, interest in topological materials has vastly increased. Material
classes such as topological insulators [5] and Dirac and Weyl semimetals [6] are
thoroughly characterized and embedded in more intricate devices. This interest
stems from the opportunity of employing the Dirac physics governing charge car-
riers in these systems in applications such as spintronics [54, 55] and topological
quantum computation [22, 25].

ZrSiS belongs to the material class of the nodal line semimetals. These materials
show a linear dispersion in the bulk with a node that runs along a line in the
Brillouin zone instead of the node at a single Dirac or Weyl point as in topological
insulators and Dirac and Weyl semimetals. In ZrSiS, this line forms a closed loop
in the shape of a diamond [7, 17]. Moreover, the band dispersion is linear over the
large range of roughly 2 eV around the Fermi energy.

In normal state transport measurements, interesting properties of the magnetic
field dependence have been observed. Besides the magnetoresistance being large, it
also possesses an interesting angle dependence and Shubnikov-de Haas oscillations,
indicating the possibility of a non-trivial Berry phase in ZrSiS [56–59]. In this
work, Josephson junctions based on a ZrSiS crystal flake were fabricated and the
properties of an induced supercurrent through the junctions were studied.

3.2 Device fabrication

The ZrSiS single crystals were prepared by a chemical vapor transport method. A
stoichiometric mixture of Zr, Si, and S powder was sealed in a quartz ampoule with
iodine as transport agent (20 mg/cm3). The quartz ampoule was placed in a tube
furnace with a temperature gradient from 1000 ◦C to 900 ◦C for 10 days. Plate-like
crystals with metallic luster were collected in the cold end of the ampoule.

Crystal flakes of the ZrSiS were mechanically exfoliated onto a SiO2-capped Si
substrate with a p doping. Electron beam lithography with a standard dose was
used to pattern parallel Nb contacts at a distance of 300 to 500 nm apart to allow
the induction of a supercurrent through the ZrSiS. To create a good contact between
the leads and the flake, the ZrSiS was etched first before sputter depositing the Nb
leads, with a capping of Pd, in situ. A schematic image of the Josephson junction
structure is shown in Figure 3.1a.

3.3 Characterization of the Josephson junctions

The junctions were cooled down in an Oxford Instruments Triton dilution fridge
to the base temparature of 20 mK. The leads were used to perform quasi four-wire
measurements with a combination of dc and ac biasing. A sweep of the dc bias was
performed to characterize the basic properties of device 1, shown in Figure 3.1b.
The critical current, Ic that can be extracted for this 300 nm long junction is 47
µA, though the retrapping current is substantially reduced. On the sweep back to
zero, a second non-zero slope can be found in this curve. The double slope is a
result of a second junction in series with the ZrSiS junction. Using temperature
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Figure 3.1: a) Schematic image of the device structure. Two parallel Nb contacts close
to each other proximitize the ZrSiS in between to form a Josephson junction. b) IV -
characteristic of device 1 with arrows indicating the sweep direction. The reduced retrap-
ping current causes hysteresis. A second slope features on the ramps back to zero bias,
which is associated with the ZrSiS junction. The stronger slope is attributed to a weak
link in the Nb in series with the ZrSiS junction.

dependent measurements (elaborated upon below), the slopes could be attributed
to their respective junctions. The weak slope of about 1.2 Ω is associated with the
ZrSiS junction and the strong slope of roughly 20 Ω is associated with the series
junction, presumably a weak link in the Nb lead close to the ZrSiS flake. These
values yield an IcRN product of 56 µV for the ZrSiS junction, where RN is the
normal state resistance of the junction.

The temperature dependence of the Ic of device 1 is shown in Figure 3.2a. The
model by Galaktionov and Zaikin [60], based on the Eilenberger equations for
ballistic junctions, was used to fit the data. A critical temperature, Tc, of 4.5 K
was used in the modeling, which corresponds to an induced gap, ∆, of 0.7 meV. The
best fit yielded an interface transparency, D, of 1, underlining the good interface
between the contacts and the ZrSiS, and a coherence length ξ of 46 nm. The
number of modes was kept at the suitable order for the device dimensions. At low
temperature, the fit deviates from the data, presumably because it is limited by a
Nb weak link. This part of the curve was not used in the fitting. To take a closer
look at this deviation, the bias of the resistance increase to 20 Ω, the second critical
current, Ic2, was extracted and plotted in Figure 3.2b. The critical temperature
of Ic2 is roughly 8 K, which would be consistent with a Nb weak link. At lower
temperature, Ic2 seems limited to just below 30 µA, until the ZrSiS Ic increases
above Ic2. Both critical currents increase to 47 µA, after which both saturate.
A possible explanation would be that Ic2 is caused by a Nb weak link very close
to the ZrSiS junction. The supercurrent through the ZrSiS under the weak link
might enhance Ic2 a little, but it is ultimately limited and therefore limits the total
critical current through the device.

The temperature depence of the Ic of device 2 was also measured, as shown in
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Figure 3.2: a) Temperature dependence of the critical current, Ic, of device 1. At low
temperatures, the Ic is limited, presumably by a weak link in the Nb contact. b) Critical
current as a function of temperature of device 1. Two critical currents are featured in
the signal. The lower is ascribed to the ZrSiS junction and the higher is ascribed to a
Nb weak link close to the ZrSiS crystal flake. c) Temperature dependence of the critical
current, Ic, of device 2. The Ic exceeds 280 µA at 20 mK. d) Magnetic field dependence
of the IV -curve of device 2. A regular Fraunhofer-like pattern is observed, though jumps
are present in slower sweeps, presumably due to the high currents.
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Figure 3.3: a) Response of device 1 to 1.05 GHz irradiation of -6 dBm at 20 mK. The
left graph is an IV -curve where the bias is swept from negative to positive current. The
right graph is a binning plot of the left graph. At negative bias, the first Shapiro step is
missing while subsequent steps are present. b) IV -traces for a range of radio frequency
powers at 20 mK imaged as a binning map. At negative bias, only the first step is missing.
c) Binning map at 1.05 GHz and 500 mK. The first Shapiro step at negative bias starts
to reappear. d) Binning map at 1.05 GHz and 1.5 K. The first Shapiro step at negative
bias is fully recovered, as well as all steps at positive bias. The increase in temperature
prevents the supercurrent from concealing the Shapiro steps.

Figure 3.2c. The same induced gap and interface transparency were obtained for
this 500 nm long junction, and the obtained coherence length was 76 nm. Again,
the number of modes was kept at the suitable order for the device dimensions. At
base temperature, the Ic of device 2 exceeds 280 µA. Combining this with its normal
state resistance of 0.4 Ω yields and IcRN product of 112 µV. Figure 3.2d shows
the magnetic field dependence of the IV -curve of device 2. The magnetic field
response is a fairly regular Fraunhofer-like pattern, though jumps of the magnetic
field occur when the sweep speed is lower, i.e. the measurement time is increased,
especially around zero field. Presumably this is due to inductance effects at these
high currents. Using the oscillation period of 2.8 mT, an effective junction area of
h

2e∆B = 0.74 µm2 could be calculated. Considering the junction width of 550 nm,
this yields a reasonable effective length of 1.3 µm2, enhanced by the flux focusing
effect. Unfortunately, device 1 broke down before its magnetic field dependence
could be measured.
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3.4 Radio frequency response

Since the dispersion is observed to be linear for a large range around the Fermi level
[7, 17], and a linear dispersion is often associated with spin-momentum locking, it
could be interesting to study the radio frequency response of the junction to see
if any signs of a 4π-periodic supercurrent can be detected. A 4π periodicity can
be manifested in the radio frequency response by a missing first Shapiro step and
subsequent odd steps if the 4π-periodic contribution is large enough [61–63]. These
missing Shapiro steps are most prominent at low frequencies and they reappear at
higher frequencies. An investigation of the frequency dependence of the radio
frequency response was therefore conducted.

The left graph in Figure 3.3a shows an IV -curve of device 1 in response to 1.05
GHz irradiation at 20 mK. The bias was swept from negative to positive current,
which was done for all following sweeps in this document as well. The right graph
is a binning plot of the IV -curve, cut off at 2 µA for clarity. This binning data
is obtained for a range of radio frequency powers and plotted in the color map
shown in Figure 3.3b. The step size scale was cut off at 3 µA in this graph for
clarity, the data above the scale is colored grey. In both graphs in Figures 3.3a and
3.3b, the first Shapiro step at negative bias is missing, while subsequent steps are
clearly present. However, further investigation of this missing step by repeating the
measurement at 500 mK and 1.5 K, shown in Figures 3.3c and 3.3d, respectively,
unveils its presence. Especially at 1.5 K, the first Shapiro step is fully developed.
Note that the corners at the high power side of the color maps show a low bin
count. This is the result of the Nb weak link gap closing, i.e. the resistance jumps
to 20 Ω.

The reappearance of the first step can be understood by considering the retrap-
ping of the electrons at low bias. Since the voltage of the Shapiro steps scales with
the step order, this affects the lowest step orders first. This leads to the disap-
pearance of low order steps below a certain radio frequency power. This effect is
even stronger when sweeping the bias out from zero, since the retrapping current
is already reduced before applying radio frequency irradiation. This is clearly ob-
served in Figures 3.3b and 3.3c, where more steps are obscured at positive bias
than at negative bias. By increasing the temperature, the gap size is decreased and
therefore the voltage at which there is no more supercurrent is also decreased. This
can be used to reveal the Shapiro steps that were concealed by the supercurrent.

Since the voltage of Shapiro steps also scale with frequency, a lower frequency
should also lead to the concealment of more steps, even or odd, in contrast to
the observability of just the even steps for 4π periodicity in general [64]. This
was observed in the 0.7 GHz response at 20 mK, shown in Figure 3.4a. Both the
first and the second step at negative bias have been obscured by the supercurrent.
Increasing the temperature to 1.5 K, as shown in Figure 3.4b, recovers both steps
at negative bias, as well as all steps at positive bias. The opposite is measured at
a higher frequency, as shown in Figures 3.4c and 3.4d. The first step is partially
visible again at negative bias when subjected to 1.9 GHz irradiation at 20 mK.
Also at positive bias, more of the steps are present. Increasing the temperature to
1.5 K recovers all steps for both negative and positive bias again. Exploring the
radio frequency response as a function of both frequency and temperature in this
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way can be a useful tool in assessing the nature of a missing Shapiro step.

3.5 Conclusion

Josephson junctions based on ZrSiS crystal flakes were fabricated and used to cre-
ate large induced supercurrents. Although some Shapiro steps appear to missing at
low temperature, a careful study of the dependence of the radio frequency response
on frequency and temperature reveals the presence of all Shapiro steps. There-
fore, no signature of a 4π-periodic component to the supercurrent was observed
in this experiment. This protocol of exploring both frequency and temperature
dependences can be applied more broadly in the search for 4π periodicity in other
Josephson junction systems.



Chapter 4
Induced topological superconductivity in a
BiSbTeSe2-based Josephson junction

A 4π-periodic supercurrent through a Josephson junction can be a con-

sequence of the presence of Majorana bound states. A systematic study

of the radio frequency response for several temperatures and frequencies

yields a concrete protocol for examining the 4π-periodic contribution to

the supercurrent. This work also reports the observation of a 4π-periodic

contribution to the supercurrent in BiSbTeSe2-based Josephson junctions.

As a response to irradiation by radio frequency waves, the junctions showed

an absence of the first Shapiro step. At high irradiation power, a qualita-

tive correspondence to a model including a 4π-periodic component to the

supercurrent is found.
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4.1 Introduction

Topological insulators have been a popular topic of research for over a decade
now. With potential applications from spintronics [54, 55] to topological quan-
tum computation [22, 25], especially the transport properties are heavily studied
in topological insulators. Specifically the interface between topological insulators
and superconductors is of interest, the vicinity of the latter being able to induce
topological superconductivity in the former. Topological superconductivity makes
a compelling objective since it is predicted to host Majorana states, which can act
as the basic elements needed to perform topological quantum computation. Sig-
natures of Majorana states have been found in several systems, such as nanowires
[65–68], atomic chains [69] and Dirac semimetals [61, 62]. Signatures have also
been found in a proximitized Bi2Te3 thin layer by STM measurement [70], and
in Bi2Se3-based [71], (Bi0.06Sb0.94)2Te3 [72] and HgTe-based Josephson junctions
[63, 64].

Here, the measurement of Majorana signatures in the three-dimensional topo-
logical insulator BiSbTeSe2 is reported. The material BiSbTeSe2 combines the
scalability of a two-dimensional transport environment with gate tunability, a com-
bination which shows great promise for applications. After describing the device
fabrication of the BiSbTeSe2-based Josephson junctions and some basic material
characterization, this work unveils a 4π-periodic contribution to the supercurrent
through radio frequency measurements. Some challenges in distilling 4π periodicity
from the radio frequency response and how to overcome them are also highlighted,
aided by the results presented in Chapter 3.

4.2 Device fabrication

BiSbTeSe2 crystal flakes, which were made as described in Chapter 2, were me-
chanically exfoliated onto a p-doped Si substrate capped with a SiO2 layer. Mea-
surement contacts with a width of 500 nm were patterned onto selected flakes using
electron-beam lithography with a standard dose. The exposed area was etched to
avoid a big height difference between the contacts and the flake. Next, parallel Nb
contacts were sputter deposited in situ, capped with a thin Pd layer, and finalized
by lift-off. The Nb contacts were spaced between 200 and 250 nm apart to allow
the induction of a supercurrent through the BiSbTeSe2. An h-BN flake was placed
on top of the BiSbTeSe2 flake to serve as a top gate dielectric and a protection
layer. The Au top gate contact was sputter deposited onto the structure at high
gas pressure and low bias voltage to avoid leakage through the h-BN. A schematic
image of a typical sample is shown in Figure 4.1a.

4.3 Junction characterization

The BiSbTeSe2 Josephson junctions were cooled down to around 20 mK and mea-
sured inside an Oxford Instruments Triton dilution fridge. The junctions were
characterized in a pseudo four-wire configuration with a combination of ac and dc
biasing. An IV -curve of junction 1a, one of the junctions of device 1, at 1 K is
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Figure 4.1: a) Schematic image of a typical device. A BiSbTeSe2 flake was contacted with
parallel Nb leads designed to create Josephson junctions in the BiSbTeSe2. The leads were
equipped with contact pads at both ends to allow for pseudo four-wire measurements. An
h-BN flake and a Au contact on top of the BiSbTeSe2 flake form a top gate structure. b)
IV -curve of junction 1a, one of the junctions of device 1, at 1 K. The critical current and
the retrapping current are similar. c) RT -curve of device 1a. The fit with the clean limit
Eilenberger equations suggests that the junction is in the ballistic regime. d) Fraunhofer
pattern of device 1a. The supercurrent maximum at non-zero field indicates the presence
of a small stray field. The Fourier transform in the inset shows a moderately homogeneous
current distribution through the junction, except for a reduction at the edges of the flake.
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shown in Figure 4.1b. The 200 nm long junction has a critical current, Ic, of 1.2
µA and an IcRN (RN is the normal state resistance) product of 65 µV at low tem-
perature. The IV -characteristic is symmetric at 1 K, in contrast to the retrapping
current observed at low temperature. This feature will help with the interpretation
of the radio frequency response below.

The graph in Figure 4.1c shows the temperature dependence of the Ic of device
1a. The measured data could be fitted with a model by Galaktionov and Zaikin [60],
based on the Eilenberger equations. A critical temperature, Tc, of 2 K was used
in the modeling, corresponding to an induced gap, ∆, of 0.3 meV. The fit yielded
an interface transparancy, D, of 0.78, comparable to the results of Veldhorst et al.
[73], and a Fermi velocity, vF , of 3.1·105 m/s, close to what is expected [74]. From
these values an estimate for the coherence length, ξ = ~vF

π∆ , of 214 nm could be
calculated.

In response to an applied perpendicular magnetic field, B, the Ic displays a
Fraunhofer pattern, as shown in Figure 4.1d. The period of the oscillation in B
for the first few lobes is 6.3 G. This corresponds to an effective area of h

2e∆B = 3.3
µm2, where ∆B is the oscillation period. For a junction width of 4.2 µm, this
leads to an effective length of 780 nm. This value is reasonable considering the
flux focusing effect [75]. As can be seen in the inset of Figure 4.1d, the Fourier
transform of the Fraunhofer pattern indicates a fairly homogeneous current flow
through the crystal flake.

The uniform current distribution shows the quality of the crystal in this device.
From gating measurements on a different device, a mobility, µ = ∆σd/(∆V ε), of

∼ 0.3 m2V−1s−1 was obtained. This yields a mean free path of ` = m∗vFµ
e ≈ 159

nm, using an effective electron mass of m∗ = 0.3me [74]. This is lower than the re-
quirement for ballistic transport through the 200 nm junction of device 1. However,
it is close enough to allow some ballistic channels to form, taking into account that
the effective junction length might be reduced by fabrication inaccuracies. The
crystal being in this intermediate regime between diffusive and ballistic transport
is also reflected in the sensitivity of the system to surface mobility and fabrica-
tion treatment. Producing a device of sufficient quality to show 4π periodicity has
proven challenging, only two junctions of over 100 clearly show 4π periodicity. The
addition of an h-BN protection layer to the latest devices most likely played an
important role in preventing the BiSbTeSe2 surface from degrading to the diffusive
regime, as has been seen before in BiSbTeSe2-based systems [76, 77].

4.4 Radio frequency response

A 4π periodicity in the radio frequency response of Josephson junctions of topolog-
ical materials is an indication of the presence of a zero energy Andreev bound state
[61–63]. This phenomenon is strongest at a low excitation frequency and vanishes
at higher frequency. The frequency dependence of the radio frequency response
was therefore studied in device 1, as shown in Figure 4.2. Panel 4.2a shows an
IV -curve at medium radio frequency excitation power in a regime where Shapiro
steps are visible, but superconductivity has not been fully suppressed yet. These
curves are quantified by counting the amount of data points in a set of voltage
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Figure 4.2: Radio frequency response of junction 1a. All data in this figure was obtained
by sweeping from negative to positive bias voltage. a) IV -curve under radio frequency
irradiation of device 1a in the left hand graph. The right side graph shows the voltage
binning data from the IV -curve on the left. b) Voltage binning data for a range of
irradiation powers at 4.7 GHz of device 1a at 1 K. The first Shapiro step is clearly absent.
The scale has been adjusted to clarify the features; gray indicates the datapoint falls
above the scale. c) Integer Shapiro step size for a range of radio frequency powers at 4.7
GHz of device 1a. Subsequent curves have been shifted by 0.2 µA for clarity. d) Voltage
binning data for a range of radio frequency powers at 9.6 GHz of device 1a. The first
Shapiro step is clearly absent. e) Integer Shapiro step size for a range of radio frequency
powers at 9.6 GHz of device 1a. f) The quotient of the first and second Shapiro steps,
Q12, of junction 1a for several frequencies.

bins, as shown in the right hand plot of panel 2a.
This binning data was collected for all excitation powers and is presented graph-

ically in the form of a color map. Figure 4.2b shows such a binning map of junction
1a at a frequency of 4.7 GHz. The color scale is adjusted to clearly show the fea-
tures of the map, gray indicates a bin count value above the color scale. At integer
values of the Shapiro step size voltage at 4.7 GHz, the higher bin count indicates
the presence of Shapiro steps. All integer values are represented in this measure-
ment, except for the first. This missing first step is an important indication of the
presence of a 4π-periodic component to the supercurrent [61–63]. Traces of the
integer Shapiro step voltage values clarify the absence of the first step until the
radio frequency irradiation becomes too strong for the junction to sustain a super-
current, as can be seen in Figure 4.2c. In contrast to the data in Figure 4.2b, the
binning map at a frequency of 9.6 GHz in Figure 4.2d clearly shows the presence
of all integer Shapiro steps, including the first. Figure 4.2e presents the traces at
integer Shapiro step size values of this binning map, clearly showing all integer
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Shapiro steps.
The frequency dependence of the missing first step was further investigated by

defining the ratio between the first and the second Shapiro step, Q12, as the quotient
of the first maxima of the traces at hf/2e and 2hf/2e. The quotient Q12 was
calculated for a range of irradiation frequencies on device 1a, and is presented in
Figure 4.2f. After a certain threshold frequency, the curve clearly shows a rapid
increase of Q12, by virtue of an increase of the step height of the first step. This
frequency dependence excludes conventional Landau-Zener tunnelling as the cause
of the 4π periodicity [78].

At low temperature, the retrapping voltage might obscure low order Shapiro steps
at low frequency, since the Shapiro step voltage scales with voltage and frequency.
This possible explanation of the data was looked into by increasing the temperature
to reduce the retrapping current. The exact threshold where a Shapiro step should
be visible can be difficult to determine. However, when the gap edges of an IV -
trace are no longer sharp, all Shapiro steps are expected to be present. Chapter
3 shows how all Shapiro steps are recovered by increasing the temperature in the
nodal line semimetal ZrSiS. The effect of an increase in temperature on the radio
frequency response was studied in device 1.

The radio frequency response at a frequency of 1.85 GHz of device 1b, a 250 nm
long junction, at 20 mK and at 1 K is shown in Figure 4.3a and b, respectively.
The analysis of the data is focused on the negative bias voltage side, since the
retrapping current is smaller than the critical current and the voltage was swept
from the negative to the positive side. This results in a better visibility of the
low order Shapiro steps and thus aids the goal that the increased temperature was
attempting to achieve. At 20 mK, the energy gained by sustaining a supercurrent
is high enough to obscure the Shapiro steps below the third, as can be seen in
Figure 4.3a. However, the second Shapiro step is fully developed at 1 K, as shown
in Figure 4.3b, without the presence of the first Shapiro step. However, the binning
map does not show a value close to zero between zero bias and the second Shapiro
step, indicating that there is no sharp transition from zero bias to the Shapiro mode
bias. In other words, the gap edges in IV-curve are no longer sharp. The same is
observed at a frequency of 3.1 GHz, Figure 4.3c and d, though a hint of the second
step can be distinguished at 20 mK already for this frequency. But there is still no
sign of the first step at 1 K. Now for a frequency of 4.7 GHz, Figure 4.3e and f, the
second Shapiro step is fully developed at 20 mK already. However, there is still
only a mere hint of a first Shapiro step at 1 K. This is an unexpected result looking
at the energy scale involved in the formation of Shapiro steps. The bias voltage
where a Shapiro step appears scales linearly with frequency and with Shapiro step
order. Therefore, since 4.7 GHz is more than twice the value of 1.85 GHz, a
fully developed first step should be expected at 1 K. This leads to the conclusion
that the first Shapiro step is subject to an anomalously strong suppression in the
BiSbTeSe2 junctions. This is suggestive of the presence of a Majorana bound state
in this system. The same analysis holds for device 1a, of which the measurements
at 1.81 GHz, 3.1 GHz and 4.7 Ghz are shown in Figure 4.4 for both 20 mK and 1
K.

For further comparison between the measurements and the expectation for a
4π-periodic contribution, the step size of the zeroth order Shapiro step was mod-
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Figure 4.3: Shapiro step size of junction 1b under radio frequency irradiation at 1.85 GHz
at a) 20 mK and at b) 1 K, at 3.1 GHz at c) 20 mK and at d) 1 K, and at 4.7 GHz at
e) 20 mK and at f) 1 K. At 1.85 GHz, the second Shapiro step becomes visible at 1 K.
At 3.1 GHz, the second Shapiro step is already present to some extent at 20 mK, but it
becomes more pronounced at 1 K. At 4.7 GHz, the second Shapiro step is fully developed
at 20 mK, but the first Shapiro step remains absent at 1 K.
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Figure 4.4: Shapiro step size of junction 1a under radio frequency irradiation at 1.81 GHz
at a) 20 mK and at b) 1 K, at 3.1 GHz at c) 20 mK and at d) 1 K, and at 4.7 GHz at
e) 20 mK and at f) 1 K. At 1.81 GHz, the second Shapiro step becomes visible at 1 K.
At 3.1 GHz, the second Shapiro step is already present to some extent at 20 mK, but it
becomes more pronounced at 1 K. At 4.7 GHz, the second Shapiro step is fully developed
at 20 mK, but the first Shapiro step remains absent at 1 K.
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Figure 4.5: a) Modeled step size of the zeroth order Shapiro step. No 4π-periodic con-
tribution to the supercurrent was added. The step size reduces to zero periodically. b)
Modeled step size of the zeroth order Shapiro step with a 5% 4π-periodic contribution
to the supercurrent. The step size does not completely reduce to zero at odd minima in
the function. c) Extracted step size data of junction 1a at 20 mK and 4.7 GHz radio
frequency irradiation. The second minimum dips down deeper than the first and third
minima, suggesting the presence of a 4π-periodic component of the supercurrent.
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Figure 4.6: a) Ic and RN of device 2 for a range of top gate voltages. The supercurrent can
be tuned close to zero at negative gate voltage. The arrow indicates the sweep direction
of the gate voltage. b) IcRN product of device 2 for a range of top gate voltages. The
induced gap could be tuned by almost an order of magnitude over the voltage range.

eled. The resistively shunted junction model was used to calculate the junc-
tion voltage in the presence of radio frequency irradiation. Using the equation
idc + irf sin(Ωτ) = i2πc sinφ + i4πc sin φ

2 + dφ
dτ , where τ = tRN

2e
~ , i = I

Ic
, Ω = f

fc

with fc = IcRN
2e
~ , and i2πc and i4πc are the 2π- and 4π-periodic contributions to

the supercurrent, respectively [62, 79]. Figure 4.5a shows the modeled step size
without a 4π-periodic contribution and in Figure 4.5b a 5% 4π-periodic compo-
nent was added to the supercurrent. A qualitative comparison with the measured
data at 4.7 GHz in device 1a, as shown in Figure 4.5c, leads to the conclusion that
the inclusion of a small 4π-periodic component resembles the data much better.
Without the presence of any 4π periodicity, the step size reduces to zero at each
minimum of the Bessel function, while the first and third minima retain a finite
value upon introduction of a 5% 4π-periodic component to the supercurrent. These
finite minima are also observed, suggesting the presence of 4π-periodic modes in
the Josephson junction.

4.5 Gating to the Dirac point

Control over the Fermi level can be a useful tool in measuring Dirac cone physics
in topological insulators, as shown by Ghatak et al. [76]. Unfortunately, the
supercurrent of device 1 could not be tuned by means of gating, presumably due
to the gap between the h-BN gate dielectric and the BiSbTeSe2 flake being too
large. However, the graphs in Figure 4.6 show top gate control of the supercurrent
in device 2. The fabrication of the 200 nm long junction of device 2 is the same
as that of device 1, except for the ALD growth of an Al2O3 gate dielectric at 100
◦C instead of the h-BN flake. Figure 4.6a shows the change of Ic and RN as a
function of gate voltage. For negative gate voltages, the critical current is almost
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Figure 4.7: The Fraunhofer pattern of device 2 for a top gate voltage of a) 10 V b) 0
V c) -10 V and d) -15 V. The Fraunhofer patterns become less regular at negative gate
voltages, indicating that the Dirac point is close.

tuned to zero due to the low charge carrier density close to the surface state Dirac
point [29, 77]. In panel 4.6b, the IcRN product shows that the induced gap is also
tuned down close to the Dirac point.

The proximity of the Dirac point was further investigated by examining the gate
dependence of the Fraunhofer pattern. Figure 4.7 shows the Fraunhofer pattern of
device to for several top gate voltages. When the top gate voltage is tuned to the
negative side, the Fraunhofer pattern becomes less regular. Since the Fraunhofer
pattern is a Fourier transform of the current flow through the junction, a regular
pattern means a uniform current flow. This leads to the observation that the
current flow becomes less regular at negative gate voltages, indicating the presence
of disorder. Studies on graphene have shown increased disorder in the form of
charge puddles when the Fermi level resides in the vicinity of the Dirac point [80].
Therefore, the irregular Fraunhofer patterns suggest that device 2 is tuned close to
the Dirac point at negative gate voltages. This ability to tune the Fermi level close
to the Dirac point could prove useful to isolate any zero energy mode for potential
applications.
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4.6 Conclusion

The protection of the top surface of a BiSbTeSe2-based Josephson junction by an
h-BN flake avoids degradation, unveiling the presence of a 4π-periodic component
of the supercurrent. A careful study of the radio frequency response as a function of
temperature and frequency is used as a protocol for examining the 4π periodicity.
The indication of the presence of Majorana bound states in the system show its
promise as a platform to configure a topological quantum computer. The natural
scalability of the three-dimensional topological insulator (i.e. Josephson junctions
can be arranged in circuits on a three-dimensional topological insulator surface
[22]) and its gate-tunability only strenthen its potential for applications.



Chapter 5
Measurement of a zero-bias conductance peak
in BiSbTeSe2 spectroscopy devices

The search for Majorana zero modes encompasses a wide range of materi-

als and systems. The experiments in this field are generally divided into

two categories. On the one hand, experiments on nanowires and atomic

chains are performed by examining the zero-bias conductance peak in spec-

troscopic measurements. On the other hand, measurements on topologi-

cal materials of higher spatial dimensionality are executed by fabricating

Josephson junctions based on these materials. By observing a zero-bias

conductance peak in the topological insulator BiSbTeSe2, which has been

proximitized by a superconductor, this work gives an indication of the

analogy between these experiments.
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5.1 Introduction

Solid state realizations of Majorana zero modes require p-wave superconductivity
[21, 81], which is mostly achieved by inducing superconductivity from a standard
s-wave superconductor into a material with strong spin-orbit interaction. Examples
of these materials are semiconducting nanowires [65–68], topological insulators [63,
64, 70, 71], topological semimetals [61, 62] and magnetic atom chains [69].

The semiconducting nanowire and magnetic atom chain experiments have in
common that zero-bias conductance peaks in dI/dV spectroscopic measurements
are used as evidence for the presence of Majorana states at zero energy. For ex-
periments with topological materials, the most straightforward way to localize a
Majorana zero mode [22] is in between two superconductors in a Josephson junc-
tion. The zero-energy crossing of the Andreev bound states then shows up as a
4π-periodic contribution to the critical current as a function of phase difference
across the electrodes, and a Majorana zero mode exists for a phase difference of
π. This approach has been discussed in Chapter 4 for the topological insulator
BiSbTeSe2 and will be discussed further in Chapter 6 for the Dirac semimetal
Bi0.97Sb0.03.

These two approaches seem very distinct, while, in fact, the Majorana zero mode
at the end of a nanowire can also be interpreted as a non-degenerate surface An-
dreev bound state [82, 83], with odd frequency symmetry. In both fields of exper-
iments the current challenge lies in distinguishing the Majorana zero mode from
other Andreev bound states that might sit at zero energy. The key factor that dis-
tinguishes a Majorana zero mode from a non-topological Andreev bound state is
the degeneracy of the modes. For the semiconducting nanowires it has been theo-
retically proposed how the degeneracy can be tested, for example by interferometry
[84], or by measuring the correlation of the spectra at two ends of the nanowire
[85], and how a degeneracy can be lifted in terms of coupling to a reservoir [86]. For
the topological Josephson junctions the non-degenerate nature of the bound states
shows up as a suppressed relaxation between the levels, the resulting 4π periodicity
only being destroyed by additional quasiparticle poisoning.

Here, more indications for the analogy between the different Majorana experi-
ments are obtained by performing dI/dV spectroscopy in a proximitized topological
insulator. Considering the observed lack of conduction at the side surfaces of the
three-dimensional topological insulator BiSbTeSe2 [77], it might be possible to lo-
calize a surface Andreev bound state in a topological surface state without the need
of opening a magnetic gap [87, 88]. As an indication, a zero-bias conductance peak
is observed in this work, as in the nanowire experiments.

5.2 Device characterization

Devices were fabricated by mechanically exfoliating BiSbTeSe2 crystal flakes, pre-
pared as described in Chapter 2, onto a p-doped Si substrate capped with a SiO2

layer. Two electron-beam lithography steps with standard doses were performed to
structure measurement contacts with a spacing of 200 nm onto selected flakes, as
shown schematically in Figure 5.1a. One contact was created by sputter depositing
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Figure 5.1: a) Schematic visualization of the device structure, where B indicates the
direction of the magnetic field. A mechanically exfoliated crystal flake was fitted with
Au and Nb contacts using electron beam lithography. b) False color scanning electron
microscopy image of device 1.

Nb with a capping of Pd and the other was manufactured by sputter depositing Au
on top of a Ti interlayer after only slight etching before either deposition. A colored
scanning electron microscopy image of a typical device is displayed in Figure 5.1b.

Transport measurements were performed on devices as shown in Figure 5.1. Both
contacts are split and connected to two contact pads each to permit pseudo four-
wire measurements. A differential resistance, dV/dI, was measured using an ac
excitation and inverted to obtain the conductance. The ac excitation that was
used varies between 20 and 100 nA, but it was kept below the distance between
data points. The Nb contact is used to induce superconductivity in the BiSbTeSe2

underneath the contact. No explicit tunnel barrier was added to the device, but
imperfect interfaces between the BiSbTeSe2 and the contacts due to natural oxida-
tion allow spectroscopic features into the transport measurements. Other devices,
which are not presented here, only showed a resistance peak around zero bias, pre-
sumably due to the interface barrier being too high. Figure 5.2 shows conductance
spectra of device 1 for several temperatures. Several features emerge when the
temperature is decreased. The most striking feature is the appearance of coher-
ence peaks around a bias voltage of V = 0.1 mV and a small gap around zero bias
below 1 K. These indicate that the BiSbTeSe2 is proximitized by the Nb lead at
low temperatures. Note that the gap of the Nb that is used for the contacts is
around 1.4 meV, so, rather than the Nb, it is the induced superconductivity in the
BiSbTeSe2 which causes the gap and the coherence peaks.

5.3 Zero-bias conductance peak

In order to study the central gap structure further, a magnetic field was applied to
the device at 15 mK, in the direction indicated in Figure 5.1a. Figure 5.3a shows a
color map of the magnetic field dependence of the conductance spectrum of device
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Figure 5.2: Temperature dependence of the conductance spectrum of device 1. The 3 K
curve is plotted at the measured conductance, each subsequent curve has been shifted by
2.5 e2/h for clarity. The central gap feature and coherence peaks indicate that the Nb
contact proximitizes the BiSbTeSe2 flake.

1 for field values from 0 T to 0.5 T. A zero-bias conductance peak emerges just
above 0.4 T, persisting up to 0.48 T, indicated by the dashed circle. The scale has
been cut short to improve the visibility at zero bias. Figure 5.3b shows a waterfall
plot of the same spectra of device 1. The coherence peaks slowly broaden as the
field is increased, since the induced superconductivity is suppressed. Upon closer
inspection, the zero-bias conductance peak is present in the field range between
0.42 T and 0.48 T, as shown in Figure 5.3c. The peak height varies a little in this
range, reaching a maximum of 1.42 e2/h at 0.43 T, as shown in Figure 5.3d. This
is slightly lower than the 2 e2/h one might expect for a single mode inside the gap,
but still of the same order.

The measurement of this zero-bias conductance peak raises the question of how
this mode is localized. Usually, a topological surface state does not have a bound-
ary. A gap is needed to localize a state in the topological insulator, for example
through magnetization or hybridization. The formation of a surface Andreev bound
state is illustrated schematically in Figure 5.4. On the left, the state is localized by
the gap of the superconductor. Andreev reflection at this interface is ensured by
spin-momentum locking, as demonstrated by the measured 4π periodicity in Chap-
ter 4. To localize the full surface Andreev bound state, the topological insulator
needs to be gapped at the right side. Speculatively, the edge of the crystal flake
might be a candidate for creating this gap through hybridization, since topological
surface states under a 90 ◦angle are not quantum mechanically orthogonal.

The non-degenerate nature of the topological surface state quells the need of
opening a Zeeman gap, as is compulsory in the nanowire experiments [65, 66].
However, the measurement of a zero-bias conductance peak at finite field does
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Figure 5.3: a) Color map of the magnetic field dependence of device 1, ranging from 0
T to 0.5 T. The scale has been cut short to clarify the features, data above the scale is
colored red. A zero-bias conductance peak is visible just above 0.4 T, indicated by the
dashed circle. b) The same conductance spectra of device 1 presented in a waterfall plot.
Subsequent curves, starting from the 0 T curve, have been shifted by 2 e2/h for clarity.
c) Conductance spectra of device 1 between 0.41 T and 0.49 T. From the 0.41 T curve,
each curve has been shifted by 1 e2/h for clarity. A peak at zero bias is visible in this
field range. d) Conductance spectrum of device 1 at 0.43 T. The peak height is of the
order of the conductance quantum.
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Figure 5.4: Surface Andreev bound state in a topological insulator. The state is localized
by the gap of the superconductor on the left side. A different mechanism should gap out
the topological surface state on the right side to localize the state.

suggest the requirement of a magnetic field. Speculatively, again, this need might be
explained by the quantization of the Dirac cone in a three-dimensional topological
insulator. As shown in the measurements in Chapter 2 and specifically illustrated
in Figures 2.1d and e, a half-integer conductance quantization exists in the Dirac
cone on each surface. Half a magnetic flux quantum through the propagation area
of the mode might then move the state to zero energy. This effect, where the
quantized levels move in energy as magnetic field is increased, has been observed
before in topological insulator nanoribbons [89, 90].

A zero-bias conductance peak was reproduced in device 2, as shown in Figure
5.5a for positive fields and Figure 5.5b for negative fields. To account for the
slight hysteresis in magnetic field, the data for the positive and negative field were
extracted from the down and up sweep of the magnetic field, respectively. The
characteristics of this sample made it harder to distinguish features, but a small
peak is still clearly discernable between roughly 0.21 T and 0.24 T, again with
a need of a magnetic field. At a slightly lower field, between 0.09 T and 0.1 T,
device 2 also displays a zero bias conductance peak, as shown in Figure 5.6a and
Figure 5.6b for positive and negative fields, respectively. The effect of increasing
the temperature was also examined for this peak. Figure 5.6c shows the change
of the peak at 0.09 T between 100 mK and 200 mK. At 200 mK, the zero-bias
conductance peak has vanished, suggesting the thermal energy opens a coupling
channel for the zero energy mode.

5.4 Conclusion

Although a zero-bias conductance peak in BiSbTeSe2 has been found, further
research will be required to determine the nature of this mode inside the gap.
Together with the measurement of a 4π periodicity of the supercurrent through
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BiSbTeSe2, as described in Chapter 4, they would make a compelling case for fur-
ther study into the feasibility of creating and manipulating Majorana zero modes in
BiSbTeSe2 and similar materials. Furthermore, the zero-bias conductance peak in
this three-dimensional topological insulator hints at the analogy of the topological-
material-based Josephson junction experiments with the nanowire work.



Chapter 6
4π-periodic Andreev bound states in a Dirac
semimetal

Although signatures of superconductivity in Dirac semimetals have been

reported, for instance by applying pressure or using point contacts, our

understanding of topological aspects of Dirac semimetal superconductiv-

ity is still developing. Here, nanoscale phase-sensitive junction technology

is utilized to induce superconductivity in the Dirac semimetal Bi1−xSbx.

Radio frequency irradiation experiments then reveal a significant contri-

bution of 4π-periodic Andreev bound states to the supercurrent in Nb-

Bi0.97Sb0.03-Nb Josephson junctions. The conditions for a substantial 4π

contribution to the supercurrent are favourable because of the Dirac cone’s

very broad transmission resonances and a measurement frequency faster

than the quasiparticle poisoning rate. In addition, the measurements show

that a magnetic field applied in the plane of the junction allows tuning of

the Josephson junctions between the 0 and the π regime. These results

open the technologically appealing avenue of employing the topological

bulk properties of Dirac semimetals for topological superconductivity re-

search and topological quantum computer development.

Published as C. Li, J.C. de Boer, B. de Ronde et al. 4π-periodic Andreev bound states in a
Dirac semimetal Nat. Mat. 17, 875-880 (2018). I have been involved in the fabrication of devices,
the measurement and analysis of the transport data and the writing of the manuscript.
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6.1 Introduction

The concept of the band structure topology of solids has recently been extended
from topological insulators to metallic systems. Whereas topological insulators are
characterized by conducting surface or edge states and an insulating bulk possessing
a semiconducting band gap, there is no band gap in Dirac and Weyl semimetals.
Rather, the bulk band structure shows a linear dispersion in all three k-directions,
with a locking between the electron momentum and its spin (or orbit). By breaking
time-reversal or inversion symmetry, the degenerate Dirac cone of such a semimetal
can be split in reciprocal space to yield non-degenerate Weyl cones with opposite
chiralities. Examples of Dirac semimetals include Na3Bi [15], Cd3As2 [91, 92], and
Bi1−xSbx [93, 94].

A topological material can be combined with a superconductor to create topolog-
ical superconductivity [95]. The interest in topological superconductors stems from
the wish to combine the inherent electron-hole symmetry of the excitations in a
superconductor with the helical nature of the electronic states in topological mate-
rials to form Majorana zero-energy states [22]. The expected non-abelian statistics
displayed by these zero modes should provide a way of performing topological quan-
tum computation by braiding [25]. Platforms in which (signatures of) Majorana
modes have been observed are semiconductors with Rashba spin-orbit interaction
[65–68], ferromagnetic atom chains [69], and topological insulators [63, 70], all in
combination with superconductors.

First signatures of superconductivity in Dirac semimetals have been reported,
e.g. by applying pressure [96] or by using point contacts [97, 98], but the topo-
logical aspects of Dirac semimetal superconductivity have not been studied. Here,
the realization of proximity induced superconductivity into an accidental Dirac
semimetal is reported, and a significant contribution of 4π-periodic Andreev bound
states to the supercurrent is revealed.

In a Josephson junction with a conducting interlayer, the supercurrent is carried
by electron-hole bound states, as sketched in Figure 6.1a. The energy of these An-
dreev bound states is a function of the superconducting phase difference between
the electrodes. In order to have the bound state crossing zero energy (a Majo-
rana mode), 100% probability of Andreev reflection is required. This seemingly
unattainable condition is, in fact, guaranteed by the prohibited backscattering in
the Dirac semimetal interlayer material. The electron cannot scatter back from
the superconductor as an electron since these opposite-moving electron states in
the Dirac cone are quantum mechanically orthogonal. The Dirac cone in the Dirac
semimetal is degenerate, but, despite this, the electron still cannot scatter between
cones due to orthogonality [99]. However, the protected back scattering picture
described above breaks down when scattering under a finite angle is considered
[22], leading to an energy gap (Egap) opening up around E = 0 in the bound state
spectrum, as can be seen in Fig. 6.1c. These spectra are calculated by applying
a Bogoliubov-de Gennes Hamiltonian of the system to the wavefunction for an
Andreev bound state in the structure. The gap closes again at propagation direc-
tions for which the normal state transmission through the device shows a resonance
(Figure 6.1d) [100]. Note that the Majorana zero mode can only be detected by
its telltale 4π-periodic current-phase relation as long as the measurement is faster
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Figure 6.1: a) Sketch of a Dirac semimetal Josephson junction, where Andreev bound
states carry supercurrent from one superconducting lead (S) to the other. In the Dirac
semimetal interlayer, the rightgoing electron (e, blue, moving right in one of the Dirac
cones) can be Andreev reflected at the right interface as a hole (h, orange, moving left)
in the same Dirac cone. The hole can be reflected at the left interface into an electron.
When the electron cannot backscatter (crossed out electron reflection process) and when
the second Dirac cone (shown shifted and dashed for clarity) is also quantum mechanically
orthogonal to the first (crossed out backscattering as well as Andreev reflection into this
cone) the Andreev bound states can become Majorana zero modes. b) Scanning electron
microscopy image of a Josephson junction with superconducting Nb electrodes on top
of an exfoliated flake of the Dirac semimetal Bi0.97Sb0.03. c) Schematic of the Andreev
bound state energy spectrum (normalized to the superconducting gap, ∆) as a function
of the superconducting phase difference, ϕ, across a Dirac-semimetal-based Josephson
junction for different values of the parallel momentum in the y and z direction, ky and
kz. For perpendicular modes (ky = kz = 0), the energy gap (Egap) at ϕ = π is closed.
These Andreev bound states give a 4π-periodic contribution to the current-phase relation.
Inelastic relaxation from the upper to the lower branch is suppressed because of parity
conservation. d) The normal state transmission (blue line) is shown as a function of
the angle between the propagation direction and the normal to the interfaces. Broad
transmission resonances occur at specific angles, enabling the Andreev bound states to
cross zero energy, i.e. Egap = 0, or 1−Egap/∆ = 1 (red line). When Egap is less than the
resolution-determined cut-off energy, the Andreev bound states cannot be experimentally
distinguished from being 4π-periodic (grey area).



52 6.2. Normal state transport characteristics

than the inelastic relaxation between the Andreev bound states [101], i.e. the
experiment takes place at radio frequencies.

Bismuth is an interesting material in the context of both Dirac semimetals and
topology. It has been recognized since the sixties that interband coupling in Bi
around the L point of the bulk Brillouin zone invokes theoretical treatment in the
framework of a relativistic Dirac equation in three dimensions [102], although a
small gap at the Dirac point remains. Upon doping Bi with Sb at the 3 to 4% level
this gap closes [103], providing a proper three-dimensional Dirac semimetal that
can be classified [104] as stemming from an accidental band touching. Increasing
the Sb doping concentration further leads to inversion of the bands at L. At about
7% doping (when the hole pocket at T has shifted below the Fermi energy), this
material was the first discovered three-dimensional topological insulator [9, 105].
In this report, the focus is put on exfoliated single crystals with 3% Sb doping.

6.2 Normal state transport characteristics

Bi1−xSbx single crystals are grown using a modified Bridgman method. High-
purity Bi ingots (99.999%) and Sb ingots (99.9999%) were packed in a cone-shaped
quartz tube and sealed under vacuum (4× 10−7 mbar). The tube was first put in
a box furnace and heated up to 600 ◦C for 12 hours. The tube was shaken several
times in order to obtain a homogeneous mixture of Bi and Sb. Then the tube was
quickly cooled to room temperature and hung vertically in a mirror furnace for
crystal growth. The tube was heated to 300-400 ◦C, starting from the cone-shaped
bottom, and the molten zone was translated up with a rate of 1 mm/hour. Flat
crystals up to 1 cm in length were obtained by cleaving the crystal boule.

The Bi0.97Sb0.03 crystal was mechanically exfoliated onto a SiO2/Si++ substrate.
The flakes are on average about 300 nm thick. The Josephson junctions are fab-
ricated using standard electron-beam lithography followed by an radio frequency
Ar+ ion etch, and in situ sputter deposition of 100 nm thick Nb electrodes and a
few nm Pd as a capping layer.

The bulk Fermi surface of Bi1−xSbx at low doping is shown schematically in
Figure 6.2a, and consists of one ellipsoidal hole pocket at the T point (whose long
axis aligns with the trigonal c-axis) and three ellipsoidal electron pockets originating
from the L points (whose long axes align in the trigonal-axis-bisectrix plane, tilted
by 6 ◦off the bisectrix). Angle resolved photoemission spectroscopy measurements
were carried out at the I05 beamline of Diamond Light Source Ltd. Crystals of
Bi1−xSbx (x = 0.03 and 0.04) were cleaved along the (111) plane in ultrahigh
vacuum at a temperature of 30 K, and the data was recorded at a temperature of
10 K in the low 10−10 mbar pressure range, with an overall energy resolution of 15
meV and a k resolution of 0.015 Å−1. The Fermi surface map shown in Figure 6.2a
was recorded using circularly polarized radiation of energy 60 eV from an x = 0.04
crystal. The scan reveals several electron and hole surface states, qualitatively very
similar to what is seen at higher doping [9, 105].

The longitudinal and transverse Hall resistance profiles in perpendicular mag-
netic field show Shubnikov-de Haas quantum oscillations with a period of 0.20 T−1

(see Figure 6.2b). From the dependence on the direction of the applied magnetic
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field, the oscillations can be traced back to a spin-degenerate bulk hole ellipsoidal
Fermi sheet with a measured elongation factor of three and a carrier density of
1.5× 1017 cm−3 [106]. This density is even lower than in Bi, due to the Sb doping.
A Dingle analysis yields a hole mobility, µ, of 1.8 m2V−1s−1 [106].

A negative magnetoresistance is observed when the magnetic field, B, is applied
in the direction parallel to the applied electric field, E. This is an indication for the
chiral anomaly found in Dirac semimetals [93, 94, 107]. The applied magnetic field
splits the Dirac cone into non-degenerate Weyl cones, and the topological E · B
term creates an imbalance in the population of the cones. The combined result
of these effects is reduced scattering between Weyl cones, which is measured as a
negative magnetoresistance. This effect is found to be largest for x = 0.03 and it is
measured in millimeter sized crystals, as well as in Hall bars made from exfoliated
micron sized flakes with a thickness down to 100 nm. The Hall bars had wide
current injection leads to avoid negative magnetoresistance from current jetting.

The contribution of the Dirac cone to the conductance can be obtained from
a multiband fit to the resistance data, using the angle resolved photoemission
spectroscopy data (surface states) and the Shubnikov-de Haas data (bulk states)
as input parameters. The surface state mobilities must be low since no quantum
oscillations are observed at frequencies corresponding to their carrier densities. A
bulk electron carrier density of 0.2 × 1017 cm−3 is obtained for each of the three
two-fold degenerate Dirac cones [106]. The electron mobility has a similar order of
magnitude as the hole mobility and the bulk normal state conductance dominates
that of the surface because of the much higher mobility of the former, between
1 and 2 m2V−1s−1 [106]. For Josephson junctions, the bulk dominance of the
supercurrent will be even stronger, as the mean free path of the electrons in the
bulk Dirac cone is large enough to provide ballistic transport with a large coherence
length. The conduction by the surface charge carriers and the bulk holes is diffusive,
providing much shorter coherence lengths, strongly reducing these contributions to
the Josephson supercurrent.

Josephson junctions of varying width and Nb electrode separation length, rang-
ing from 500 nm to 1 µm, were fabricated. All junctions show a supercurrent as a
clear manifestation of proximity-induced superconductivity in the Dirac semimetal
samples. The proximity effect only extends to approximately the coherence length
beneath the superconducting electrodes, making the proximity induced supercon-
ducting sheet effectively two-dimensional.

To obtain an indication of the regime of the Josephson junctions, the results of
the normal state transport were analyzed. The bulk holes have an effective mass of
0.042m0, as extracted from the Shubnikov-de Haas oscillations [106], and a Fermi
velocity of 1.4 × 105 m/s [108]. Using these values, an elastic mean free path,
le = µmvF

e , of about 66 nm can be extracted, which is shorter than the junction
length. However, for the bulk electrons with linear dispersion, the effective mass
is given by [109] m∗vF = ~k, which is substantially higher along the long axis of
the ellipsoidal electron Fermi surface than for the holes, giving a mean free path
of the order of the length of the devices, suggesting that the shortest junctions
could show ballistic transport. Figure 6.3 shows how paired bulk electrons can still
have a zero Cooper pair momentum. Note that finite momentum Cooper pairs
are also discussed in literature for intracone pairing in related Dirac and Weyl
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Figure 6.2: a) Schematic of the bulk Fermi surfaces of Bi1−xSbx. Three electron pockets
(blue) and one hole pocket (red) are located at the L and T points of the bulk Brillouin
zone, respectively. The projection onto the surface Brillouin zone is also shown, including
an illustrative angle resolved photoemission spectroscopy Fermi surface map recorded from
the (111) cleavage surface for x = 0.04. b) Longitudinal resistance, Rxx, and transverse
Hall resistance, Rxy, as a function of perpendicular magnetic field, B, at T = 2 K. Inset:
Shubnikov-de Haas oscillations in Rxx after background subtraction. c) Angle dependence
of the Shubnikov-de Haas oscillation frequency, F , of three different devices (yellow, red
and blue, collapsing on a single curve). The inset shows the definition of the angle, θ.
The error bars stem from the background subtraction method. The solid fitting curve
corresponds to an ellipsoidal hole Fermi surface pocket with an elongation factor of three,
extracted by comparing the momentum in the z direction, kz, with the momenta in the x
and y directions, kx and ky. d) Angle dependence of the magnetoresistance at 2 K for a
different device. The sample is rotated in the trigonal-binary plane. Negative longitudinal
magnetoresistance is observed when the field is aligned with the current direction (binary
axis). Inset: Angle-dependence of the magnetoresistance on a zoomed-out scale. Very
high magnetoresistance (>1000%) is observed in perpendicular field.
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Figure 6.3: The bulk Brillouin zone is schematically shown in the plane of the trigonal
axis and bisextrix. The hole pocket around the T point is shown in pink and the electron
pockets at the L point are shown in blue. An example of a zero-momentum Cooper pair
of two bulk electrons is indicated by the dashed blue line.

semimetals, although these Cooper pairs generally do not have the most favorable
pairing energy [110–112].

6.3 Josephson junction regime

To confirm the ballistic or diffusive behavior of the junctions, the critical current
as a function of temperature, Ic(T ), was measured for all devices. For the shortest
junctions, the Ic(T ) function is concave, which is an indication of ballistic transport
in the interlayer. These were therefore fitted with the clean limit Eilenberger equa-
tions, using the model of Galaktionov and Zaikin [60]. This model includes barriers
with arbitrary transparencies between the interlayer and the superconductors. A
symmetric situation with equal transparencies on both sides of the interlayer was
assumed. The input parameters of the model are Tc = 3.1 K, as determined from
the criterion that Ic = 0 (hence ∆ = 0.5 meV), and the device length L = 500 nm.
The model fits the data accurately for an interface transparency, D, of 0.9 and a
normal coherence length of ξ = ~vF

π∆ = 185 nm, giving an average vF = 5×105 m/s,
see Figure 6.4a. Note that the Ic(T ) of sample S1 in Figure 6.4a was measured
after several cooldowns, which shows a slight reduction in the critical current with
respect to the first measurements, as shown in Table 6.1 and Figure 6.4b. The
overall shape, however, did not change.

The reduced junction Tc with respect to the critical temperature of the Nb
electrodes, as well as the high interface transparency, suggests that a proximity
induced superconducting gap is induced in the Bi0.97Sb0.03 below the Nb electrodes.
The Josephson junction is then formed laterally where the proximitized regions act
as superconducting electrodes. The experimentally observed deviation from a fully
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Figure 6.4: a) Temperature dependence of critical current of sample S1 (data points).
The temperature dependence of the critical current can be fitted by the theoretical model
of ballistic Josephson junctions [60]. The parameters are shown in the figure. b) Tem-
perature dependence of junctions of different length, see also Table 6.1. While the short
junctions (S1,S2) can be fitted with ballistic transport models, the longer junctions are
in the diffusive limit.

Table 6.1: Parameters of all junctions

S1 S2 L1 L2 L3

L (nm) 500 500 800 800 1000
W (µm) 3 2 3 2 2
RN (Ω) 17.3 23 18.7 40 27
Ic (nA) 1220 970 160 55 48
IcRN (µV) 21.1 22.3 3 2.2 1.3

transparent interface can then be explained by a modest Fermi velocity mismatch
(induced by the different workfunction of the Nb electrodes).

For the longer junctions, the Ic(T ) dependence is qualitatively different (see Fig-
ure 6.4b) and can only be fitted using the Usadel equations for diffusive transport
[113]. Thus, by varying the length of the junctions, samples can be placed in dif-
ferent junction limits. The diffusive junctions naturally have lower IcRN values.
All junction parameters of the different devices are listed in Table 6.1. Only the
shortest junctions, which are in the ballistic regime, show the 4π periodicity as
discussed in the next section.

6.4 Radio frequency response

When irradiated with microwaves of frequency f , Shapiro steps are observed in the
dc IV -curve at voltages n h

2ef due to the inverse ac Josephson effect, see Figure
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3. The shortest junctions miss the n = 1 steps in their Shapiro spectra. This
fractional Josephson effect was predicted as a detection method for the 4π-periodic
current-phase relation, underlying the Majorana zero mode [114]. Whereas the
disappearence of odd Shapiro steps have been measured occasionally [115], exper-
iments often just reveal the n = 1 step to be missing [63, 67], which has been
theoretically explained to be due to capacitive effects [116].

The dynamics in a Josephson junction can be described by a resistively shunted
junction model or by a resistively and capactivitely shunted junction model, de-
pending on the nature of the shunt. The models are characterized by a damping
parameter (σ) or the so called Stewart-McCumber parameter, defined as βc =
1/σ2 = 2e

~ IcR
2
NC. When β & 1, the transition between the superconducting state

and normal state starts to become hysteretic (retrapping current Ir < switching
current Ic) and the junction is in the underdamped regime. Also, if the retrapping
voltage (Vr = IrRN ) is larger than the jump height of a Shapiro step (hf/2e), some
steps could be buried inside of Vr. It is important to distinguish the observations of
4π-bound state induced missing Shapiro steps from such effects. These models and
the grasp of this veiling effect are considered in the analysis of the measurements.

A clear missing (Figure 6.5b) or reduced (Figure 6.5d) n = 1 step is observed at
several radio frequencies. The missing n = 1 step does appear when the frequency
is increased (Figure 6.5e). In models for resistively shunted junctions with simul-
taneous 2π and 4π components in the current-phase relation [63], this crossover
frequency represents the point at which the contribution of the 4π-periodic bound
states is no longer visible, although these bound states are still present. In Fig-
ure 6.5f, the ratio between the width of the first Shapiro step and the width of
the second step, Q12, is plotted as a function of the irradiation frequency and the
transition frequency, fc, is estimated to be about 2 GHz. The width of each step
is defined as the largest value it attains in their power profile. In the resistively
shunted junction model, fc = 2e

h RNI
4π
c gives an estimate of the 4π-periodic con-

tribution to the critical current of about I4π
c = 0.2 µA, which is about 20% of the

total critical current Ic. This large fraction can be qualitatively explained by the
large number of Andreev bound states with a gap in the spectrum at E = 0 that
is smaller than the energy resolution of the experiment, making these effectively
4π-periodic (see Figure 6.4d). The fact that many modes have such a small gap
relates to the large width (both in energy and angle) of the normal state transmis-
sion resonances. In non-topological ballistic and transparant Josephson junctions,
4π periodicity has never been observed at low frequencies.

Both 3% and 4% Bi1−xSbx-based Josephson junctions were measured in radio
frequency regime. In Figure 6.6, the dV/dI color plot and the IV curves of two junc-
tions with similar IcRN product and irradiated at similar frequencies are shown.
However, the damping parameters are different, making the 4% devices slightly
hysteretic. The numbers of the steps are indicated in the color plot. It is clearly
shown that for the 4% sample the Shapiro steps are hidden at low bias because
of hysteresis while they gradually reappear when the radio frequency power is in-
creased. However, the Dirac semimetal (3%) junction consistently shows a missing
step n = 1, through a large range of power, even when the critical current Ic is
reduced to nearly zero. Also, it is observed that the IV curves are already rounded
by the heating in the high power regime, providing a smooth transition with finite
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Figure 6.5: a) Current-voltage characteristics of device S1 at a temperature of T = 12
mK and under irradiation at a frequency of f = 0.90 GHz and a power of -1.0 dB, where
0 dB refers to the first minimum in the critical current, Ic. The voltage is normalized
to hf

2e
, where h is Planck’s constant and e the electron charge. The right hand panel

shows a binning map of the Shapiro step size. b) Shapiro step size as a function of the dc
voltage and radio frequency power as derived from the binning maps. The n = 1 step is
completely suppressed in the whole range of applied microwave power. c) Cross-sections
of panel b to reflect the power dependence of the Shapiro step sizes. For clarity, the curves
are offset by 0.5 µA. The step size of I0 shown here reflects Ic + Ir. d) Shapiro step size
as a function of radio frequency power at a frequency of f = 1.25 GHz. The n = 1 step
appears at high power only. e) Shapiro step size as a function of radio frequency power
at a frequency of f = 6.40 GHz. For this high frequency, all Shapiro steps are present.
f) The ratio between the n = 1 and n = 2 step size, Q12, as a function of frequency. The
critical frequency where Q12 = 1 is extracted to be about 2 GHz.
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Figure 6.6: Comparison between 3% and 4% Bi1−xSbx junctions. The color plots at
the top show the differential resistance, dV/dI, in IDC and radio frequency power space.
The numbers of the steps are indicated in both color plots. In the 4% sample, at low
irradiation power, all the low level steps are reduced or suppressed due to the large
retrapping voltage. They all appear when the critical current is sufficiently suppressed.
In the 3% sample, the n = 1 step is always absent even when Ic → 0. The bottom graphs
show IV -characteristics at several values of the radio frequency power. The transition
point is indicated by the dashed black line, which is power-dependent in the 4% sample,
but consistently positioned at the n = 2 step for the 3% sample.
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voltage values between the normal and superconducting states. This means that
the mentioned hiding effect due to the retrapping voltage can be excluded.

This leaves a discussion of the effect of a capacitive shunt to the measurements.
The technique of measuring missing Shapiro steps in the context of a 4π-periodic
supercurrent contribution was established theoretically [114], and then experimen-
tally applied [63, 115]. The measurement results presented here share the general
trend that the lowest odd steps are suppressed more than the higher steps, since
only the n = 1 step is missing. Recently, a theoretical study [116] employed the
resistively and capacitively shunted junction model to simulate the Shapiro steps
of a 2π+4π-periodic supercurrent in several regimes of junction parameters that
are very much applicable to previous publications and this work. The main finding
of the theory is the effect of the capacitance in the model on the visibility of the
4π-periodic contribution to the supercurrent. First of all, the first step disappears
for a large range of irradiation power. Secondly, the third and fifth steps are af-
fected to a lesser extent. In fact, Figure 2 of Domingues et al. [114] (dashed line)
shows results for a junction with βc = 1/σ2 ≈ 1 and a 20% 4π-periodic current
contribution, which are the exact parameters of the junctions presented here. In-
deed, the first step is expected to be strongly suppressed while subsequent odd
steps are always present. Therefore, it can be concluded that dynamic effects, or
biasing instabilities due to hysteresis, are absent in our Dirac semimetal Josephson
junctions. However, capacitive effects are still important in order to understand
the degree of disappearance of various Shapiro steps.

The inelastic relaxation between the upper and lower Andreev bound states
in a low-dimensional topological Josephson junction is suppressed because of the
protected parity of the states [117, 118], thereby strongly enhancing the lifetime
of the 4π-periodic Andreev bound states. Whether a similar protection can be
active in our higher-dimensional case needs to be theoretically investigated. In this
respect it is important to note that higher-dimensional Josephson junctions (e.g.
even in three dimensions) have been classified as topological, once the classification
scheme is extended to include pumping cycle variables (such as the junction phase
difference) [119]. Relaxation between bound states can still occur in the presence of
additional quasiparticles and by coupling to the continuum states outside the gap
[117, 120–122]. The high frequency of the measurements enables the resolution of
the 4π-periodicity of the bound states with a lifetime of the order of nanoseconds
or longer. But the quasiparticle poisoning explains why the 4π-periodicity cannot
be resolved in direct dc measurements.

6.5 Finite momentum pairing

To test the expectation that the supercurrent is carried by the electrons in the
bulk Dirac cone, the supercurrent is studied in a parallel magnetic field. When
a field, Bx, is applied in the direction of the current, the Fermi surface pockets
are expected to shift in k-space. Owing to the large g-factor of about 1000 for
the bulk Dirac cone electrons in a magnetic field along the binary or bisectrix
axes [108], the Zeeman effect dominates, resulting in a shift of the Dirac cone
in the kx direction of ∆kx = gµBBx

~vF . The proximity induced Cooper pairs then
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Figure 6.7: a) Differential resistance, dV/dI, of an 800 nm long junction at a temperature
of T = 12 mK as a function of direct current, IDC , and magnetic field, B, applied parallel
to the current. The critical current can be fitted (solid red line) by considering finite
momentum (∆k) pairing induced by a Zeeman shift of the Dirac cone in the direction of
B, as illustrated in the inset. b) The top figure shows the Shapiro step size as function
of voltage, V , and applied parallel magnetic field of a 500 nm long junction under radio
frequency irradiation (Power, P = −20 dBm and frequency, f = 0.995 GHz). The bottom
graph shows cross-sections of the top panel to reflect the onset of the n = 1 Shapiro step
at a critical field, Bc, possibly due to the finite momentum in the y-direction, ky, induced
by the orbital effect of B (inset top panel).
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Figure 6.8: Critical current modulation by magnetic field. For an out-of-plane mag-
netic field (red curve), the critical current of the Josephson junctions is modulated in a
Fraunhofer-type fashion. For an in-plane magnetic field (blue trace) the critical current
modulation is qualitatively different, ruling out an out-of-plane field component as the
cause of the modulation for parallel field. The dependences are shown for a 800 nm long
junction, the same junction for which the parallel field dependence is shown in Figure 6.7a.
In order to compare the dependences (e.g. the positions of the minima), the magnetic
field scale of the parallel orientation has been normalized to let the first minima coincide,
indicated by the dashed blue line.

obtain a finite momentum, which is expected to lead to a spatially oscillating order
parameter [123]. Note that, at zero magnetic field, the Cooper pairs do not have
a finite momentum as pairing occurs between electrons with opposite momenta
at L and -L. Finite momentum pairing is known to occur in Josephson junctions
with ferromagnets [124–126], and, more recently, in semiconductors with spin-orbit
coupling [123]. Here, an oscillating critical supercurrent as a function of the parallel
magnetic field is observed, see Fig. 6.7a.

To rule out contamination of a perpendicular field component, the periodicity of
the oscillating critical current is contrasted to the observed Fraunhofer pattern in
perpendicular field. In Figure 6.8 the magnetic field dependence of the critical cur-
rent is shown. For the out-of-plane field direction, the critical current modulation
resembles the so-called Fraunhofer pattern, in which the critical current amplitude
oscillates as a sinc function with perpendicular field strength. The measured period
of Ic of ∆B = 857 µT corresponds to an area of A = Φ0/∆B = 2.33 µm2. This
area is about 1.5 times larger than the actual area of the junction, which can be
attributed to the penetration depth of the Nb electrodes. For a magnetic field ap-
plied parallel to the junction (and parallel to the current direction), the modulation
of the critical field is qualitatively different. This can be seen in Figure 6.8, where
the magnetic field scale of the parallel applied field is normalized so that the first
minimum in the critical current coincides with that of the perpendicular field. The
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qualitative difference shows that the in-plane magnetic field dependence cannot be
explained as a Fraunhofer dependence coming from a small out-of-plane component
of the magnetic field. Rather, the in-plane field dependence of the critical current
can be explained by a shift of the bulk electron Fermi surface, leading to a finite
momentum of the Cooper pairs.

The data in Figure 6.7a can be well described using a complex coherence length,
which contains the oscillations as well as the decay, as expected in the finite momen-
tum pairing scenario [127]. Such a simulation of the data (red line in Figure 6.7)
[106], yields critical current oscillations with a period which is set by L∆kx = π,
where L is the length of the junction. In order to fit the data, and by using an
average Fermi velocity of 5 × 105 m/s, a g-factor of 800 is obtained, consistent
with literature [108]. The junction is tuned into the π-state for a parallel magnetic
field between 12 and 38 mT. When this tunable π-junction is incorporated in a su-
perconducting loop with a standard junction, indeed π-SQUID (superconducting
quantum interference device) behavior is observed [128].

In Figure 6.7b, the sensitivity of the 4π-periodic Andreev bound states to the
applied magnetic field is shown. The parallel field geometry is a convenient platform
for this. For perpendicular field, the orbital contribution of the field provides a
modulation of the critical current on a small field scale, which decreases the 4π-
periodic Andreev bound state visibility (lowered Ic) before the 4π periodicity itself
is actually suppressed. However, in the parallel field orientation, a reappearance
of the n = 1 Shapiro step at Bc = 20 mT is observed for a 500 nm junction.
This signals a suppression of the 4π periodicity, well before Ic is suppressed by the
finite momentum pairing (see I0 of the same junction in the lower panel of Figure
6.7b). The suppression of the 4π-periodic contribution in a parallel field might
be due to the shift of the Dirac cones in the ky direction, caused by the orbital
contribution of the field, ∆ky = e

~Bxz. This shift is much smaller than the Zeeman
shift but it does give the Andreev bound states considerable momentum parallel
to the interface, changing the angles at which transmission resonances occur. By
taking z = 300 nm as the thickness of the flake, a parallel momentum of the order
of 107 m−1 at Bc = 20 mT could be extracted, which indeed is significant with
respect to the forward electron momentum of 3× 107 m−1.

6.6 Conclusion

The observation of proximity induced superconductivity in a Dirac semimetal pro-
vides a platform to investigate whether topological superconductors generated in
this manner have an unconventional order parameter symmetry and opens up a new
avenue towards topological quantum computation. The measurements presented
here indicate that 4π-periodic Andreev bound states can originate from bulk Dirac
electrons, and not necessarily point to surface states or Fermi arcs [129]. The de-
generacy in the Dirac cone and the presence of multiple Dirac cones allows for
multiple Majorana zero modes. It will be intriguing to see whether it would be
advantageous to engineer the number of cones using thin film technology [130] or
empty cones by means of valley polarization [131], and whether multiple Majoranas
can be employed in quantum algorithms. Technologically, the use of the topologi-
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cal bulk properties of a semimetal rather than a topological surface renders devices
less sensitive to disorder and environmentally-induced surface degredation.



Chapter 7
Zeeman-effect-induced 0-π transitions in bal-
listic Dirac semimetal Josephson junctions

One of the consequences of the finite momentum of Cooper pairs in the

interlayer of a Josephson junction is π junction behavior. The finite mo-

mentum can be either due to an exchange field in ferromagnetic Josephson

junctions, or due to the Zeeman effect. Here, the observation of Zeeman

effect induced 0−π transitions in Josephson junctions based on the three-

dimensional Dirac semimetal Bi1−xSbx are reported. The large in-plane

g-factor allows tuning of the Josephson junctions between the 0 and the π

regime. This is revealed by measuring a π phase shift in the current-phase

relation using an asymmetric superconducting quantum interference device

(SQUID). Additionally, a non-sinusoidal current-phase relation is directly

measured in the asymmetric SQUID, consistent with models for ballistic

Josephson transport.

C. Li, B. de Ronde et al. Zeeman-effect-induced 0-π transitions in ballistic Dirac semimetal
Josephson junctions. arXiv:1807.07725 (2018). Under review at Phys. Rev. Lett. I have been
involved in the fabrication of devices, the measurement and analysis of the transport data and
the writing of the manuscript.
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7.1 Introduction

The ground state of a Josephson junction can have a phase of π for a large variety
of physical reasons, such as the presence of magnetic impurities [132], magnetic
exchange fields in superconductor-ferromagnet-superconductor Josephson junctions
[124, 127, 133, 134], the occupation of orbital levels [135], unconventional order
parameter symmetries, such as in corner junctions of high-Tc cuprates possessing
a d-wave order parameter symmetry [136], and the non-equilibrium population
of quasiparticles [137]. Only recently, it was realized that the Zeeman effect can
also be responsible for the 0 − π transition. Experimental indications of Zeeman-
effect-induced π-junctions have been reported for Josephson junctions based on
the topological insulator HgTe [123], a Bi nanowire [138], and the Dirac semimetal
Bi1−xSbx [61].

In principle, the Zeeman effect causes a spin non-degenerate band structure
to shift both in energy and in momentum. This momentum shift results in a
dephasing of the superconducting pair potential. As the dephasing increases, the
sign of the pair potential changes, thus altering the ground state by a phase shift
of π. In a Dirac semimetal, electrons follow a linear dispersion relation, i.e. EF =
~vF kF . Upon applying a magnetic field, the Dirac cones shift in k-space and
Cooper pairs acquire a finite momentum of ∆k = ± gµBB

~vF , depending on their
spin. When the phase ∆kl increases (where l is the length of transport path) and
the superconducting pair potential changes sign, the sign of the supercurrent in a
Josephson junction changes. However, the superconducting coherence diminishes
in a magnetic field due to many other reasons (e.g. the orbital effect, scattering),
so a large g-factor is indispensable to observe this transition. The Dirac semimetal
Bi0.97Sb0.03 gains a unique advantage by inheriting an extremely large g-factor
along the bisectrix from bismuth [108, 139, 140]. It is similar to see this effect
in terms of Andreev bound states, which are shifted in energy by the Zeeman
effect. When the energy shift is comparable to the Andreev level spacing (usually
characterized by E = ~vF /d), a complete anti-crossing of the Andreev levels can
occur, resulting in a 0− π transition [141, 142].

Whereas the measurements in Chapter 6 showed oscillations in the supercurrent
as ∆k increases with the magnetic field, the associated sign changes between the
0 and π states have not yet been verified. Here, Zeeman effect induced 0 − π
transitions are observed by incorporating a Dirac semimetal-based junction in an
asymmetric superconducting quantum interference device (SQUID), by which the
current-phase relation of the junction can be measured directly. The in-plane
magnetic field can shift the phase of the SQUID oscillations (of the out-of-plane
magnetic field) by π. Moreover, the current-phase relation was measured to be
non-sinusoidal, consistent with models for ballistic Josephson junctions.

7.2 Phase sensitive measurement of a ballistic
Josephson junction using a reference junction

The current-phase relation in a superconductor-insulator-superconductor or
superconductor-normal metal-superconductor junction in different limits has
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Figure 7.1: Scanning electron microscopy image of the sample. An unremoved piece of
Nb forms the weak link.

been studied intensively. In the tunneling regime, the current-phase relation is
represented by Is = I0 sin(φ), where I0 is the critical current amplitude of the
sample junction and φ is the phase difference between the two superconducting
electrodes. In an ideal situation, φ ≡ 2πΦ/Φ0 is determined by the amount of
magnetic flux penetrating through the SQUID, Φ, compared to the magnetic
flux quantum Φ0. A non-sinusoidal current-phase relation was found in both
the dirty [143] and the clean limit [144] of the Kulik-Omelyanchuk model (see
also the review of [145]). With perfect transparency, D = 1, the current-phase
relation of a point contact junction in the clean limit is just a segment of a sine
function. The non-sinusoidal effect is strongest at high transparency and decreases
as the interface becomes more opaque, until the current-phase relation eventually
becomes sinusoidal at very low transparency.

Later, the theory was extended to the superconductor-normal metal-
superconductor junction. It was shown that, for a long superconductor-normal
metal-superconductor junction (i.e. ξ0 � d � ξT , where d is the distance
between the superconducting leads, ξ0 = ~vF /∆ is the superconducting
coherence length in the normal metal and ξT = ξ0Tc/T is the thermal co-
herence length), the current-phase relation becomes linear within one period:
Is(φ) = eN2v2∆1{φ2 − πInt[ φ2π + 1

2 ]} [145, 146]. Thus, in clean superconductor-
normal metal-superconductor junctions, the current-phase relation has a saw-tooth
shape at low temperature. This can also be understood as contributions of higher
order harmonics (sin 2φ, sin 3φ, ...) to the supercurrent. If disorder is included
(the diffusive/dirty limit), then the current-phase relation will be smoother and
closer to a sinusoidal shape. If the temperature is increased, the current amplitude
decreases rapidly and the saw-tooth shape gradually changes to a sinusoidal shape
[147].

A dc SQUID was fabricated to measure the current-phase relation in a Dirac
semimetal-based Josephson junction. For this purpose, Bi0.97Sb0.03 single crystals
were grown using a modified Bridgman method, as described in Chapter 6. Thin
Bi1−xSbx flakes were exfoliated with scotch tape using similar techniques for obtain-
ing graphene and deposited onto a Si substrate with a SiO2 oxide capping. Good
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reference junction

flakes were identified under an optical microscope and an atomic force microscope.
The contact structures are defined using standard electron-beam lithography, cre-
ated by dc sputter deposition of Nb/Pd (100nm/3nm) layers. The purpose of the
Pd layer is mainly to protect the Nb from oxidation. Figure 7.1 shows a scanning
electron microscopy image of the sample. A large part of the SQUID is covered by a
piece of unremoved Nb. Three out of six samples resulted in a similar structure and
performed as an effective SQUID. This ‘bad lift-off’ process is mainly attributed to
the charging effect near the contact on the substrate, because the insulating SiOx

layer between the closely spaced contacts can easily be charged to a similar degree
as the written structure in electron-beam lithography.

The Dirac semimetal Josephson junction is incorporated in a Nb loop with an
area of about 0.5 µm2. Figure 7.2b schematically illustrates the configuration of the
sample and shows the orientation of the magnetic field directions of the experiment.
The Nb constriction acts as a reference junction with a critical current of about
Ir = 7 µA, much larger than the Dirac semimetal critical current of Is = 1.5
µA, where the critical current is defined as the amplitude of the supercurrent
oscillation Ic = Max[|Is(φ)|]. When the SQUID is strongly asymmetric (Is � Ir),
the modulation in the critical current represents the current-phase relation of the
sample junction [148].

The measurements were performed in a Triton-200 dry dilution fridge at the
base temperature of less than 30 mK. All the results are obtained with a dc signal.
At each field value, an IV -curve was obtained by sweeping the current. The total
critical current is determined by setting a switching threshold. The Is is extracted
by subtracting the averaged value from the measured total critical current. A
three-axis magnet is used in this experiment to apply magnetic fields in different
directions. A low-pass filter is installed in the dilution fridge.

Figure 7.2a shows the measured current-phase relation when the parallel field
is zero (B‖ = 0). The phase difference is presented in units of the flux quantum.
Based on the sample dimensions, the expected period of the current in magnetic
field is given by ∆B = φ0/S ≈ 3 mT, which is slightly larger than the actual mea-
sured period of 2 mT. This discrepancy is attributed to the magnetic flux focusing
effect. Then the φ/φ0 is directly converted from the measured the field value to the
normalized value. A saw-tooth shaped current-phase relation is observed in this
experiment. Correspondingly, the Fourier transform shows peaks at higher order
harmonic frequencies, as shown in Figure 7.2c.

In practice, the shape of the total critical current, Itotc (φ), as a function of the
phase difference can be affected by the inductance of the superconducting loop.
The inductance parameter is defined as βL = 2π

Φ0
LIc. At low temperature, the

inductance, L, is dominated by the kinetic inductance, Lk, in superconducting
devices. In this experiment, Lk is estimated as Lk = ( m

2nse2
)( lA ) .1 pH at 10 mK,

where m is the Cooper pair mass, ns is the Cooper pair density, l is the length of
the Nb wire, and A is the cross-section of the wire. The superconducting loop in
this experiment is very small. Therefore, βL � 1, for which the deformation of the
current-phase relation by the inductance effect is negligible.

To fit the data, a model based on the Eilenberger equations for ballistic trans-
port at arbitrary junction length and arbitrary interface transparencies was used
[60]. The results are shown in Figure 7.3. First, the temperature dependence of the
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the Bi0.97Sb0.03 crystals. c) Fourier transform of the periodic Is(B). The base frequency
and its higher harmonics are indicated by arrows.
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extracted critical current amplitude, Ic(T ), was fitted (Figure 7.3a). For this fit,
the dimensions of the sample were taken into account. A very high transparency,
D ≈ 0.98, and induced superconducting gap, ∆ ≈ 0.7 meV, were obtained. Such
a high transpancy is typical for this type of device. In the model, the induced
superconducting gap near the contacts was used and the fact that the transmission
between the proximitized and the normal Bi0.97Sb0.03 is naturally high was also
used. A coherence length of ξs ≈ 100nm ≈ d was also obtained. Using the fitting
results, the effective length, d̄ = d/ξ, where ξ ≡ ~vF /(2πkBTc) is the superconduct-
ing coherence length, can be obtained. Taking Tc = 4.5 K, vF = 2.2 · 105 m/s, and
d = 200 nm yields d̄ = 5.3. The total current is given by Jc = 8NekBTcj̃(T = 0)/~.
Numeric calculation yields a prefactor of j̃(T = 0) = 0.043, so the current per mode
is 8ekBTcj̃(T = 0)/~ = 34 nA/mode. This gives an estimated number of modes
of N = Jc/34nA = 44, which would be of the same order of magnitude as an
estimation of the number of modes from a comparison between the geometry and
a Fermi wavelength of 20 nm.

To simulate the current-phase relation and its temperature dependence in our
measurement, the formalism described on the basis of the Gor’kov equations was
used [149], which are simplified by a quasi-classical approximation when the Fermi-
wavelength is much smaller than other length scales in the system. The Eilenberger
equations can be used again to express the supercurrent density, J , as [60]:

J =
2

π
ek2
F kBT sinχ

∑
ωn>0

1∫
0

µdµ
t1(µ)t2(µ)

Q
1
2 (χ, µ)

,

where µ = kx/kF , t1,2 = D1,2/(2−D1,2), D1,2 is the transparency of each normal
metal-superconductor interface, and

Q =

(
t1t2 cosχ+

(
1 + (t1t2 + 1)

ω2
n

∆2

)
cosh

2ωnd

µ~vF
+ (t1 + t2)

ωnΩn
∆2

sinh
2ωnd

µ~vF

)2

− (1− t21)(1− t22)
Ω4
n

∆4
.

Here ωn = 2πkBT (2n + 1) is the Matsubara frequency, and Ωn =
√
ω2
n + ∆2. ∆

is the gap in the superconducting electrodes, χ is the phase difference across the
junction, and vF is the Fermi velocity of the normal metal interlayer. The integral
can take the full angle of the real sample geometry.

Next, the simulated current-phase relation data was plotted with the experimen-
tal data at a range of temperatures, without changing any of the parameters used in
the fit to the temperature dependence, as shown in Figures 7.3b-f. A good and self-
consistent agreement between the simulated and experimental results was found,
not only for the amplitude of Is(φ) but also for the shape, confirming ballistic
transport through the junction.

7.3 Zeeman-effect-driven 0− π transitions

Next, the evolution of current-phase relation in a parallel magnetic field, B‖, along
the current flow direction in the junction) is discussed. The results are shown in
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Figure 7.3: a) Temperature dependence of the extracted critical current amplitude,
Ic(T ) ≡ Max[|Is(φ)|]. Current-phase relation at b) 0.02 K, c) 0.5 K, d) 1 K, e) 1.5
K and f) 2 K. The data (blue circles) is fitted using the same parameters extracted from
the temperature dependence.
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Figure 7.4. In the two-dimensional color plot in Figure 7.4a, horizontal and vertical
lines are drawn to indicate the checkerboard pattern of the nodes of the oscillations
in parallel and perpendicular field, respectively. In Figure 7.4b, the current-phase
relations for a range of parallel field values (indicated by the arrows) are plotted.
From these current-phase relations, it is apparent that at specific B⊥ values, the
current-phase relation changes from a maximum to a minimum, suggesting a π-
phase-shift each time.

When a magnetic field is applied on Dirac semimetals, the Zeeman term shifts the
two Weyl cones in opposite directions in momentum space, due to spin-momentum
locking, as illustrated in Figure 7.4d. This Zeeman shift leads to a finite momentum
pairing of the Cooper pairs, resulting in a spatially varying order parameter which
depends on the magnetic field [123]. The g-factor of the electron pocket at the
L point of bismuth is found to be highly anisotropic and extremely large along
the bisectrix [108, 139]. Since the Zeeman effect in Bi0.97Sb0.03 is very similar to
that in pure Bi, a typical value for the g-factor of Bi found in literature was used:
g ≈ 800−1000 along the highly elongated direction. Because of this large g-factor,
the Zeeman energy becomes relevant at very low magnetic fields.

The critical current changes with B as Is(B) ∝ e−B/Beff , where B−1
eff = B−1

1 +

iB−1
2 . Here, the two characteristic field scales are B1, which corresponds the am-

plitude decay of Is, and B2, which describes the period at which the junction
alternates between the 0- and the π-states. In the clean limit (B1 � B2), no
decay in the critical current amplitude is expected, while in the diffusive regime
(B1 ≈ B2), the oscillations are periodic in

√
B [150]. In the intermediate regime,

the critical current can be described as a cosine oscillation with an exponential de-
cay: Is(B‖) ∝ e−B/B1 · cos (B/B2). Fitting this expression for Is(B‖) to the data,
as shown in Figure 7.4c, the values B1 = 41 mT and B2 = 3.2 mT are obtained.
This indicates that the junction is almost in the clean limit.

7.4 Effect of a vertical in-plane field

Due the high anisotropy of the g-factor, the response of the critical current should
change dramatically upon application of a vertical in-plane field, Bvert. The mea-
surement results are shown in Figure 7.5. The two-dimensional color plot of the
current-phase relation in Figure 7.5a does not show the checkerboard pattern any
more, but instead features straight stripes which correspond to fixed phases (φ).
There is no 0−π transition despite the similar vertical field range compared to the
parallel field range in Figure 7.4a. This can easily be understood as a consequence
of the small g-factor in this direction. In this case, B2 becomes larger than B1, and
the field dependence of Ic is dominated by the characteristic field B1. A reasonably
good fit is obtained for B1 = 45 mT, which is similar to the parallel field value.
This large B1 field implies that the transport and scattering properties are homo-
geneous throughout the Bi0.97Sb0.03 junction. Note that the field misalignment,
apparent from slightly tilted stripes, was corrected with a correction angle of about
1◦.
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Figure 7.4: a) Two-dimensional color plot of the current-phase relations of a Bi0.97Sb0.03-
based Josephson junction as a function of parallel magnetic field, B‖. The π-phase-shift
occurs periodically as the parallel field increases. The horizontal dashed lines separate
the map into the 0- and π-regions. b) Current-phase relation curves at several parallel
field values, as indicated by the arrows. The junction alternates between the 0- and the
π-state. For clarity, subsequent curves have been shifted vertically by 2 µA. c) Extracted
Is as a function of the parallel field, B‖. The blue circles indicate the data of Is(B‖) at
B⊥ = 0, the dashed line indicates the fitting curve of the exponential decay, and the solid
line indicates the fitting curve of both the decay and the oscillation, taking the hole-pocket
channel contribution into account. d) Schematic illustration of the Zeeman-effect-induced
finite momentum pairing. At zero field, as shown in the upper drawing, the Dirac fermions
are spin degenerate in the electron pocket at the L point. As an in-plane field is applied
along the large g-factor direction, as shown in the lower drawing, the Dirac Fermi surface
splits and the spin is polarized. Consequently, the formed Cooper pairs acquire a finite
total momentum, driving the 0− π transition.
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7.5 Discussion

Interestingly, the critical current amplitude of the first π-state is smaller than that
of the 0-state. Also, the shape of the current-phase relation gradually changes from
the regular current-phase relation as a function of magnetic field. This deformation
of the current-phase relation during the 0 − π transition has been observed in
superconducting quantum dots and is understood as a combination of the 0- and
π-states in an intermediate transition state [151, 152]. Now consider the fact that
part of the contribution to the critical current is from the hole pocket at the T
point in Bi0.97Sb0.03. The in-plane g-factor of the hole pocket is very small (< 2)
[140], therefore the Zeeman effect in this channel should be negligible and no 0−π
transition should occur in our measured field range. This could explain that the
critical current amplitude at the π-state, which originates from the electron pocket,
dominates the total critical current and is slightly reduced at low field in the π-state,
since the remaining ’trivial’ 0-state current from the other pockets counteracts the
π-state current.

It is worth to note that a system with spin-orbit coupling can essentially break
both time-reversal symmetry and parity symmetry when an external magnetic field
is applied. Consequently, the junction can not only alter between the 0- and π-
states, but can also have an additional phase shift, φ0 [153]. In this manner, a
so-called φ0-junction can form. This effect was first observed in quantum dots (e.g.
carbon nanotubes and InAs nanowire-based devices). Recently, observations of
this effect were also reported in Bi-based systems, e.g. Bi-nanowires [138] and the
topological insulator Bi2Se3 [154]. In these systems with reduced dimensionality,
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a strong Rashba-type spin-orbit coupling arises, which is lacking in bulk systems.
Since the supercurrent is mainly carried by the bulk states in Bi0.97Sb0.03 junctions,
only the intrinsic spin-orbit coupling can play a role, which is at least two orders
of magnitude smaller than the reported Rashba effect [155]. Therefore, the spin-
orbit-coupling-induced phase shift in the current-phase relation is expected to be
small in these measurements.

7.6 Conclusion

In summary, by incorporating a Nb-Bi0.97Sb0.03-Nb Dirac semimetal Josephson
junction into an asymmetric SQUID, the current-phase relation could be measured,
which provides unambiguous evidence of a 0 − π transition associated with the
finite momentum of the Cooper pairs due to the dominant Zeeman effect in parallel
magnetic field for the first time. Owing to the anisotropic g-factor of the Dirac cone
at the crystallographic L point, the different effects of the two in-plane magnetic
field orientations could also be explained. The junction critical current as a function
of temperature as well as the current-phase relation at all temperatures were self-
consistently fitted by models for ballistic transport. These results provide a clear
physical picture of Bi0.97Sb0.03-based Josephson junctions, which supports phase-
controled operations in topological Josephson devices in the future.





Summary

The primary focus of this dissertation is studying the interaction between topo-
logical materials and superconducting materials. As described in Chapter 1, sand-
wiching a topological material between two superconductors, a structure known as
a Josephson junction, is predicted to create a Majorana bound state. This state
possesses the interesting property of non-Abelian exchange statistics. This allows
the use of Majorana bound states for braiding, the process that is the foundation
of topological quantum computation.

In Chapter 2, the transport properties of the three-dimensional topological insu-
lator BiSbTeSe2 in a magnetic field are studied by measuring Hall bar structures.
These devices are equipped with both top- and back-gates, which allows the charge
carrier density of both surfaces of the topological insulator to be controlled indi-
vidually. This control can be utilized to tune both surfaces through several Landau
levels at a magnetic field of 15 T. As expected, integer quantization is observed
when both surfaces are tuned to be dominated by charge carriers of the same sign.
However, when the surfaces are populated by charge carriers of opposite sign, non-
integer quantization is observed. This phenomenon is theoretically supported by
adding a coupling term between the surfaces to the Landauer-Büttiker formalism,
justified by the quantum mechanical similarity of oppositely charged carriers on op-
posite surfaces in a three-dimensional topological insulator. These results display
control over the Landau levels in BiSbTeSe2.

The remaining chapters of this thesis address junctions between topological ma-
terials and superconductors in various forms. The most prevalent type of junction
studied in this work is the Josephson junction. Josephson junctions based on topo-
logical materials are expected to provide an indication of the presence of Majorana
bound states in the form of a doubled periodicity of the current-phase relation,
observed as missing odd Shapiro steps or a missing first Shapiro step in a signal
composed of both 2π and 4π periodicity. Chapter 3 describes Josephson junctions
based on the nodal line semimetal ZrSiS. Despite exhibiting the linear dispersion of-
ten associated with spin-momentum locking, no signs of a disappearing first Shapiro
step at low excitation frequency were observed in these junctions. However, a high
critical current of 280 µA was measured and the systematic study of the clear ra-
dio frequency response of ZrSiS-based Josephson junctions at various frequencies
and temperatures provides a benchmark for Shapiro step measurements in other
materials.

A similar measurement scheme was employed on Josephson junctions based on
BiSbTeSe2 in Chapter 4. At the base temperature of 20 mK, a missing first Shapiro
step was observed at 4.7 GHz. However, multiple steps were missing at a frequency
of 1.81 GHz. These additional missing steps can be explained by the retrapping
voltage at low temperature. This was confirmed by measurements at 1 K, which
show that the steps beyond the first reappear at 1.81 GHz, while the first step is
still missing at 4.7 GHz. Moreover, calculations using the resistively shunted junc-
tion model with a 4π-periodic contribution of 5% to the supercurrent qualitatively
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correspond to the measurement data. These observations provide an indication
of a 4π-periodic contribution to the supercurrent in Josephson junctions based
on BiSbTeSe2. Additionally, gate control over these devices was also shown, an
important ingredient for applications that might be concocted of these devices.

Another way of obtaining indications of Majorana zero modes in a topological
material is studying the spectroscopy of an interface between a topological material
and a superconductor. Since the mode resides at zero energy, a zero-bias conduc-
tance peak is expected in these measurements. Spectroscopic measurements were
performed on an interface between BiSbTeSe2 and Nb and presented in Chapter 5.
A superconducting gap structure was observed in these devices at the base temper-
ature of 20 mK. Applying a magnetic field revealed a zero-bias conductance peak
of 1.42 e2/h around 0.45 T. The measurement of a zero-bias conductance peak in
a device without a clear interface, other than the superconductor interface, might
suggest that hybridization at the crystal flake edge localizes the mode. Combined
with the missing Shapiro step in Chapter 4, the zero-bias conductance peak in
proximitized BiSbTeSe2 provides a good indication of Majorana bound states in
BiSbTeSe2.

The periodicity of Shapiro steps was also studied in Josephson junctions based on
the Dirac semimetal Bi0.97Sb0.03, as presented in Chapter 6. Junctions of several
lengths and regimes were fabricated. The 500 nm long junctions were found to
be in the ballistic regime, while the 800 nm and 1 µm junctions resided in the
diffusive limit. Comparing the 500 nm of the shorter junctions to normal state
magnetotransport data, the origin of the ballistic modes was traced back to bulk
electron bands at the L point. In response to radio frequency irradiation, the first
Shapiro step is missing below 2 GHz in these devices, indicating 4π periodicity.
Comparison to the resistively shunted junction model yields an estimation of the
4π-periodic contribution to the supercurrent of 20%, indicating the presence of
Majorana bound states in Bi0.97Sb0.03 as well. Furthermore, comparison of the
parallel magnetic field response of the supercurrent to complex coherence length
calculations indicates finite momentum pairing of the Cooper pairs and transitions
between the 0- and the π-state of the junctions, owing to the high g-factor of
800-1000 of Bi0.97Sb0.03.

These 0 − π transitions were investigated further by making a superconducting
quantum interference device (SQUID) based on Bi0.97Sb0.03, described in Chapter
7. These SQUIDs consist of a Bi0.97Sb0.03-based Josephson junction and Nb con-
striction circuited in parallel. The significantly higher critical current of the Nb con-
striction permits the scrutiny of the current-phase relation of the Bi0.97Sb0.03 junc-
tion. This current-phase relation shows a sawtooth shape, indicating the presence
of higher harmonics in the supercurrent, consistent with a ballistic junction. Vary-
ing the out-of-plane magnetic field or the magnetic field parallel to the Bi0.97Sb0.03

junction drives the transition between the 0- and the π-state of the Bi0.97Sb0.03

junction. These results show the control over the phase of a Bi0.97Sb0.03-based
Josephson junction that can be exerted using magnetic fields.

The results yielded by these junctions between topological materials and super-
conductors grant us a compelling incentive to definitively prove the presence of
Majorana bound states in these systems. The prospect of producing an interesting
topological quantum computer would certainly make this endeavor worthwhile.



Samenvatting

Het belangrijkste onderwerp van deze dissertatie is het bestuderen van de interactie
tussen topologische materialen en supergeleidende materialen. Zoals beschreven in
hoofdstuk 1, is er voorspeld dat het plaatsen van een topologisch materiaal tussen
twee supergeleiders, een structuur die bekend staat als een Josephson-junctie, leidt
tot het creëren van een Majorana-gebonden-toestand. Deze toestand heeft de in-
teressante eigenschap dat het on-Abelse statistieken vertoont. Hierdoor kan de
Majorana-gebonden-toestand worden gebruikt voor “vlechten”, een proces dat de
basis vormt voor topologische kwantumcomputatie.

In hoofdstuk 2 worden de transporteigenschappen van de driedimensionale topol-
ogische isolator BiSbTeSe2 in een magneetveld bestudeerd door Hall-structuren
door te meten. Deze structuren zijn voorzien van boven- en onderregelaars die
ervoor zorgen dat de ladingdragerdichtheid van beide oppervlakten van de topol-
ogische isolator bëınvloed kon worden. Deze invloed kan gebruikt worden om,
bij een magneetveld van 15 T, beide oppervlakten door verscheidene Landau-
niveau’s te sturen. Naar verwachting worden gehele geleidingskwanta gemeten
als beide oppervlakten zo worden aangestuurd dat ze voornamelijk bevolkt worden
door ladingdragers met hetzelfde teken. Daarentegen bestaat de kwantisatie niet
meer uit gehele getallen als beide oppervlakten voornamelijk worden bevolkt door
ladingdragers van een tegengesteld teken. Dit fenomeen kan theoretisch onder-
bouwd worden door een interactieterm tussen de oppervlakten toe te voegen aan
het Landauer-Büttiker-formalisme, wat wordt gerechtvaardigd door de kwamtum-
mechanische gelijkenis van de tegengesteld geladen ladingdragers op tegengestelde
oppervlakten van een driedimensionale topologische isolator. Deze resultaten tonen
aan dat er invloed uitgeoefend kan worden op de Landau-niveau’s in BiSbTeSe2.

De rest van de hoofdstukken in deze scriptie gaat over juncties tussen topologis-
che materialen en supergeleiders in verscheidene vormen. Het meest voorkomende
type junctie dat in dit werk wordt beschreven is de Josephson-junctie. Van
Josephson-juncties met een topologisch materiaal als kern wordt verwacht dat ze
een indicatie kunnen geven van de aanwezigheid van een Majorana-gebonden-
toestand in de vorm een verdubbelde periodiciteit van de stroom-faserelatie,
wat gemeten wordt als de afwezigheid van oneven Shapiro-stappen of alleen
van de eerste Shapiro-stap in het geval van een mengeling tussen 2π- en 4π-
periodiciteit. Hoofdstuk 3 beschrijft Josephson-juncties die gemaakt zijn van het
knooplijnsemimetaal ZrSiS. Hoewel ZrSiS de lineaire dispersie vertoont die vaak
wordt geassocieerd met spin-impulskoppeling, is er in deze juncties geen teken
van een missende eerste Shapiro-stap bij een lage excitatiefrequentie gemeten.
Er is in deze juncties echter wel een hoge kritische stroom van 280 µA gemeten
en de systematische studie naar het effect van radiogolven op verscheidene
frequenties en temperaturen op deze juncties vormt een ijking voor metingen naar
Shapiro-stappen in andere materialen.

In hoofdstuk 4 is een vergelijkbare meetmethode toegepast op Josephson-juncties
die gemaakt zijn van BiSbTeSe2. Een missende eerste Shapiro-stap is in deze junc-
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ties gemeten bij 20 mK en 4.7 Ghz. Er waren echter wel meerdere stappen afwezig
bij een frequentie van 1.81 GHz. De extra missende stappen kunnen worden verk-
laard door de kritische stroom bij lage temperatuur. Dit werd bevestigd door
metingen bij 1 K, waarin de stappen na de eerste weer te zien zijn bij 1.81 Ghz,
terwijl de eerste stap nog steeds mist bij 4.7 GHz. Bovendien komen berekeningen
met het model voor juncties met een kleine parallel geschakelde weerstand waarin
5% van de superstroom een 4π-periodiciteit heeft kwalitatief overeen met de metin-
gen. Deze waarnemingen duiden op een 4π-periodieke bijdrage aan de superstroom
in Josephson-juncties met een kern van BiSbTeSe2. Daarnaast is invloed op de lad-
ingdragerdichtheid in deze structuren ook aangetoond, een belangrijk ingrediënt
voor toepassingen die hier eventueel op gebaseerd kunnen worden.

Aanwijzingen voor Majorana-modi op nul energie in een topologisch materiaal
kunnen ook bemachtigd worden door spectroscopie aan het raakvlak van een topol-
ogisch materiaal en een supergeleider te doen. Aangezien deze modus zich op nul
energie bevindt, wordt er in deze metingen een geleidingspiek verwacht als er geen
spanningsverschil wordt opgelegd. Spectroscopische metingen van het raakvlak
tussen BiSbTeSe2 en Nb zijn gedaan en worden gepresenteerd in hoofdstuk 5. Op
de minimum temperatuur van 20 mK wordt in deze structuren een bandgat gemeten
die door de supergeleiding wordt veroorzaakt. Het aanleggen van een magneetveld
van ongeveer 0.45 T toont een geleidingspiek op nul spanningsverschil van 1.42
e2/h aan. Het feit dat een geleidingspiek op nul spanningsverschil kan worden
gemeten zonder een andere potentiaalbarrière dan die op het raakvlak met de su-
pergeleider, suggereert dat hybridisatie aan de rand van de kristalvlok wellicht de
modus lokaliseert. De geleidingspiek op nul spanningsverschil in geproximiteerd
BiSbTeSe2, samen met de missende Shapiro-stap die in hoofdstuk 4 is gevonden,
vormt een goede aanwijzing van Majorana-gebonden-toestanden in BiSbTeSe2.

De periodiciteit van de Shapiro-stappen in Josephson-juncties die gemaakt zijn
van het Dirac-semimetaal Bi0.97Sb0.03 is ook bestudeerd, zoals wordt gepresenteerd
in hoofdstuk 6. Juncties van verscheidene lengtes en in verscheidene regimes zijn
hiervoor gefabriceerd. De juncties met een lengte van 500 nm zaten in het bal-
listische regime, terwijl de juncties met lengtes van 800 nm en 1 µm zich in het
diffusieve regime bevonden. Als de lengte van 500 nm van de kortere juncties wordt
vergeleken met de magnetotransportdata in normale toestand, kan de oorsprong
van de ballistische modi worden vastgesteld als de elektronenbanden op het kristal-
lografische L punt. Als deze juncties worden onderworpen aan radiogolven, mist de
eerste Shapiro-stap, wat op 4π-periodiciteit duidt. Het vergelijken van de metin-
gen met het model voor juncties met een kleine parallel geschakelde weerstand
leidt tot een geschatte 4π-periodieke bijdrage van 20% aan de superstroom, wat
de aanwezigheid van Majorana-gebonden-toestanden ook in Bi0.97Sb0.03 aanduidt.
Verder duidt een vergelijking van metingen van de superstroom in de aanwezigheid
van een parallel magneetveld met berekeningen met een complexe coherentielengte
op eindige-impulsparing van de Cooper-paren en transities tussen de 0- en de π-
toestand van de juncties, wat te wijten valt aan de hoge g-factor van 800-1000 van
Bi0.97Sb0.03.

Deze 0 − π-transities zijn nader onderzocht door een supergeleidend quantu-
minterferentieapparaat (SQUID) met een kern van Bi0.97Sb0.03 te maken, zoals
in hoofdstuk 7 is beschreven. Deze SQUID’s bestaan uit een Josephson-junctie
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die van Bi0.97Sb0.03 gemaakt is die parallel geschakeld is met een Nb constrictie.
De significant hogere kritische stroom van de Nb constrictie zorgt ervoor dat de
stroom-faserelatie van de Bi0.97Sb0.03-junctie kan worden onderzocht. Deze stroom-
faserelatie vertoont een zaagtandvorm, wat de aanwezigheid van hogere orde har-
monischen in de superstroom aangeeft, in overeenkomst met een ballistische junctie.
Door het magneetveld loodrecht op het vlak van de SQUID of het magneetveld par-
allel in de stroomrichting door de Bi0.97Sb0.03-junctie te variëren, wordt de transitie
tussen de 0- en de π-toestand van de Bi0.97Sb0.03-junctie gedreven. Deze resultaten
tonen aan dat er invloed over de fase van een Josephson-junctie met een kern van
Bi0.97Sb0.03 kan worden uitgeoefend met behulp van een magneetveld.

De resultaten die deze juncties tussen topologische materialen en supergeleiders
hebben opgeleverd, geven ons een overtuigende motivatie om de aanwezigheid van
Majorana-gebonden-toestanden in deze systemen onherroepelijk te bewijzen. Het
vooruitzicht van het produceren van een topologische kwamtumcomputer maken
deze inspanning zeker de moeite waard.
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te noemen, maar ik wil toch nog specifiek Douwe bedanken voor alle interessante
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Ook wil ik een groep studievrienden bedanken die mij erg dierbaar zijn. David,
Karina, Thomas, Marieke, Joris en Linda, bedankt voor alles wat ik met jullie
heb kunnen delen in mijn tijd in Enschede. Ik hoop dat we nog vele jaren samen
weekendjes weg kunnen hebben.

Tot slot wil ik nog mijn ouders en mijn broertjes bedanken voor alle steun. Het
gebeurt nu misschien wel minder vaak dat we met z’n vijven zijn, maar het voelt
voor mij nog steeds zo als thuis als toen we opgroeiden.
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[116] J. Picó-Cortés, F. Dominguez and G. Platero. Signatures of a 4π-periodic su-
percurrent in the voltage response of capacitively shunted topological Joseph-
son junctions. Phys. Rev. B 96, 125438 (2017).

[117] L. Fu and C.L. Kane. Josephson current and noise at a
superconductor/quantum-spin-Hall-insulator/superconductor junction.
Phys. Rev. B 79, 161408(R) (2009).

[118] C.W.J. Beenakker, D.I. Pikulin, T. Hyart, H. Schomerus and J.P. Dahlhaus.
Fermion-Parity Anomaly of the Critical Supercurrent in the Quantum Spin-
Hall Effect. Phys. Rev. Lett. 110, 017003 (2013).

[119] F. Zhang and C.L. Kane. Anomalous topological pumps and fractional
Josephson effects. Phys. Rev. B 90, 020501(R) (2014).

[120] F. Zhang and C.L. Kane. Time-Reversal-Invariant Z4 Fractional Josephson
Effect. Phys. Rev. Lett. 113, 036401 (2014).

[121] Y. Peng, F. Pientka, E. Berg, Y. Oreg and F. von Oppen. Signatures of
topological Josephson junctions. Phys. Rev. B 94, 085409 (2016).

[122] M. Houzet, J.S. Meyer, D.M. Badiane and L.I. Glazman. Dynamics of Majo-
rana States in a Topological Josephson Junction. Phys. Rev. Lett. 111, 046401
(2013).

[123] S. Hart et al. Controlled finite momentum pairing and spatially varying order
parameter in proximitized HgTe quantum wells. Nature Phys. 13, 87-93 (2017).

[124] V.V. Ryazanov et al. Coupling of Two Superconductors through a Ferromag-
net: Evidence for a π Junction. Phys. Rev. Lett. 86, 2427 (2001).

[125] T. Kontos et al. Josephson Junction through a Thin Ferromagnetic Layer:
Negative Coupling. Phys. Rev. Lett. 89, 137007 (2002).

[126] Y. Blum, A. Tsukernik, M. Karpovski and A. Palevski. Oscillations of the
Superconducting Critical Current in Nb-Cu-Ni-Cu-Nb Junctions. Phys. Rev.
Lett. 89, 187004 (2002).

[127] E.A. Demler, G.B. Arnold and M.R. Beasley. Superconducting proximity
effects in magnetic metals. Phys. Rev. B 55, 15174 (1997).

[128] C. Li et al. Zeeman effect induced 0−π transitions in ballistic Dirac semimetal
Josephson junctions. arXiv:1807.07725 (2018).



Bibliography 93

[129] W. Yu et al. π and 4π Josephson Effects Mediated by a Dirac Semimetal.
Phys. Rev. Lett. 120, 177704 (2018).

[130] S. Tang and M.S. Dresselhaus. Constructing a large variety of Dirac-cone
materials in the Bi1−xSbx thin film system. Nanoscale 4, 7786-7790 (2012).
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