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Introduction

Topological insulators (TIs) are a kind of material that has insulating bulk states and metallic
surface or edge states. TIs have attracted tremendous attention from the scientific commu-
nity since the beginning of this century. In 2007, a two-dimensional (2D) TI was realized in
experiments in the CdTe/HgTe/CdTe quantum well system [1]. This experiment followed the
proposals from Kane and Mele [2, 3], Bernevig and Zhang [4]. In the case of 3D TI, Fu and
Kane made the prediction [5], and the first 3D TI material that was experimentally discovered
is Bi1«Sby [6]. Now, a lot of TI materials have been confirmed. Such as Bi,Ses, Bi;Te; and
(Bij—_xSby),Tes. Majorana modes are predicted to appear in the TI [7, 8] if two s-wave super-
conductors are separated by a small gap located on the three-dimensional (3D) TI surface. A
nonchiral one-dimensional wire for Majorana fermions will form in such an S-TI-S Josephson
junction. Majorana fermions are exotic particles that are their own antiparticles [9]. Majorana
fermions attracted great interest in condensed matter because they could be the building block
for topological quantum computing [10]. Scientists predicted that Majorana fermions will
occur in fractional quantum Hall states [11], in quantum anomalous Hall states, in p-wave
superconductors [12], and in hybrid superconductor-semiconductor devices. However, the
signatures of Majorana fermions observed in experiments are not convincing. People doubt
the results of quantized Majorana conductance in InSb nanowire [13] and the results of chiral
Majorana fermion modes in a quantum anomalous Hall insulator [14]. There are some reasons
why the Majorana fermions are challenging to be detected. In the case of Tls, sometimes the
signatures of surface states are hidden by the bulk. Even though we can have a very insulating
bulk in ternary compounds or even quaternary compounds, a lot of impurity states may have
been introduced in the TI. Secondly, the requirements for nanofabrication technology are high.

So my aim is to make high-quality SNS Josephson junction devices and search for signatures
of Mjorana physics based on the JJs.

In Chapter 2, the setups for ultra-low-temperature transport measurements are discussed.
The low-pass filters and the powder filters are introduced in detail. Our data are mainly taken
by using a low-frequency ac lock-in technique, and the electronic measurement circuits are
described.

Chapter 3 presents one of the main results of this thesis. We discovered a method to have
an epitaxial self-formed superconductor on the 3D TI (Bij_Sby).Tesz (BST) thin film, which
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CHAPTER 1. INTRODUCTION

was confirmed by scanning transmission electron microscopy (STEM). I made a planar JJ
and a superconducting quantum interference device (SQUID) based on this method. The BST
films are successfully proximitized by the self-formed superconductor in these two devices.
A junction transparency ~ 0.96 was estimated from the SQUID. This is among the highest
transparency reported for TI-based Josephson junctions. On the other hand, we also noticed that
the lack of multiple Andreev reflections in SQUID is not consistent with the high transparency,
such inconsistence need to be reconciled in furture studies.

In Chapter 4, we changed the Pd deposition method from magnetron sputtering to thermal
evaporation. STEM results show that the Pd penetrates fully through the BST film beneath
the Pd. If we deposit two Pd electrodes onto the BST film with a small gap, the BST in
between would be sandwiched by SCs and a sandwich SNS Josephson junction is created.
The characterization of JJs shows the resonance conductance peaks of MAR and a strong
superconducting proximity effect in the BST films. At last, we did the Shapiro measurements.
The missing first Shapiro step is observed, suggesting that a 4m-periodic contribution to the
current-phase relation exists in our JJs, which gives possible evidence for topological Majorana
bound states.




Ultra-low-temperature transport measurements

2.1 Noise filtering

Most of the measurements in this thesis are performed at an ultra-low temperature (~10-20
mK), and the amplitude of the signal can be smaller than 100 nV. So it is of great importance to
have filters that reduce the noise to ~ 20 nV, and keep the electron temperature baout 100 mK.

2.1.1 Low-pass filters at room temperature

A lock-in technique with frequencies lower than 30 Hz and a pure DC technique are applied
for our measurements. So the low-pass filters are required. I will introduce two kinds of filters
here. They are RC filter and LC filter, as shown in Fig.2.1. In order to avoid electromagnetic
noise, the filters are packaged in a metal box (Fig.2.1.(c) and (d)).

The first one is the well-known LC filter which is also called n-filterand because of the
construction arrangement of the components like the shape of the Greek letter 7. The m-filter
consists of one capacitor and two inductors. The cutoff frequency is the most important thing
when designing a filter. The formula to calculate the cutoff frequency for the LC filter is
1/(2mtv/LC). Capacitance and inductance used in this filter are 1 nF and 5 mH, respectively.
Thus, the cutoff frequency fi ¢ ~ 710 kHz. In principle, one can get an arbitrarily small fi ¢ by
increasing the value of the inductor. However, in fact, there is a parasitic capacitance in parallel
to the inductor. The critical frequency for this parasitic capacitance is called self-resonant
frequency (SRF). When the frequency is higher than SREF, the parasitic capacitance begins to
dominate. And the high-frequency noise will flow into the measurement circuit through the
parasitic capacitance.

Sometimes we need a low-pass filter with a lower cutoff frequency. We should consider
the second type of filter, namely the RC filter. The filter is made of a 510 Q) resistor and two
10 nF capacitors. The mechanism of the RC filter is that noise will flow into the ground via
a capacitor, and only the signal passes through the filter. We can get the cutoff frequency for
RC filter depending on the formula frc = 1/(2nRC), and the frc ~ 31 kHz, which is about
20 times smaller than the LC filter mentioned above. It seems that the fgc can be lower if
we increase the resistance or the capacitance. But we should take the actual measurement
situation into account. The input impedance of Lock-ins is 10 MQ, which means the lower
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CHAPTER 2. ULTRA-LOW-TEMPERATURE TRANSPORT MEASUREMENTS

cable resistance the more precision result. Besides, we know that the electrical impedance of
capacitor is smaller when the capacitance is larger. Leakage current becomes serious for large
capacitance. These are the two factors that limit the frc.

510 Q

& AMA——

10 nfF —— 10 nfF ——

1nF —— 1nF ——

Figure 2.1: The circuit diagram and schematic diagram of RC filter and LC filter.

2.1.2 Powder filters at low temperature

The low-pass filters are very effective for the noise whose frequency is lower than ~100 MHz.
However, the noise can not be screened by thise filters effectively at higher frequencies. There
are kinds of filters specialized built for high-frequency noise. For instance, filters made by the
coaxial cable named Thermocoax® Philips[15], filters based on microfabricated chips[16], and
distributed thin-film filters[17]. One of the most well-known and widely used is the copper
powder filter proposed by Martinis et al[18].

The metal powder filters consist of twisted wires in a shell filled with refined copper grains
or stainless grains. The smallness of the powder grains gives a quite huge effective surface
area. So the skin-effect damping is considerable[19]. Fig.2.2 shows a illustration of home-made
metal powder filter.

Choosing an appropriate wire is important because the metal powder filter will be mounted
on a cold plate of a temperature below 4K. High conductivity wires will give rise to heat
leakage. Another consideration is the Joule heating caused by the wires with high resistance.
We find the manganin wires with an insulating layer meet these requirements. As shown
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2.1. NOISE FILTERING

in Fig.2.2(a), 12 twisted pair wires with a diameter of 100 um are put in an O,-free copper
housing. The length of the wires is 3 m that is long enough to have a sufficient attenuation of
~GHz noise.

Usually, Stycast epoxy is used to fix the wires and metal powders. Mix stycast 1266 part
A and part B uniformly in two cups(Fig.2.2(b)), then pour the copper powder and stainless
powder[20] in cups separately(Fig.2.2(c)). The mass ratio of metal powder to Stycast epoxy is
1:1. In order to avoid the distribution of metal powders are inhomogeneous that is caused by
the random air bubbles in the mixture, the mixture is kept in a vacuum box to degas for about
15 minutes. Pour the mixture separately into each compartment of the box to fully immerse
the wires. Solder the wires to the micro d-sub connectors at the two ends of the box(Fig.2.2(e)).
The metal powder filters are mounted on the bottom of the mixing chamber plate, which is
indicated by a red arrow, as shown in Fig.2.2(f).

Figure 2.2: Illustration of making a powder filter




CHAPTER 2. ULTRA-LOW-TEMPERATURE TRANSPORT MEASUREMENTS

2.2 Low-frequency lock-in and DC measurements

Lock-in amplifiers play an essential role in the weak ac signals measurement. The basic idea of
lock-ins is intuitive, explained by a straightforward calculation of trigonometric functions[21].
Let us consider a signal Vssin(w1t+071) on a device, where Vs, w1, and 0; are amplitude,
frequency, and phase, respectively. We multiply the signal with a sine wave reference signal
Vigsin(w,t+65).

Vinuti =Vs Vrsin(wit + 07)sin(wz + 02)
1
:EVSVRcos((un —w2)t+6; —02) 2.1)

1
— EVSVRCOS((LLM + wy)t+ 67+ 03)

These are two ac signals. When the Vi treated by a low-pass filter, then nothing will be left
but only if (w7 = wy).

1
Vinulti = EVSVRCOS(el —0,) (2.2)

That is why only the signals with the frequencies that are very close to the lock-in reference
frequency can be detected, and noise will be excluded.

The two most used measurement setups are shown in Fig2.3. Lots of the information about
the physical properties of Josephson junctions are characterized by differential resistance
(dV/dI). In Fig.2.3(a), a standard resistor Ry with a resistance of 1 kQ is used to detect the
current in devices. The current is constant during the measurements because the resistance of
Ryis two to three orders larger than the device resistance. Dc bias on the devices is provided by
a Keithley 2450 sourcemeter. Both lock-ins and Keithley 2450 are voltage sources, while in fact,
the devices are driven by current due to the large resistance of R,.There are several types of
locin-ins used in our lab, namely SR830, NF LI5640, and NF LI5645. Keithley 2450 can output
both current and voltage, and the current limitis 1 A.

Fig.2.3(b) shows how to measure the current-voltage (I — V) characteristic curves. The
current is output and detected by the keithley 2450, a nanovoltmeter Keithley 2182A is used
to measure the voltage dropped on the devices. The noise level of Keithley 2182A is around
several hundreds of nanovolts. The data is averaged over more than ten times of independent
scans to have a higher SNF. The noise is reduced by y/n, where n is the times of scans.
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2.2. LOW-FREQUENCY LOCK-IN AND DC MEASUREMENTS
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Figure 2.3: Sketch of measurement electronic circuit that uesd in this thesis. The filters in orange colour

are the metal powder filters, while the RT low-pass RC or LC filters in black colour. (a) Both ac excitation
and dc bias are applied on the device. Ac voltage drops on the device was measured by a lock-in. (b) A
pure dc setup for measuring the I-V curves.




CHAPTER 2. ULTRA-LOW-TEMPERATURE TRANSPORT MEASUREMENTS

2.3 Shapiro-step measurements

To perform rf measurements, we use the rf signal generator R&A SGS100A (see Fig. 2.4 (a)),
which can generate rf microwaves between 80 MHz and 12.75 GHz. Our devices were irradiated
by rf microwaves via a coaxial cable. The open end of the coaxial cable is around ~1-2 mm
above the sample holder, as shown in Fig. 2.4 (b). A 2D plot of differential resistance (dV/dI)
as a function of Iy, and rf power for a typical Shapiro measurement is shown in Fig. 2.4 (c).
The y-axis label is in the unit of dBm. One can see that the data at higher power is compressed
in a small area. To display the result reasonably, the y-axis is converted to an arbitrary unit by
V10t Powen)/10 /1/70(cf Powernax) /10 a5 shown in Fig. 2.4(d). The Vi is obtained from integration
of dV/dI vs Ipias, then, Vyias is normalized by hf/(2e) to emphasize the Shapiro-step nature
of the response. Fig. 2.4(d), finally, shows a 2D plot of differential conductance (dI/dV) as a
function of rf excitation and V(hf/2e). The Shapiro-step nature of the response is emphasized
in Fig. 2.4(d).

dv/di (Q)
1000

3
%, - 600
9]
2 .
o 400
o
=
200
R 0
-1.0 -0.5 0.0 0.5 1.0
Ibias (“A)
di/dv(mS)
15
3
S
= 10
3}
x
()
=

V (hfi2e)

Figure 2.4: (a) A picture of a rf signal generator R&A SGS100A (b) A photograph of the sample holder
and the coaxial cable. (c) 2D plot of dV/dl as a function of Ip;,s and rf power. (d) 2D plot of dI/dV as a
function of Vi, and rf excitation.




Planar Josephson junction fabricated with
Pd/(Bi;_«Sby),Tes bilayer

In this chapter the proximity-induced superconductivity in the topological insulator is dis-
cussed. We discovered that an epitaxial self-formation of PdTe, superconductor can be obtained
by simply depositing Pd on thin films of (Bi;_«Sbx).Tes. A Josephson junction device and a
SQUID were fabricated to confirm the proximity-induced superconductivity. The supercurrent
is observed in both two devices. The superconductivity was characterized by the current-
voltage characteristics and magnetic-field dependence of the critical current. To identify the
PdTe; phase, STEM and EDX were employed. The high junction transparency is estimated
from the SQUID.
The following chapter is based on a paper published as:
Mengmeng Bai, Fan Yang, Martina Luysberg, Junya Feng, Andrea Bliesener, Gertjan Lippertz,
A. A. Taskin, Joachim Mayer, and Yoichi Ando; Novel self-epitaxy for inducing superconductivity
in the topological insulator (Bij_,Sbx)2Tes; Phys. Rev. Materials 4, 094801 (2020).

Dr. Martina Luysberg and Prof. Dr. Joachim Mayer performed the STEM analyses on the
devices that were prepared by Mengmeng Bai.




CHAPTER 3. PLANAR JOSEPHSON JUNCTION FABRICATED WITH Pd/(Bi;_Sb,),Tes; BILAYER

3.1 Device fabrication

The Josephson junction devices were fabricated on a well-known 3D topological insulators
(Bij_xSby)2Tes (BST). To some extent, BST consists of Bi,Te; and Sb,Tes. Bi,Tes is n-type
doped, while Sb,Te; is p-type doped [22]. So the Fermi level of BST can be shifted from
the conduction band to the valence band by increasing the x value from 0 to 1 [23]. A "real"
topological insulator is engineered when the Fermi level and the Dirac point are shifted inside
the bulk gap [23-25].

The films were grown in the ultrahigh vacuum molecular beam epitaxy (MBE) chambers,
and the best of MBE chambers in our lab can be achieved to 10~'" mbar [26]. Fig. 3.1(a)
shows an AFM image of a freshly as-grown BST film. Triangular terraces with sharp edges
are observed, and the film is atomically flat. The terraces are still observable even after Pd
deposition (see Fig. 3.1(b)).Such a good morphology is an indication of high-quality films.

Figure 3.1: (a) AFM image of an as-grown (Bij_,Sby),Tes film. (b) AMF image of sample 1 after Pd
deposition. (modified from [27])

3.1.1 Electron-beam lithography

Standard electron-beam lithography (EBL) technique was used to transfer the patterns onto
BST films. At first, drop a few drops of positive Poly (methyl methacrylate) (PMMA) A4 resist
on the wafer, and then spin it at 6000 rpm for 1 min. About 180 nm PMMA will cover the
film uniformly, as shown in Fig. 3.2(a). The thickness of the resist was mainly determined by
spin speed, and the resolution of patterns is related to the PMMA thickness. Thinner resist
gives a better resolution. After spin coating, put the substrate on a hot plate at 120°C to bake
the resist for 15 mins. The solvent of PMMA will be evaporated, and the glass transition of
PMMA happens. The major component of PMMA is a long-chain polymer. The long-chain
will be broken when PMMA is exposed to electron beams, and the broken long-chain can be
dissolved into certain solvents which are called developer [28]. Compared to conventional
developer MIBK, the sensitivity and contrast of PMMA resist increases a lot if one uses
water /Isopropanol(IPA) as the developer [29]. The resolution of EBL also depends on the
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3.1. DEVICE FABRICATION

energy of the electrons. Backscattering of electrons in the resist will be reduced and the de-
Broglie wavelength of the electrons is smaller when the energy of the electrons is higher. The
highest energy of electron-beam in our Raith system is 30 keV, and we can have the smallest
structure around 50 nm.

3.1.2 RIE plasma etching

After the resist development, the substrates are transferred in a reactive ion etching (RIE)
apparatus for surface cleaning(Fig. 3.2(d)). In order to remove several nanometers of PMMA
residual resist and the native oxide layer of BST film. In the RIE chamber, there are low-density
plasma ions with high energy hitting against the sample. The thin residual resist layer and the
oxidized layer are knocked off (sputtered). This kind of etching is called physical etching. As
there are no in situ cleaning fittings in our metalization equipments, the samples need to be
moved to metalization equipments immediately after RIE etching and to keep the air-exposure
time as short as possible.

(a) (b) m
i

© |

Figure 3.2: Schematic illustration of nanofabrication approach used in this thesis. (a) Spin coating of a
thin layer of PMMA. (b) Electron beam lithography. (c) Development of the resist. (d) Surface cleaning
by Ar plasma in RIE chamber. (e) Thin Pd film deposited on the samoles. (f) Lift-off to remove the
remaining resist with the surplus Pd film.
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CHAPTER 3. PLANAR JOSEPHSON JUNCTION FABRICATED WITH Pd/(Bi;_Sb,),Tes; BILAYER

3.1.3 Metalization

Both magnetron sputter deposition and thermal evaporation were employed for making
electrodes on devices. We use a homemade one-target magnetron sputtering system with a
base vacuum of ~ 1 x 1077 mbar. A gaseous plasma was generated in a flow of Ar gas by
applying an alternating current (ac) of radiofrequency, typically at 13.6 MHz. The electrons are
confined in the area near the target by a magnetic field in a magnetron. The possibility of Ar
ions created by the collision of electrons is much higher in this area. Atoms on the surface of
the target will be ejected due to the collisions of Ar ions. The ejected atoms will move to the
surface of the substrate through few collisions because of the vacuum environment. There are
several advantages of magnetron sputtering deposition. Such as high deposition rates, high
adhesion of films on the substrate, high film-quality and high repeatability.

Fig.3.2(e) shows that the samples are wholly covered by a layer of the metal film. The
undesired films will be removed when putting the samples in acetone at 70°C. This is the
so-called lift-off process.

3.1.4 Nanofabrication parameters of a Josephson junction device and a SQUID

Figure 3.3: (a) SEM image of device A with Pd electrodes deposited on a 23-nm-thick BST film. (b) SEM
image of device B with Pd electrodes deposited on a 35-nm-thick BST film. (modified from [27])

Figs.3.3(a) and (b) show the scanning electron microscope (SEM) images of a Josephson
junction (device A) and a SQUID (device B), respectively. The thickness of BST film in device A
is 22 nm, and 15 nm of Pd was deposited by magnetron sputtering. In order to have a good
contrast under SEM imaging, another 15 nm of Pd was deposited by thermal evaporation.
Before Pd deposition, device A was cleaned in the RIE chamber at 10 W for 1 min to remove
possible resist residues and oxide layer. The BST film in device B is 35 nm thick. 20 nm and 15
nm of Pd were deposited by magnetron sputtering and by thermal evaporation sequentially.
The RIE cleaning was the same as device A.

12



3.2. DISCOVERY OF SUPERCONDUCTIVITY

3.2 Discovery of superconductivity

A wetting layer between superconductor and TI film can reduce the contact resistance, which
is helpful to have a proximity-induced superconductivity in the TI [30, 31]. In the beginning,
Pd is one of the candidates for suitable wetting layers. However, we occasionally observed
superconductivity in BST films with Pd electrodes. As we know, neither BST nor Pd is a
superconductor. There must be a new superconducting phase created in Pd/BST bilayer films.
To identify the new SC phase, scanning transmission electron microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDX) were employed. Finally, the superconductor in Pd/BST
bilayer film is confirmed to PdTe; (see section 3.3).

PdTe; has been a long-known superconductor since 1961 [32], and the T¢ of PdTe, ranges
from 1.7 K to 2.0 K [33-35]. To characterize the properties of the PdTe, superconductor in our
samples, Hall-bar shaped samples were fabricated using UV photolithography, as shown in
the inset of Fig. 3.4(a). Fig. 3.4(a) shows a sharp superconducting transition with a T¢ of 0.67 K.
Tc is defined as the temperature when the resistance drops to 50% of the normal state value in
R-T curves. The superconducting transition width [36] (ATc) is the temperature interval of the
superconducting transition. Here AT is the changes in the temperature corresponding to the
normal-state resistance changed from 90% to 10%. Usually, a narrow transition width is an
indication of high homogeneity in samples. Fig. 3.4(b) shows the magnetoresistance measured
at T =8 mK, and an out-of-plane magnetic field was applied. The upper critical field poHc, of
this sample was 1.09 T.

Four different samples of Pd/BST bilayer films with Hall bar patterns have been inves-
tigated. The parameters of nanofabrication and properties of superconductivity for all four
samples are summarized in Table 3.1. The robust superconductivity of four samples has been
observed, and T¢ ranges from 0.67 K to 1.22 K. The difference of Tc can be due to the different
thickness of the PdTe; layer. ATc of sample 2 and sample 3 is lower than sample 1 and sample
4, but the Tc¢ is higher. This means the PdTe, formed in samples 2 and 3 is more uniform,
which is consistent with the result of lower poHc2 in samples 2 and 3. When disorder in
superconductors is increases, the poHc, will be larger.

The values of Tc mentioned above are lowerr than T¢ in bulk PdTe,. Such behavior of T¢
has also been reported by C. Liu etal. [37]. They have systematically studied the Tc of MBE
grown PdTe; films, and found that T¢ changes dramatically depending on the film thickness.
The values of Tc gradually increase as the thickness of PdTe; increases. But the reason for
the different thicknesses of PdTe; in our samples is not clear. We conjecture that the thickness
depends on the morphology of the BST surface and the film quality. The Pd was deposited by
magnetron sputtering for all the four samples shown in Table 3.1. While at the same time, we
have prepared some samples in which the Pd layer was deposited by thermal evaporation.
The superconducting transition was also observed. However, there is no sufficient statistics
data to compare the two Pd deposition methods. We expect that the Pd diffusion process could
be stronger in thermal evaporation due to the heating of the BST surface. This is an interesting
topic for future research and will be discussed in the next chapter.

PdTe;, was recently reported as a type-II Dirac semimetal [38-40] and was also proposed
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CHAPTER 3. PLANAR JOSEPHSON JUNCTION FABRICATED WITH Pd/(Bi;_Sb,),Tes; BILAYER

as a candidate to realize topological superconductivity [40]. But some recent experiments
about the tunneling spectroscopy of PdTe;, suggest that it is most likely a conventional s-wave
superconductor [41, 42]. As shown in the inset of Fig. 3.4(b), the theoretical zero-temperature
value of poHc; can be calculated from the slope (dpuoHce2/dT)1—1. = —2.44 T/K by using the
Werthamer-Helfand-Hoenberg theory [43]. The theoretical zero-temperature value of poHc2 =
1.13 T agrees well with the 1.09 T measured at 8 mK, indicating the nature of the conventional
s-wave superconductivity. The s-wave superconductor is applicable for making the SC/TI
hybrid devices that are used to explore topological superconductivity.

()

200 Pd/BST
bilayer film

150 F
@ L
N 7~

50

0 0

0.0 02 04 06 08 1.0 0.0 0.4 0.8 1.2 1.6

T (K) Ho (T)

Figure 3.4: Superconducting transition of Pd/BST bilayer film in sample 1. (a) Temperature (T) depen-
dence of the resistance (R), measured at zero magnetic field. Inset: optical image of the Hall bar. (b)
Magnetic-field dependence of R, measured at T = 8 mK and magnetic field is perpendicular to sample 1.
Inset: The temperature dependence of the upper critical field Hc. (modified from [27])
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3.2. DISCOVERY OF SUPERCONDUCTIVITY

Name  BSTlayer Pd (sputt.) Pd (evap.) Ar-cleaning Te AT, poHe
Sample 1 68 nm 8 nm 0 Yes 067K 0.13K 0.84T
Sample2 50 nm 20 nm 0 No 1.00K 004K 034T
Sample 3 16 nm 8 nm 0 Yes 122K 0.04K 048T
Sample 4 23 nm 10 nm 0 Yes 081K 015K 0.69T
Device A 22 nm 15 nm 15 nm Yes 090K - -
Device B 35 nm 20 nm 15 nm Yes 0.70K - -

Table 3.1: Summary of the preparation parameters and properties of the samples and devices measured

in this study. T. of samples 1 — 3 is defined as the temperature at the midpoint of the resistive transition.

For devices A and B, T is defined as the midpoint of the main resistance drop in the R(T) curve. Ho

shown here is defined as the midpoint in the resistive transition measured at T = 280 mK. AT, is the

width of the temperature window in which the resistance changed from 90% to 10% of the normal-

state resistance during the superconducting transition. “sputt.” and “evap.” stand for sputtered and

evaporated, respectively. (modified from [27])
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3.3 STEM results and self-epitaxy

3.3.1 A brief introduction to STEM and EDX

Scanning transmission electron microscope (STEM) has been widely used to characterize the
structure of thin specimens in materials science. The first STEM was built by Baron Manfred
von Ardenne in 1938 [44]. Fig. 3.5(a) shows a schematic diagram of an STEM instrument[45]. In
STEM, an electron beam was focused to a very tiny spot by using a series of condenser lenses.
Thanks to the shortness of the de-Broglie wavelength of the electrons, the typical spot size
is only 0.05-0.2 nm. The accelerated electron beam will shoot on a very thin sample, and the
direction of the electrons changes because they are scattered by the atoms inside the sample.
These transmitted electrons can form a STEM image.

(a)

AL NN
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spectrometer Incident radiation
bright-field
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W ] ?nnu]ar dark-
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tip
Figure 3.5: (a) Schematics of an STEM instrument, some of the most essential elements and their locations

are included. (modified from [45]) (b) Illustration of the mechanism of energy dispersive X-ray analysis
(EDX).

Here we introduce two essential concepts in STEM that are mentioned in this thesis.

Bright-field (BF): A bright-field detector is located in the center of the transmitted electron
beam. Therefore, only transmitted electrons that have a relatively low angle with respect to the
optic axis can be detected.

High-angle annular-dark field (HAADF): As shown in Fig. 3.5a, an annular dark-field
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3.3. STEM RESULTS AND SELF-EPITAXY

detector is away from the optic axis. This detector receives transmitted electrons with high
angles to the axis. The high-angle ADF detectors make it possible to get atomic resolution
images [46].

The crystalline structure of the SC phase can be nailed down by the STEM facility, while an-
other technique, the energy-dispersive X-ray spectroscopy (EDX), was needed for the elemental
analysis. The principle of EDX is that each element has a unique emission spectrum which is
irrelevant to the energy of incident electrons or X-rays. Fig. 3.5(b) shows the mechanism of
the emission spectrum. An inner shell electron is kicked out by an excitation source, and an
electron hole is created. An X-ray will be released if an electron at a higher-energy shell fills the
electron hole, and the energy of the X-ray is the difference between the higher-energy shell and
the lower energy shell. For example, a K ray is radiated when an L shell electron transitions
to a vacancy in the K shell. Similarly, one can get Kg, Ly, and so on.

3.3.2 STEM and EDX analysis

A Pd/BST bilayer sample was designed for STEM studies: a 68-nm-thick BST film was epi-
taxially grown on a sapphire substrate, and 8-nm-thick of Pd was deposited by magnetron
sputtering. Fig. 3.6(a) shows the line-scan spectra and a STEM image of the cross-section. The
STEM image was taken in the HAADF mode and measured at V.. = 80 kV. Two new phases
were observed at the interface between Pd and QLs of BST. The phase close to BST is rich in
Pd, while another phase close to the layer of deposited Pd is poor in Pd and Te. The thickness
of these two phases is roughly the same, which is about 7 nm. Fig. 3.6(b) shows a dark-field
STEM image for the same area in Fig. 3.6(a) but with a higher resolution. The STEM image was
taken on the cross-section of Pd/BST bilayer samples. The quintuple-layers (QLs) of BST were
epitaxially grown. The left phase has a crystalline structure, but the other phase is amorphous.
The crystalline phase consisting of a triple-layer structure is shown in Fig. 3.6(d). We found
there are different orientations of the triple layers, and the domain boundary in between is
clear. There are at least two kinds of atoms distinguished by the scattering intensities. The
crystalline phase was finally identified to be PdTe, by comparing the crystal structure and the
lattice constants to known crystals.

Fig. 3.6(c) shows the CdI2-type crystal structure of PdTe,. Hexagonal Te-Pd-Te triple layers
were stacked along the c¢ direction. The lattice constants a and c are 4.04 A and 5.13 A,
respectively. To obtain the lattice constants in sample 1, a high-resolution STEM image of the
PdTe, was shown in Fig. 3.7(a). Two kinds of atoms in different sizes are clearly observed. Te
atoms are heavier than Pd atoms, so Te atoms are larger and brighter. A two-dimensional fast
Fourier transform (2DFFT) was applied on a high-resolution STEM image of PdTe; for the
calculation of lattice constants. The lattice constants of PdTe, in sample 1 are determined to be
a=4.07A, and ¢ = 5.44 A. The lattice constant a is consistent with the MBE-grown PdTe; film
very well, while lattice expansion of 6.0 % in the c direction. A possible reason for the lattice
expansion is that Bi or Sb atoms intercalate into the van der Waals gap. We have observed such
intercalation in Fig. 3.7(a), where an inserted atom is indicated by a thick arrow.
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Figure 3.6: EDX and STEM data of sample 1. (a) Upper panel: EDX line-scan spectra across the interface, lower panel: a high-angle annular dark-field
STEM image of the cross section of Pd/BST bilayer film. The green arrow shows the EDX scanning line in the upper panel.(b) A high-resolution STEM
image of the cross section. Different phases in this image were labeled and separated by dashed yellow lines. (c) Left panel: crystal structure of PdTe;,
right panel: the pattern observed when viewed along the b direction. (d) A high-resolution STEM image was taken in the area of PdTe;. In the top loft
of the image, the zigzag patterns were seen due to the stacking of different domains in the thickness direction. (e) A high-resolution STEM image
across the PdTe;, /BST interface. (modified from [27])
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3.3. STEM RESULTS AND SELF-EPITAXY

Figure 3.7: STEM data of the self-formed PdTe2 phase. (a) A high-resolution STEM image measured
at Vce = 200 kV. The Te and Pd atoms are indicated by dark yellow and dark turquoise colour balls
separately. (b) The 2D FFT image of the PdTe, phase. (modified from [27])

3.3.3 Epitaxial growth of a PdTe; on the BST

Epitaxial is a kind of crystal growth where the new crystal layers are formed with one or
more well-defined orientations with respect to the substrate. Fig.3.6(e) shows a high-resolution
STEM image about the interface between BST and crystalline PdTe,. The clear signatures of
van der Waals epitaxy growth of PdTe, were observed. The gap between two adjacent layers
of PdTe, were indicated by vertical yellow lines. Fig. 3.7(a) shows this van der Waals epitaxy
growth of PdTe, with a higher magnification.
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3.4 Theoretical background

3.4.1 Josephson equations

In 1962, B.D. Josephson predicted that if two superconductors are linked by a thin insulator
(known as the S-I-S Josephson junction), there will be a supercurrent flows through the junction
even without voltage applied [47, 48]. Now I briefly derivate the Josephson equations.

P and P, are quantum mechanical wavefunctions in the two superconductors respectively,
and 1; (i=1,2) denotes as the complex order parameter. This two wavefunctions follows the
coupled Schrédinger equations.

0
iV = iy + Kb (3.1)
i’ﬁ% = w2y + Ky 3.2)

where 1 is the chemical potential of the superconductor i, and K is the coupling coefficient
between two superconductors.
A solution of Eq. 3.2 can be written as:

\yi = T'Lieid)i, (33)

where n; is the density of Cooper pairs and 0; is the phase. Substituting Eq. 3.3 into Eq. 3.2 we

can get:
al‘l1 . anz
’FLW =2Kynin;sin (¢ — ¢q) = _hﬁ (3.4)
0
—ha(d)z—dh) =H2— (3.5)
The time derivative of the density of Cooper pairs %1 = —% gives the supercurrent I. p,-pi
=2eV where V is the voltage difference between the junction. We can obtain the Josephson
equations:
I=Iosin¢ (3.6)
dp 2eV
== 3.7
dt h (3.7)

where [p=2 K\,/n1n, /h and ¢ is defined as ¢>-¢1.

3.4.2 The Fraunhofer pattern

If we apply a perpendicular magnetic field on SIS JJ, the phase difference will change to:

b — o+ ani (3.8)
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3.4. THEORETICAL BACKGROUND

Where @ is the magnetic flux quantum. The additional term ® = B x S is the flux through
the junctioin, where S is the junction area. According to the Josephson equations, the integral
current across the junction is:

I= J Josin(¢$)dS (3.9)
S
and the critical current I¢ is the maximum value of 1. Substituting Eq. 3.8 into Eq. 3.9 we can
get:
sin (m® /D)
7T(D/(D0

The diffraction pattern described by Eq. 3.10 is the well known Fraunhofer pattern as shown
in Fig. 3.8

I. =1.(0) (3.10)

I/1c(0)

/D,

Figure 3.8: The normalized Josephson critical current I./I¢(0) as a function of magnetic flux through
the junction @/ ®y.

3.4.3 Andreev reflections

In BCS theory the density of states (DOS) for quasi-particles are [49]:

___E [E| > A
_ ) (e2-a2)"? ° (3.11)

0 |E| < Ao

Now let us consider a superconductor-metal-superconductor (SNS) JJ. As shown in Fig. 3.9,
when an electron with a energy E < A from the normal metal (N) impinge to the supercon-
ductor, the electron will be reflected back into the metal because there is no possible states in
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Figure 3.9: Right-hand side shows the DOS for quasi-particles as a function of energy (E) in the super-
conductor with a superconducting gap A. Two kinds of reflections happen in the N-S interface. One
is the normal reflection that an electron from normal metal is reflected back into the metal. The other
one called Andreev reflection that an electron from N is reflected as a hole with opposite spin and
momentum, meanwhile, a Cooper pair formed in the superconductor.

the superconductor. However, two electrons effectively can transmit into the superconductor
when the incident electron in N is retro-reflected as a hole. The reflected hole has opposite
momentum and spin compared to the incident electron due to the momentum conservation
and spin conservation. Besides, the reflected hole carries phase information of the incident
electron:

bn = de + arccos(E/A) + b (3.12)

where ¢, ¢ and ¢, are the hole phase, the electron phase and the superconductor phase,
respectively [50]. This process is known as the Andreev reflection [51], as sketched in Fif. 3.9.

3.44 The Blonder-Tinkham-Klapwijk (BTK) theory

The Blonder-Tinkham-Klapwijk (BTK) theory [52] describes the electron behaviors on the NS
interface. It is derived for zero temperature and the normal metal and superconductors are
assumed to be ballistic. A dimensionless parameter Z represents the barrier strength between
N and SC, the probability for Andreev reflection is 1 when Z = 0. We know there are four
different processes: Andreev reflection (A), normal reflection (B), transmission without branch
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3.4. THEORETICAL BACKGROUND

crossing (C) and transmission with branch crossing (D). The corresponding probabilities are
shown in table 3.2, where the factors uo, vo and y are defined by equations:

w=1[1+ VE 4% (3.13)
2 E
vi=1-1u5 (3.14)
V2= [+ 22 (ud —v3)] (3.15)
A B C D
E<A E2+(A24:_A22)(1+222)2 1 Z_A 0 0
Eon it (8)'22052) )12 )

Table 3.2: The probability of transmission and reflection coefficients. Where A, B, C and D are the proba-
bility of Andreev reflection, normal reflection, transmission without branch crossing and transmission
with branch crossing, respectively. (modified from [52])

In Fig. 3.10, the probalities of A ,B, C and D as a function of energy are plotted for three values
of Z. For the energy is smaller than A only Andreev reflections occur when Z = 0, while only
normal reflections happen when Z increasing to 3.

(@) (b) | ()

Z=0
. Z=3
"R e .8
0.5r 0.5
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) A\)&l ] |
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Figure 3.10: Probalities of reflections and transmissions for three different barrier strength. (modified
from [52])

Andreev reflection contributes to the net current when a voltage is applied, resulting in an
excess current I.. In fact, the excess current is due to the Andreev reflection involving a charge
transfer of 2e. And I, can be written as [52]:

— 1 7 X JOO[A(E) — B(E) 4 B(c0)]dE (3.16)

23



CHAPTER 3. PLANAR JOSEPHSON JUNCTION FABRICATED WITH Pd/(Bi;_Sb,),Tes; BILAYER

where Ry is the normal state resistence and B(oo) is the probability of normal reflection at very
high energy. The Eq. 3.16 establishes a relation between I. and Z where A and B are related to
the barrier Z. Octavio, Tinkham, Blonder and Klapwijk (OTBK) [53] did calculations on the
I — V characteristics according to the BTK theory and predicted exhibition of subharmonic
gap structures. Flensberg etal[54] corrected the calculations on the basis of OTBK model. And
a quantitative description of I and Z is shown in Fig. 3.11 [54, 55]. Then the NS interface
transparency () is obtained by:

(3.17)

Figure 3.11: The normalized excess current el.Rn /A as a function of the barrier strength Z. (modified
from [54])
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3.5. A JOSEPHSON JUNCTION DEVICE

3.5 A Josephson junction device

The idea for engineering topological superconductivity in hybrid structures based on TI was
conceived by Fu and Kane [7]. The structure of a hybrid device is shown in Fig. 3.12, two s-wave
superconductors separated by a small gap are located on the TI surface. The key idea of the
Fu-Kane proposal is to induce superconductivity among electrons that are spin-nondegenerate
("spinless"). The "spinless "electrons can be provided by the 3D TI surface states where the spin
degree of freedom is frozen due to spin-momentum locking [56-58].

Figure 3.12: The sketch of a S-TI-S planar Josephson junction. A nonchiral one-dimensional wire for
Majorana fermions was formed in such a junction. (modified from [7])

One of the obstacles for realizing proximity-effect-induced superconductivity in Tl is the
dirty interface between SC and TI. Usually, the surface of the TI can be polluted by oxygen
and water when it is exposed to air. The surface can also be smudged by resist residues. An
advantage of our self-formed superconductor is that the interface is beneath the TI surface. So
it is immune to such pollution naturally.

To chararcterize the BST films are proximitized by the self-formed PdTe; superconductor, a
Josephson junction device (device A) was fabricated. The SEM image of this device is shown
in Fig. 3.3(a). To make the spatial distribution of the J] more uniform, the width of the JJ is
as wide as 3 um. Since we know the wide SC film can have the flux-jump problem, the SC
electrodes neighboured the J] were designed to be narrow. To understand these flux jumps, we
did a simple calculation. The magnetic flux quantum @ = h/(2e) ~ 2.07 x10~'> Wb. To create
a flux in an area of 1 um?, one need to apply a magnetic field of 2.07 x10~">/1 um? ~ 20 mT.
If the area is circular, the radius is about 560 nm. It suggests that the SC electrodes near the JJ
should not be wider than this value. At last, the dimensions of the JJ are optimized.

3.5.1 Superconducting transition of device A

The device A was measured in a dry dilution refrigerator (Oxford Instruments Triton200) with
a base temperature of ~ 20 mK. The Junction resistance of device A as a function of temperature
is shown in Fig. 3.13. A sharp drop of resistance is observed at ~ 0.90 K. This drop corresponds
to the superconducting transition of the self-formed PdTe; layer beneath the Pd electrode, and
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0.90 K is the T¢ of PdTe;. As the temperature further decrease, a broad transition continues
until T < 150 mK. The broad transition is associated with the onset of Josephson coupling
inside the junction. Zero resistivity at lower temperature was reached, which indicates that
Josephson coupling between the two SC electrodes is established.

300 F _ N
Device A

200

R (Q)

100

0 1 M 1 M 1 M 1
0.0 0.2 0.4 0.6 0.8 1.0

T (K)

Figure 3.13: Temperature dependence of the zero-bias resistance of device A, measured at zero magnetic
field. (modified from [27])

3.5.2 The Fraunhofer-like pattern

In Fig. 3.14, we present a two-dimensional plot of differential resistance (dV/dI) in the dc
current bias (I4.) vs. B plane. The zero-resistance state was indicated by the dark-blue colour.
One can see that the critical current I¢ is modulated by magnetic field, and the modulation
of Ic roughly follows a Fraunhofer-like pattern. But it is not the standard pattern which is
described by Eq. 3.10. We can obtain a period(pnoAH) of ~ 2.8 mT from the first lobe, which is
the only standard one. While, the expected period poAHcq1 = @o/S = 6.89 mT, where the area
S =L x W= 0.3 um?. The expected period is about two and half times larger than what we
observed. There are two reasons to increase the effective area, namely the London penetration
depth of and the flux-focusing effect [59, 60]. The London penetration depth makes the effective
length of the junction longer. And due to the diamagnetism of the superconductors, a portion
of the magnetic flux will be expelled from the superconductors into the junction. So the actual
magnetic flux in the junction can be larger.

As shown in Fig. 3.14, broadening, missing ,or drastically suppressed lobes are observed.
The anomalous features of the Fraunhofer patterns in TI-based Josephson junctions have been
reported before[30, 61-64]. The Fraunhofer patterns can deviate from a standard pattern if
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Figure 3.14: Two-dimensional plot of differential resistance dV/dI as a function of magnetic field B and
d.c. current bias 4., measured at T = 8 mK in device A. (modified from [27])

there are Majorana modes formed in the junction. For example, the odd-numbered (first, third,
tifth, etc. ) lobes in the Fraunhofer patterns are suppressed due to the 47t periodicity [65], and
the minimum of the first lobe is nonzero in the Josephson junctions where 1D Majorana modes
are created [66].

However, there is no solid evidence that there are Majorana modes that appeared in the
above papers [61-64], and their theoretical model does not explain the suppression of some
particular lobes, even the even-numbered lobes. S. Ghatak et al.. attribute the anomalous
Fraunhofer patterns to the inhomogeneous supercurrent distributions in the Josephson junc-
tions without topologically-non-trivial phases [30]. They reconstruct the inhomogeneous
supercurrent distributions by a series of discrete supercurrent densities along the width of the
junction. The maximum entropy method in a Monte Carlo algorithm was employed to fit the
data. The missing and suppressed lobes are well explained by their model. We did the same
fitting on the anomalous Fraunhofer pattern of device A !. The red dashed line in the inset of
Fig. 3.15 is the fitting curve. The corresponding inhomogeneous current density distribution
is plotted by the red curve in Fig. 3.15, where the x-axis is the edge of the junction along the
transverse direction.

The inhomogeneous supercurrent distributions is a probable origin of the anomalous

1Dr. Oliver Breunig did the fitting
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Figure 3.15: The inhomogeneous current density distribution which was obtained from the fittings. Inset:
A fitting on the anomalous Fraunhofer pattern of device A.

Fraunhofer pattern in device A. We have studied the self-formed PdTe, along the c direction,
while there is no STEM data about the Pd diffusion along the horizontal direction. So we have
no idea how the PdTe, formed inside the junction’s area. We leave this as an open question
for future studies. If the Pd diffuses into the gap of the junction with different length, then
the length of the Josephson junction varies along the transverse direction. In addition to this,
the STEM images in Fig. 3.6(b) and (d) show the inhomogeneity of PdTe,. This means the
thickness of PdTe, was not well defined. Both the different lengths of the junction and the
different thickness of PdTe; can give rise to the inhomogeneous supercurrent distributions.

3.5.3 Current-voltage characteristic of device A

Fig. 3.16 shows a dc current—dc voltage (I-V) curve of device A, measured at T = 8 mK and zero
magnetic field. The Josephson supercurrent with a critical current I (JJ) = 0.39 pA appeared.
There is no voltage drop on the junction when applied current is lower than I¢(J]). The critical
current was more clearly to be identified in Fig. 3.17, where the corresponding peak is indicated
by a red arrow in the differential resistance vs. dc bias current plot.

The horizontal jump starting from 1.1 pA is due to the superconducting critical current of
the PdTe; electrodes being exceeded. The evidence is that the linear I-V curve at high V.
reaches an asymptote that goes through the origin. One can judge that now device A is in
the normal state that followed Ohm’s law. As shown in Fig. 3.17, a blue arrow located at
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1.1 pA indicates the critical current of PdTe; (Ic(PdTe;))electrodes, which is the same as the
Ic(PdTey) obtained from I — V curve. There are some features between 1.1 pA and 1.9 uA due
to the superconducting transition of PdTe,. Above 1.9 uA, the normal state resistance of the
junction is kept constant, as shown in Fig. 3.17.
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Figure 3.16: Dc current-dc voltage characteristic of device A. Forward and reverse sweeps are indicated
by red colour and blue colour, respectively. (modified from [27])

One of our goals is to acquire the knowledge of junction transparency to check whether the
technique of self-formed PdTe; is promising for engineering a topological superconductivity
device. According to the OTBK theory, the junction transparency can be estimated based on the
excess current. The excess current is estimated from the intercept of a linear fit to the linear I-V
region when V4. goes beyond 2Asc /e where no Andreev reflections anymore. Unfortunately,
the superconductivity in the superconductor electrodes of device A is killed at a very low
dc voltage Vac(J]) = 0.11 mV. As we know the transition temperature of PdTe; electrodes in
device A is 0.90 K (Fig. 3.13). The superconducting gap 2A(PdTe;) can be estimated from BCS
theory: 2A(PdTe;) = 3.5KgTc ~ 0.27 meV. The V4.(]]) is much lower than 2A(PdTe;)/e.

Usually, in a high-transparency Josephson Junction device some subharmonic peaks of
multiple Andreev reflections (MAR) are expected [30, 67]. The signatures of MAR can be
obtained in the plot of differential conductance as a function of bias voltage. The dI/dV-vs-V4,
is plotted in Fig. 3.18. Even though the superconducting state was killed from 0.11 mV, there
are two weak features at ~ 0.03 mV and ~ 0.08 mV which could be related to the multiple
Andreev reflections. If the subharmonic peaks’ position and the inverse peak index have a
linear relation, one can confirm that they stem from subharmonic peaks of MAR. However, we
can not do a linear fitting in device A for the lack of numbers of peaks in Fig. 3.18.
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3.5.4 Stewart-McCumber parameter of device A

As shown in Fig. 3.16, both upward (red arrow) and downward (blue arrow) sweeps of bias
voltage in device A were performed. The two curves are overlapped completely. There is no
hysteretic behavior in the I —V curve, suggesting that the junction is in the overdamped region.

According to the RCS] model [68, 69], the Stewart-McCumber parameter [70] 3¢ is much
smaller than one when the I — V curves are non-hysteretic. The 3¢ is defined as 27IICR2N C/Dy,
where C is the shunt capacitance of the junction, and @y is the flux quantum. The critical
current I¢c and normal-state resistance Ry are 0.39 pA and 110 Q, respectively. As we can not
obtain the Ry by the fitting the I — V curve, Ry is taken right after the first superconducting
transition in the R — T curve plotted in Fig. 3.13. In the planar Josephson junction of device
A, the shunt capacitance C comes from the capacitor formed between the two Pd electrodes.
This capacitor is a parallel-plate capacitor. The shunt capacitance C can be estimated from the
formula C = egwd/l ~ 10~ E, where w, d, and | are the width of the junction,the thickness of
the Pd electrodes, and the length of the junction. According to the STEM result, we know that
the thickness of the Pd layer becomes thinner due to the diffusion of Pd. However, the order
of the calculation does not change. Put all the values in the formula, the Stewart-McCumber
parameter of device A B¢ ~ 107* < 1. The small B¢ is consistent with the non-hysteretic I — V
curves of the Josephson junction in the overdamped limit.
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Figure 3.17: Differential resistance as a function of bias current. The critical current of the Josephson
junction and the PdTe; electrodes are indicated by the red arrow and the blue arrow, respectively.
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Figure 3.18: Differential conductance as a function of bias voltage of device A is obtained by the
differential of I — V function.
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3.6 A SQUID device

Even though Josephson supercurrent was induced in device A, the excess current can not be
obtained because of the small critical current in narrow SC electrodes. So we have to increase
the width of SC electrodes. At the same time, flux jumps should also be considered. We
designed some antidots inside the SC electrodes so that there is no enough area to trap a flux.
Fig. 3.19 shows the SEM images of devices after unsuccessful lift-off processes. We try different
methods to do the lift-off, such as ultrasonic treatment and keep stirring of acetone, but none
of them works. We give up this design after a period of hard work. Meanwhile, we found that
a SQUID is an excellent choice. The effective area of a SQUID is about 20 times larger than a
Josephson junction. The magnetic field is 20 times smaller for measuring Fraunhofer patterns.

So that we can have a much wider SC electrode but without flux trapped during measurement.
The SEM image of the SQUID device is shown in Fig. 3.3(b).

Figure 3.19: SEM images of superconductor electrodes with antidots. The diameter of the dots is about
550 nm. (a) Lift-off was done in an ultrasonic acetone bath. (b) Lift-off was done in an acetone bath, and
the acetone was churned.

3.6.1 Superconducting transition of the SQUID

As shown in Fig. 3.20, there is also a sharp transition in the R(T) curve in device B. The T¢
of PdTe; is ~ 0.7 K, which is a little bit smaller than the T¢ in device A. That’s may due to
the thickness of the self-formed PdTe; layer in device B being thinner. The broad transition
lasts even to the base temperature of the dilution fridage, and the finite resistance at T = 8 mK
is about 25 ). The non-zero resistance is probably caused by noise. A SQUID device is very
susceptible and sensitive. It can sense a tiny magnetic field and can pick up a very weak noise.
The I — V curve (Fig. 3.22) of device B shows a clear junction critical current, which is evidence
that the junctions are essentially in zero-resistance state at T = 8 mK in zero magneti field.

3.6.2 A typical SQUID-type oscillations in device B

Fig. 3.21 shows the differential resistance of the SQUID as a function of both magnetic field and
dc current bias. A clean SQUID-type oscillation is observed in device B. The zero-resistance
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Figure 3.20: Temperature dependence of the zero-bias resistance of device B, measured at zero magnetic
field. (modified from [27])

superconducting state corresponds to the dark-blue colour. The white colour indicates the
highest differential resistance when one sweeps the bias current, and corresponds to the critical
current at the fixed magnetic field.

The field dependence of critical current of a SQUID is described by the formula: I¢ (SQUID)
=2Io- lcos(m®@(squip)/ Do) | [71], where @ (squip) is the flux through the SQUID loop. The
period of the SQUID-type oscillation is 0.36 mT that can be diagnosed from Fig. 3.21. The
effective area of the SQUID was marked by the green dashed line in the SEM image of device
B(Fig. 3.3). As mentioned above, because of the diamagnetism of the superconductor, half
of the magnetic flux in the superconductor electrodes is compressed into the SQUID loop.
The width and length of the green rectangle are 2 um and 3 pum, respectively. Thus, one can
calculate the expectant period noAH:q1(SQUID) = ®4/Ssquip = 0.34 mT, which is consistent
with the period we measured.

In fact, the envelope of the SQUID-type oscillations is modulated by the Fraunhofer diffrac-
tion patterns of the Josephson junctions that make up the SQUID [72]. However, there is no
signature about the modulating Fraunhofer patterns in Fig. 3.21. The SQUID has two identical
Josephson junctions with the length of 50 nm and the width of 600 nm. The period of the
Fraunhofer patterns of the two junctions is ®,/Sy; = 68 mT, which is 200 times larger than the
period of SQUID oscillations. That is why there is no Fraunhofer patterns that observed in
such a small range of the magnetic field.

3.6.3 Current-voltage characteristic of device B

Fig. 3.22 shows the current-voltage characteristic of device B, taken at the base temperature
without applying a magnetic field. Zoom-in of the I — V characteristics in the low-bias region
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Figure 3.21: Two-dimensional map of the dV/dlI as a function of I4. and B, measured at T = 8 mK in
device B. (modified from [27])

was shown in the inset of Fig. 3.22. Zero-resistance state occurs when 14, is below the critical
current I¢(squip)- The I¢(squip) = 0.07 w A is indicated by the blue arrow. Above the critical
current of the SQUID, a finite voltage starts to develop, and the I — V curve is nonlinear
until Vg, is smaller than ~ 0.21 mV. While the I — V curve becomes linear when V4. increase
continuously.

Compared to the Josephson junction device A, the linear I — V curve was obtained without
killing the superconductivity of the PdTe; layer. The superconducting gap of PdTe, can be
estimated based on the BCS theory, where Apgte, = 1.75 kg Tc = 0.105 mV. The multiple
Andreev reflection was expected inside the energy gap of 2Apgte, ~ 0.21 mV. In order to study
the quasiparticle processes inside the SQUID, dc bias voltage dependence of the differential
conductance is shown in Fig. 3.23. However, there are no subharmonic peaks appeared inside
2ApgTe, in Fig. 3.23. Only one kink is seen at V4. = 0.2 mV, which is close to the 2Ap 47, /€.
The kink is marked by the black arrow. It is probably related to the primary Andreev reflection,
which corresponds to V. of 2Asc /e. Another kink indicated by the blue arrow was shown
at 0.33 mV, which is beyond the 2Ap47., /€. Such anomalous behaviors has been reported
in a semiconductor-superconductor hybrid system by M. Kjaergaard etal. [73]. This can be
explained by the geometry of the planar Josephson junctions, before undergoing the Andreev
reflections, several times of the quasiparticles scattering at the superconductor interface hap-
pened [74, 75]. What’s more, at a much higher bias voltage, a series of periodic peaks occurred.
We have not understood the origin of such periodic peaks. More experiments are needed for
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future studies. For example, the temperature dependence of the subharmonic peaks can help
us to tell whether these features are related to the superconductivity or not.
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Figure 3.22: Current-voltage characteristics of device B, measured at 8 mK and zero magnetic field. Inset:
zoom in of the I — V characteristics in low-bias region. (modified from [27])

3.6.4 Estimation of the transparency of device B

According to the OTBK theory [53, 54], the transparency can be obtained by the ratio of
eleRn/Asc. Ie and Ry are the excess current and the normal-state resistance of Josephson
junctions, respectively. To get the values of I. and Ry, a linear fit was performed for the I —V
curve in high bias region where eV4. > 2Apgte, . The linear fitting curve was plotted by the
red dashed line in Fig.3.22. The inverse of the slope of the fitting curve gives the normal-state
resistance of the SQUID Ry (SQUID) = 562 Q. The excess current I.(squip) = 0.40 pA was
obtained from the y-intercept, as shown in the inset of Fig. 3.22. The non-zero y-intercept
indicates that the PdTe; electrodes remain in the superconducting state.

As the clear SQUID-type oscillation shown in Fig. 3.21, we can assume that the two Joseph-
son junctions in the SQUID are identical. And the two junctions are joined in parallel, so the
resistance of junctions is two times the resistance of the SQUID, while the excess current of
junctions is half of the SQUID. The I.Rn product for each junction is obtained as I (J])Rn (J]) =
(I (SQUID)/2)-(2RNn(SQUID)) = [ (SQUID)Rn (SQUID) ~ 0.23 mV. Together with the super-
conducting gap, the ratio of el¢(J])Rn(J])/ApaTe, ~ 2.19. As shown in Fig. 3.11, the relation
between the ratio of IcRn /A and the barrier strength Z is numerically calculated. The I.Rn /A
of 2.19 gives a barrier strength Z ~ 0.19. The transparency of the Josephson junction is cal-
culated as T = 1/(1+Z2?) =~ 0.96, which is among the highest transparency of the Josephson
junctions based on TI have been reported [30, 67, 76-80].
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Figure 3.23: Plot of differential conductance as a function of the bias voltage obtained in device B.

3.7 Discussion of the data

According to the EDX analysis (see Fig. 3.5(a)),in the amorphous region, the normalized
intensity of Pd and Te have the minimum value. However, the normalized intensity of Sb
changes smoothly and the intensity of the Bi even have a small peak in this region, which
suggests that the Bi and Sb atoms were accumulated from the PdTe, phase. There are some Bi
and Sb atoms incorporated as intercalant in the crystalline PdTe; phase.

There is a concern that the homogeneity of superconductivity in the PdTe; layer and the
topological surface states of BST could be affected by the Bi and Sb intercalation. The sharp
superconducting transition of the Pd/BST bilayer film (see Fig. 3.4(a))confirms that supercon-
ductivity in the PdTe; layer is homogeneous, otherwise there should be several transitions or
the transition should broad. The topological surface states of BST are topologically protected
by the bulk band structure of BST. Therefore, the possible topological superconductivity at the
surface of the BST film will not be destroyed by the Bi/Sb intercalation.

The superconductivity in the PdTe;, layer is homogeneous but the critical current of the
PdTe; electordes in device A is only about 1 uA. Such a small critical current was problematic
for the excess current estimation. The junction transparency can not be characterized because
the superconductivity in electrodes is lost before reaching the linear I — V region. The reason of
the small critical current density for the self-formed PdTe; layer is due to the low bulk carrier
density of PdTe;, which is ~ 5.5x 10?1 em~3 [38]. In contrast, the widely used superconductor
Al has a bulk carrier density of ~ 1.8x 10?3 cm 3 [81]. For the purposes of making promising
devices in the future, we need to enlarge the critical current of PdTe,. To avoid the flux jumps
we can not ennlarge the critical current by making a wider SC electrode. However, this potential
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problem can be solved by depositing another layer of superconductor (such as Al and Nb) on
top of the thin Pd layer as the source of Cooper pairs.

As shown in Fig. 3.6(d), the zigzag patterns were observed. At the beginning, this patterns
were explained by the stacking of different domins in the thickness diretion. Later the zigzag
patterns has been identified by atomic-resolutionHAADF images and simulations based on
this images (see the section of 4.2). We found that the zigzag patterns correspond to a PdTe-like
phase.

Pd Pd

_InErEce A

b e

1
Interface By

Figure 3.24: Cross-sectional schematic of the planar Josephson junction. (a) Resistance of the Josephson
junctions as a function of time, measured at room temperature in a vauum chamber with the pressure of
~ 10" mbar. (b) and (c) SEM images of device A and device B.

In device B the junction transparency has been estimated to be 0.96. Usually the subgap
features in the conductance spectra can be observed in JJs with a high transparency. These
subgap features are related to the multiple Andreev reflections. However, there is lack of
signatures for MAR in our devices. To figure the possible reasons, the schematic cross section
of a planar Josephson junction was shown in Fig. 3.24. In fact, a planar J]J is not a SNS junction
but a SS'NS’S junction, where S’ is the proximitized TI underneath the SC electrodes. There are
two interfaces in the JJ, the interface A between SC and S’ and the interface B between S” and
BST in the gap.

Estimation of the junction transparency by excess current based on the OTBK theory [53]
was used quite often in the planar junctions [30, 77, 80]. However, the interface has not been
specified. It's more likely the excess current value is related to the transparency of the second
interface. The signatures of MAR can be detected only when both of the two interfaces are
highly tranparent [82, 83]. The data showed here is not enough to clearly anwser the question.
We need more data from some new devices, such as the temperature dependence of the critical
current of the JJs, which gives the junction transparency in a different way.
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3.8 Conclusion on the planar junction device

We have invented a novel method to fabricate the hybrid S-TI-S Josephson junctions devices by
simply depositing Pd on thin films of BST. The epitaxial self-formed PdTe, superconductor has
been idetified by STEM and EDX analyses. This kind of devices have promising potentials for
the realization of the Fu and Kane proposal where a topological superconducting state can be
engineered, and the Majorana fermions are predicted to be created. Majorana fermions are of
particular interest because they are building blocks for topological quantum computing [10, 84].
There are many researchers working on a variety of materials, but growth of a superconductor
on the surface of a topological insulator with a good proximity effect has been a challenge still.
Epitaxial growth of TI on the surface of a superconductor has been reported [85-88], but there
is no JJ devices fabricated based on this technique. To the best of our knowledge, epitaxial
growth of a superconductor on the TI surface has been reported only once by Xue etal. where
the PdTe, was epitaxially grown on Bi,Tes, but the superconducting property of PdTe, was
poorly characterized and lack of device fabrication.

The superconducting property of self-formed PdTe, has been characterized in the section
of 3.2. A sharp superconducting transition was observed, suggesting that PdTe; is reasonably
homogeneous. So, it is possible to fabricate a high quality S-TI-S J] by using the self-formed
PdTe, superconductor.

The Fraunhofer-like pattern in device A and especially a standard SQUID-type oscillations
in device B comfirm that the junctions are not shorted and the supercurrent distribution in the
J] is also homogenous.

However there are some problems which have not been understood well. We have studied
the Pd diffusion in the thickness direction by STEM and EDX, while we have no idea about the
Pd diffusion along the lateral direction. We know that the self-formed PdTe, can be obatined
when Pd is deposited either by magnetron sputtering or by thermal deposition. Whether the
Pd diffusion process is the same for two deposition methods need to be checked by STEM and
EDX measurements on two kinds of Pd/BST bilayer films.

Even though the transparency in device B is as high as 0.96, the subgap features result from
the multiple Andreev reflection have not been observed, suggesting that the devices based
on the self-formation of PdTe, need to be promoted further. In summary, we have developed
a novel and flexible technique to get the hybrid S-TI-S Josephson junctions. The self-fromed
superconducting phase has been identified by STEM and EDX and the transport properties of
the JJ devices have been characterized. By means of such previous studies, we have prepared
for further researches about Majorana physics, such as the missing of odd Shapiro steps due to
the appearance of the Majorana modes.
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Sandwich Josephson junction fabricated with
Pd/(Bi;_«Sby),Tes bilayer

In this chapter, I discuss the self-formed superconductor that is epitaxially grown on the
(Bi1_xSbx)2Tes (BST) thin film. To characterize how the superconductor grows and to identify
the SC phase, Pd/BST bilayer samples were specially designed for STEM and EDX studies.
According to the STEM results, a BST nanowire sandwiched by SCs was created. This nanowire
and SCs can constitute an SNS-type sandwich Josephson junction, which allows us to study
the superconducting proximity effect and characterize the electronic transparency of the TI/SC
interface. Magnetic field dependence of the critical current and I — V characteristics were
measured. At last, the missing of the first Shapiro step is discussed. It turns out that a 47m-
periodic contribution to the current-phase relation (CPR) exists in our sandwich JJ devices. The
4rm-periodicity may be caused by topological Majorana bound states.

The following chapter is based on a paper published as:
Mengmeng Bai, Xian-Kui Wei, Junya Feng, Martina Luysberg, Andrea Bliesener, Gertjan
Lippertz, A. A. Taskin, Joachim Mayer, and Yoichi Ando; Novel realization of superconducting
topological-insulator nanowires; arXiv preprint arXiv:2108.08559, (2021).

Dr. Xian-Kui Wei, Dr. Martina Luysberg and Prof. Dr. Joachim Mayer performed the STEM
analyses on the devices that were prepared by Mengmeng Bai.
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4.1 Device fabrication

41.1 Sandwich Josephson junction

The (Bij_«Sby),Tes (BST) films mentioned in this chapter were grown with a molecular beam
epitaxy (MBE) technique on sapphire substrates from Knudsen cells. High-purity Bi, Sb, and
Te were simultaneously evaporated. The Sb/(Bi+Sb) flux ratio of film 1 (used for device 1) and
film 2 (used for device 2 and device 3) were 0.84 and 0.90, respectively. As there are no capping
layers on the BST surface, nanofabrication of devices was performed immediately after the
BST films were taken out from MBE chambers.

A standard electron-beam lithography technique was used to transfer small patterns on
the BST films coated with PMMA A4 resist. In order to have a small undercut structure, the
development was done with IPA /DI water (= 1:3) rather than the well-known Methyl isobutyl
ketone (MIBK)/IPA. Then the samples were moved into an RIE system to remove the possible
oxidie layer and resist residues. The surface of the BST films was cleaned by Ar-plasma etching
at 10 W for 2 minutes.

Sample
holder |8

Figure 4.1: Pictures of the thermal evaporation system. (a) A turbopump and an oil pump was used to
obtain a high vacuum. (b) Picture of the core components inside the chamber.

To fabricate a sandwich Josephson junction device, a thermal evaporation system is the
only facility used for metalization. As shown in Fig. 4.1(a), a high vacuum is obtained by an oil
pump and a turbopump. It is worth mentioning that a liquid nitrogen cold trap is equipped
for the turbopump, which can make the limit pressure one order lower, because the pumping
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speed of the liquid nitrogen cold trap is much higher than the turbopump. Fig. 4.1(b) shows
the alumina crucible mounted between the anode and the cathode. A large current of about 25
A was applied through the alumina crucible when the pressure is close to 1 x 10~7 mbar. The
Pd atoms evaporated out from the crucible and move towards the substrate ballistically.

As shown in Fig. 4.2(a), after the lift-off process, the Pd electrodes were deposited on a
continuous BST film, which means they are short connected by the BST film. To electrically
separate the Pd electrodes, the BST films were partially dry-etched by Ar plasma at 50W
for 3 minutes. The dark-blue areas are the etched part of the BST films as shown in Fig.
4.2(a). They corresponds to the dark-black region in Fig. 4.2(b), which was taken at a lower
magnification. The length of Josephson junctions is an important parameter for classification.
The short junction and long junction are defined by the comparison between junction length (L)
and superconducting coherence length en. When the mean free path 1 is smaller than L, the
Josephson junction is diffusive. When 1. > L, the junction is ballistic. Besides, the critical current
of Josephson junctions also depends on the junction length. So the gap L is systematically
tuned from 100 to 150 nm, as shown in Fig. 4.1(a).

Figure 4.2: False-color SEM image and laser microscope image of the wafer including device 1 (2nd left
junction). (a) False-color SEM image of the wafer. Pd electrodes, BST film, and sapphire substrate are
coloured by dark-yellow, turquoise and dark-blue, respectively. The five junctions pictured here were
fabricated with the Pd gap ranging from 100 to 150 nm (from left to right). (modified from [89]) (b) Laser
microscope image of the wafer at a lower magnification. The Pd electrodes (gray) were isolated by the
dry-etched BST films (black).

The Pd pads to define the JJs have a width of 1 um. The turquoise area is the BST film (see
Fig. 4.2(a)), the Pd electrodes in dark-yellow colour were deposited onto BST film. Fig. 4.2(b)
shows a laser microscope picture at a lower magnification. We see the Pd electrodes (gray)
were separated by the etched BST films (black). In the center of the sample, some resist residues
were observed, even though the sample was bathed in N-Methyl-2-pyrrolidone (NMP) at 70°C
for ~ 3 hours. Because the PMMA becomes very hard after a relatively long period of time of
high-power dry etching. However, this insulating PMMA does not affect the measurement.
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4.1.2 Samples prepared for STEM experiments.

As mentioned in the Chapter 3, the superconducting transition was also observed when Pd
was deposited by thermal evaporation. To study whether the methods of Pd deposition can
affect the Pd diffusion process, we prepared two samples for STEM analysis. A ~ 30-nm-thick
BST film was epitaxially grown on sapphire (0001) substrate with the Sb/(Bi+Sb) flux ratio of
0.85. Ten nm of Pd was deposited by magnetron sputtering in sample 1, while 15 nm of Pd
was deposited by thermal evaporation in sample 2.

The sapphire substrate is very hard to cut for preparing the lamella specimens, so the
sapphire is replaced by InP (111)A substrates for the next batch of samples. A ~ 30-nm-thick
BST film was epitaxially grown with the Sb/(Bi+Sb) flux ratio of 0.67. Two different types of
samples are shown in Fig. 4.3. Six square Pd pads were thermally-deposited on BST film that
aligned along (110) (sample 3) direction and (110) (sample 4) direction, respectively. The gap
between two adjacent Pd pads is ~ 200 nm.

]<110>

Figure 4.3: (a) and (b) Top view SEM images of Pd-pad arrays along (110) direction and (110) direction,
respectively.

The Pd/BST/InP multilayer lamella specimens were prepared by using the focused ion
beam (FIB) system (FEI Helios Nanolab 400s). In order to protect the specimens from damage
by the Ga ions that were used to cut the samples, ~ 160 nm of carbon and ~ 2 nm Pt were
deposited on the surface of the samples. Afterward, the surface contamination was cleaned
by plasma. An FEI Titan 80-200 ChemiSTEM microscope, which is equipped with a Super-X
EDX spectrometer and STEM annular detectors, was used to collect HAADF images at an
acceleration voltage of 200 kV. HAADF image simulation was done by the Dr. Probe software
package [90], and the crystal structure was drawn by the VESTA software.
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4.2 STEM results

STEM is one of the best techniques to characterize the morphology and to identify the unknown
phases assisted by EDX spectroscopy. Here, at first, we compared the results from two samples
with Pd layers deposited by magnetron sputtering and by thermal evaporation. We found
that the BST film beneath the Pd will be completely transformed when Pd was thermally
deposited. Next, to study how the new phases formed in the horizontal direction, we did the
STEM measurement on the edges of Pd pads. Furthermore, in case that the self-formation of
new phases is anisotropic in-plane, we prepared two Pd-pad arrays that are orthogonal to each
other.

4.2.1 Comparison between the two methods of Pd deposition

(a)

Sapphire

Bi/Te Pd/Sb Bi/Te

Bi/Te Pd/Sb Bi/Te

Figure 4.4: Inset in (a): HAADF-STEM image of the cross-section of sample 1. (a) Zoom-in of the interface
between quintuple-layers of BST and zigzag-structured phase. (b) High-resolution HAADF image of
the new phase, two kinds of atoms are labled by red and blue circles. ((c)-(d)) The intensity profiles
correspond to the green rectangle and yellow rectangle in (b).

Fig. 4.4(a) shows a STEM image of sample 1, five quintuple-layers of BST was epitaxially
grown on the sapphire substrate. Before Pd deposition, the thickness of BST film was ~ 30nm,
suggesting that most of the BST films are converted to some new crystalline phases. In Chapter
3, we have reported that the new phase is the self-formed PdTe; superconductor by comparing
the crystal structure and the lattice constants to known materials. Here the new phases are
identified in a more advanced and reliable way. The epitaxial horizontal interface is indicated
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by the blue dashed line. A cross-section of the Pd/BST bilayer system shown in the inset of
Fig.4.4(a) is the zoom-in of the red rectangle marked.

An atomic-resolution HAADF-STEM image of the new phase was shown in Fig. 4.4(b).
The self-formed phase has a clear and homogeneous crystalline structure. Two kinds of atoms
constitute a zigzag pattern, and the two atoms are labeled by red and blue colours individually.
Atomic contrast of HAADF image is approximately proportional to Z2 [91], where Z is the
atomic number. Fig. 4.4(c) and (d) show the intensity profiles that were measured along with
the green box and the yellow box in Fig. 4.4(b), respectively. The ratio of the intensity for the
red atoms and the blue atoms both in Fig. 4.4(c) and (d) is ~ 1.05. The atomic numbers of Bi, Sb,
Te and Pd are 83, 51, 52 and 46, respectively. The intensity ratio of Pd and Te Z3,/Z%, is ~ 1.28,
which reasonably consistent with the measured intensity profiles. The ratio of other atoms is far
from the measured value (~ 1.05). So the new phase is identified to be a PdTe-like structure. It
is prudent to mention that the zigzag pattern was also observed in the previous chapter, where
we explain the appearance of the zigzag pattern is due to the stacking of different domains in
the thickness direction. According to the analysis on the intensity, in fact, there is not only a
PdTe; phase formed in the Pd/BST bilayer system but also a concomitant PdTe phase.

Sapphire

Figure 4.5: HAADF-STEM image of the cross-section of sample 2. (a) Zoom-in of the interface between
sapphire and zigzag-structured phase. (b) High-resolution HAADF image of the zigzag pattern.

When Pd was deposited onto the BST film by thermal evaporation, the corresponding
atomic-resolution HAADF-STEM image is shown in Fig. 4.5. Different from sample 1, there is
no quintuple-layer of BST on the sapphire substrate. All the BST was completely transformed
to other phases. Fig. 4.5(b) shows the zoom-in of an area in the new phase region. The zigzag
patterns observed here are the same to the patterns in sample 1.

If we fabricate a Josephson junction whose Pd electrodes was made by thermal evaporation,
the geometry of the junction will be different from what we reported in the Chapter 3. Since the
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BST film beneath Pd is gone, the pristine TI is sandwiched between the newly formed phases. A
sandwich Josephson junction is created. Besides, this finding provides the possibility to create a
topological insulator nanowire. Until now all the STEM analyses are about the structure along
the ¢ direction (thickness direction). How does the Pd diffuse along the horizontal direction? To
answer this question, sample 3 and sample 4 were prepared and the results will be presented
below.

4.2.2 STEM analysis of Pd-array arranged along (110) direction

The STEM study for sample 3 mainly focuses on the region near the junction. Fig. 4.6(a) shows
a high-angle annular-dark-field (HAADF) STEM image of the cross section of one junction.
One can see that the distance between two Pd pads is ~ 231.7 nm, while the width of the
pristine BST film is only ~ 40 nm. Not only the BST film beneath the Pd pads but also the film
about ~ 90 nm outward from each edge of Pd pads are transformed in to another phase, which
is labeled by Pd-BST. The thickness of Pd-BST is apparently thicker than the BST film. The
swelling of Pd was absorbed by BST. It is prudent to note that the STEM measurement was
done about 3 months after the Pd deposition and the Pd may diffuse along (110) direction
continuously during this period. So the length of the pristine BST could be longer in devices
that were fabricated soon after the Pd deposition.

The corresponding energy-dispersive X-ray (EDX) spectroscopy maps of Pd, Bi, Sb and Te
are shown in Fig. 4.6((b)-(e)), respectively. Pd atoms are observed both in the BST film beneath
Pd pads and the BST film in between two Pd pads. The inset of Fig. 4.6(e) shows the top-view
SEM image of sample 3, the outward diffusion of Pd is along (110) direction. In Fig. 4.6(b)
there seems also Pd atoms inside the pristine BST region. This is due to the background signal,
judging by the fact that the signal intensity in the pristine BST and in the InP substrate are
the same. So we claim that the disorder of the pristine BST does not increase by the Pd atoms.
There is always a Pd-free region in between the Pd-BST parts(see Figs. 4.7((b)-(e))), forming a
BST nanowire. The width of the nanowire changes from ~ 40 nm to 77 nm as the distance of
the Pd-pads increase from ~ 191-239 nm.

According to the STEM analyses, it is clear that topological insulator nanowires sandwiched
by superconductors is formed by simply depositing Pd on thin films of BST. The width and
thickness of the nanowires are ~ 40 nm and ~ 30 nm, respectively, as shown in Fig. 4.6(a). The
width of the nanowires can be further narrowed down by decreasing the distance between
two Pd pads to guarantee a quantization of transverse-momentum states. Due to the V-shaped
interface between BST and Pd-BST, the cross section of the TI nanowires is not a regular
polygon but a concave hexagon. There are several advantages to this kind of TI nanowires.
Such as the dimensions of the nanowires can be changed systematically and the chemical
potential for both top and bottom surfaces can be adjusted by using the dual-gating technology,
and nanofabrication is reproducible and straightforward.

Next, we identify the converted phase of Pd-BST and characterize the morphology of
the system. Fig. 4.6(f) shows the atomic-resolution examination of the pristine BST region,
high-quality epitaxial growth of BST film with quintuple-layers of TI were obtained on the InP
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Figure 4.6: Cross-section of a sandwiched Josephson junction. (a) HAADE-STEM image of cross-section of Pd-BST/BST/Pd-BST hetrojunction. ((b)-(e))
corresponding EDX spectroscopy maps of Pd, Bi, Sb and Te, respectively. (e) Inst: A top-view SEM image of the Pd-pad array; the lamella specimen
shown in (a) was cut out as as depicted by the light-gray stripe. ((f)-(h)) Atomic-resolution morphology of three regions in the specimen. The green
squares in the insets illustrate locations of the characteristic regions. ((i)-(k)) High-resolution HAADF image of PdTe;,-like (i) and PdTe-like (k)
structure of Pd-BST. (j) Schematic structural model and simulated HAADF image (thickness ~ 39 nm). The atomic sites coloured in blue, orange, and
green may be occupied by Te/Bi/Sb, Pd/Sb, and Pd, respectively. Additional Pd atoms intercalated into the PdTe-like structure are coloured by green
in (j). According to the atomic contrast in (i), one can see that Bi atoms are found only on the Te sites of the PdTe; structure. (modified from [89])
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(111) surface. Atomic-resolution image near the interface bewtten Pd-BST and BST was shown
in Fig. 4.6(g). The "epitaxial" interface has a V-shaped geometric structure. The triple-layer
structure inside the V-shaped is PdTe, phase that was introduced in the previous chapter.
While in the Pd-BST region closer to the Pd pads side, a zigzag pattern instead of TL structure
is observed in Fig. 4.6(h).

Atomic-resolution HAADF images were to help to identify the TL phase and the zigzag
phase (see Fig. 4.6((i)-(k))). It turns out that the TL- and zigzag-structured Pd-BST correspond
to PdTe; like and PdTe-like phases [92], respectively, according to the image-simulation-
based atomic structure analysis. A simulated HAADF image is shown in Fig. 4.6(j), the TL
structure and zigzag pattern are reproduced well by the simulation. And the green balls are
the additional Pd atoms intercalated into the PdTe-like structure. At different locations, the
chemical formula may vary between Pd(Bi, Sb, Te), and Pd(Bi, Sb, Te).

To make sure this phenomenon is not occasional, three more JJs with different Pd-pad
gaps were characterized by STEM. Fig. 4.7(a) shows the HAADF-STEM image of a short
junction. The EDX spectroscopy maps of Pd show that there is always a narrow BST nanowire
sandwiched by Pd-BST (see Fig. 4.7). Pd propagates outward with different lengths in different
JJs. To better understand the interface between BST and Pd-BST and the converted Pd-BST
structure, atomic-resolution HAADF-STEM images were taken in the different locations on the
interface. As shown in Fig. 4.7(g), the QLs of BST were appeared in the bottom left corner, while
the PdTe;-and PdTe- like structure occupied the other regions. Due to the Van-der-Waals gaps,
the PdTe;,-like TL structure can be recognized by a dark contrast, while the PdTe-like structure
has a continuous lattice image. So one can see that the PdTe;-like structure is dominated near
the "epitaxial" BST/Pd-BST interface. The structural models and simulated HAADF image
are illustrated in the inset of Fig. 4.7(g). Fig. 4.7(h) show an atomic-resolution HAADF-STEM
image of R2 close to the Pd pads. The PdTe-like structure without dark Van-der-Waals gaps
tends to dominate near the top surface.

4.2.3 In-plane anisotropy of thermally deposited Pd samples

Before making JJ devices by using these self-formed PdTe or PdTe, superconductors, it is
necessary to check whether the diffusion of Pd is isotropic. According to the hexagonal
structure of BST, we prepared sample 4 that the Pd pads arranged along (110) direction, which
is orthometric to the Pd pads in sample 3.

Fig. 4.8(a) shows a HAADF-STEM image of the cross-section of one junction in sample
4. A significant difference is that the diffused Pd connects the two Pd-BST parts that can be
distinguished more clearly in the corresponding EDX spectroscopy map of Pd in Fig. 4.8(e),
even though the length between two Pd pads is ~ 210 nm. Figs. 4.8((b)-(d)) show the EDX
spectroscopy of Pd in another three specimens for the (110) cases. The Pd-BST is not gapped at
the center of the junction, and the QLs of BST only appeared in very small areas. It shows that
the diffusion of Pd atoms in BST is anisotropic, the difussion constant in the (110) direction is
faster than the (110) direction.

Figs. 4.8(g) and (h) show atomic-resolution HAADF-STEM images of the regions that
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correspond to R3 and R4 in Fig. 4.8(f), respectively. QLs of BST is observed close to the bottom
surface. PdTe,- and PdTe-like structures observed here are similar to sample 3. The structural
models and simulated HAADF image are illustrated in the insets of Figs. 4.8 (g) and (h).
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Figure 4.8: (a) HAADF-STEM image of a junction in sample 4. ((b)-(e)) EDX spectroscopy maps of Pd for four junctions with various distances of the
sputtered-deoposted Pd pads. (f) Reproduction of (e) with two marked region, R3 and R4. ((g)-(h)) Atomic-resolution HAADF-STEM images of the
regions R1 and R2 indicated in (a), the atomic arrangements in BST indicates electron-beam incident direction of (100) and (110). Insets of (g) and (h)
show the structural models and simulated HAADF image. (modified from [89])
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4.3 Data and discussion of the Pd diffusion

The self-formed superconducting phases have been identified by STEM, however, the dynamic
process of Pd diffusion is still unclear. The devices shown in Figs. 4.9(b) and (c) are designed to
study the Pd diffusion process. The devices were fabricated the same to device 1 in section
4.1. As the Pd diffusion is anisotropic, we made the JJs either parallel to the (110) direction
(Figs. 4.9(c)) or parallel to the (110) direction(Figs. 4.9(b)). The width and the length of the
junctions are 1 pm and ~200nm, respectively. Here we measured two Josephson junctions with
a quasi-four-terminal configuration. The data I present here were taken on the fourth junction
from each device. Device A and device B are indicated by a red rectangle and a blue rectangle
in the SEM images (Figs. 4.9(b) and (c)).
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Figure 4.9: Time dependence of the junction resistance and the SEM images of the Josephson junctions.
(a) Resistance of the Josephson junctions as a function of time, measured at room temperature in a
vauum chamber at the pressure of ~ 10~" mbar. (b) and (c) SEM images of device A and device B.

If the Pd-BST superconductors are formed, the resistance of the junctions will decrease
beacause a semiconductor is transformed to a metal. So the junction resistance can be taken as
a parameter reflecting the Pd diffusion process. The devices were kept in a vacuum chamber
during the measurement to prevent the BST surface oxidation. Fig. 4.9(a) shows the time
dependence of the resistance. The resistance decreases by about 2% for both devices after
one week. Suggesting that the Pd is diffused at a relatively low speed. Therefore, the devices
should be measured after fabrication as soon as possible.

Next, junction resistance were measured as a function of temperature in an annealing oven
(MBE-Komponenten GmbH). The inset of Fig. 4.10 shows the annealing oven which has six
wiring terminals and a heating plate. A diaphragm pump was applied to keep the sample in
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vacuum condition. The R — T curves of device A and device B are shown in Fig. 4.10(a). When
temperature is below ~ 420 K, the resistance is stable at a given temperature. The resistance
decreases with increasing temperature, because the bulk-insulating BST film behaves like a
semiconductor.

600 T T T T
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3 e Device B
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0 1 ) 1 1 0 1 1 1 1 1 420
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Figure 4.10: Temperature and time dependence of the junctions resistance. (a) Resistance as a function of
temperature. Inset: Photo of the annealing oven. (b) Time dependence of resistance correponding to the
data in the grey region in (a). Temperature as a function of time was plotted in pink colour.

However, when temperature is higher than ~425 K, the resistance decreases continuously
even temperature is stable. This can be explained by the formation of Pd-BST alloys. The Pd
diffusion begins when the threshold value of the temperature is achieved, the resistance of
the junctions will reduce until all of the BST films inside the gap are gone. As shown in Fig.
4.10(a), the R-T curves in the grey region are not monodrome functions. We replot the data in
the grey region in Fig. 4.10(a), the time dependence of the resistance is shown in Fig. 4.10(b).
The temperature is scaled by the right Y-axis. For both device A and device B, we can see that
the resistance drops much faster from ~ 450 K, indicating that the Pd diffusion is accelerated
at high temperatures. However, the decreasing speed of the resistance suddenly retarded at
a higher temperature about 461 K. The resistance of the junctions become singled again at a
fixed temperature (Fig. 4.10(a)). The reason is that almost all of the BST film has been replaced
by the Pd-BST.

There is another convincing evidence that the BST film inside the gaps has been converted
to Pd-BST totally. We found that when the devices were cooled down to room temperature,
the resistance of device A and device B did not recover but decreasd by ~ 2Q). This behavior is
consistent with the properties of metals of Pd-BST. It is prudent to mention that in Fig. 4.10(b),
there is an abnormal peak of device A at 30 min. The origin of the peak is not clear. For future
studies, we need to check whether the peak is reproducible and then try to figure out its origin.
Besides, we get the knowledge that temperature is an additional tuning knob to control the
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width of the BST nanowire. We can narrow the nanowire in situ by mounting a heater on the
sample holder. This can be a very useful technique. After judging by the experiments such as
the Aharonov—Bohm effect[93, 94], we can narrow the nanowire by heating the device for a
while if it is too wide.

We know that the Pd diffusion process is different when the Pd is deposited using different
methods, such as magnetron sputtering and thermal evaporation. In this section, we proved
that the Pd diffusion process could be accelerated by heating up the sample. The BST surface
was irradiated by the melted high-temperature Pd materials in the boat during thermal
evaporation. That’s why the Pd diffused further in the case of thermal evaporation deposition.
However, there is a lack of data related to the in-plane anisotropy of Pd diffusion.
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4.4 Josephson junction properties

4.4.1 Transport characterization of (Bi;_,Sb,),Te; thin films

To characterize the transport properties of the BST films, Hall bars were made with a part
of the film. As shown in the insets of Figs. 4.11(a) and (b), the Hall bars were scratched by
hand with a sharp needle. The transport measurements were performed in a Quantum Design
Physical Properties Measurement System (PPMS) with the base temperature of 2-3 K. Fig.
4.11(a) shows the temperature dependence of the sheet resistance of film 1. The sheet resistance
decreases with decreasing temperature, suggesting that the film is bulk-conducting. Magnetic
field dependence of the Hall resistance Ryx was shown in the lower inset of Fig. 4.11(a). The 2D

. . . . . a
carrier density of the film (n;p) was estimated using the formula nop = Rl where a and Ry
eRH

are the film thickness and the Hall coefficient, respectively. Ry is equal to the product of a and
the slope of the Ryx(B) data at B = 0. The n,p of film 1is 2.05 x10"3cm ™2, the Rs(T) behavior
and the n,p value of film 1 consistently show that this film is bulk-conducting.
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Figure 4.11: Rg(T) data for film 1 used for device 1 (a) and film 2 used for devices 2 and 3 (b). Insets

show their Ry, (B) data at the base temperature and the laser microscope images of Hall-bar devices.
(modified from [89])

However, in film 2, the Rs(T) behavior shows that this film is bulk-insulating. A BST film is
generally considered to be bulk-insulating when the carrier concentration is in the order of ~
10'2cm~2 [95]. However, the Hall data in the lower inset of Fig. 4.11(b) gives an n,p of 1.63
x10'3c¢m =2, which is too large for a bulk-insulating film. This inconsistency may come from
the fact that the chemical potential of the BST is close to the Dirac point. The Ry value shows
a zero-crossing if the chemical potential is swept across the Dirac point [96]. One can get an

unphysically enormous n,p value when the Ry value is near this zero-crossing region. Hence,
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based on the discussion above, we conclude that film 2 is bulk-insulating and has a chemical
potential relatively close to the Dirac point.

4.4.2 Superconducting transition in the Josephson junction.

As discussed above, the Josephson junctions discussed in this chapter are all sandwich junc-
tions. They have advantages as a potential platform for Majorana physics compared to the
planar Josephson junctions. Observations of supercurrents in TI-based planar JJs have been
reported in lots of previous works [30, 60, 61, 67, 76-80, 97-99]. A planar junction is actually
a SS'NS’S junction. The TI beneath the electrodes, namely S’, was first proximitized by SC.
Andreev bound states are formed between the S’/TI interfaces, not the interfaces between
surface of TI and SC. Because S’ can have a soft gap, the effective superconducting gap relevant
to Andreev bound states is usually smaller than the gap in the SC. In fact, to the best of our
knowledge, an effective superconducting gap in TI-based planar junctions as large as the SC
itself has been reported only once [30]. Besides, the additional in-gap states due to the S’ can
also scatter the Majorana bound states.

However, in the sandwich JJs, the Andreev bound states are formed directly between the
TI/SC interfaces. The superconducting proximity effect in our sandwich-type junctions is
strong, and the effective superconducting gap is the same to the gap in SC estimated by Apcs =
1.76 kg Tc.
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Figure 4.12: Temperature and time dependence of the junctions resistance. (a) Resistance as a function of
temperature. (modified from [89]) (b) Differential resistance as a function of bias current.

Temperature dependence of the resistance in device 1 is shown in Fig. 4.12(a). One can
see a sharp drop in R at T = 1.16 K, which corresponds to the superconducting transition of
Pd-BST. The Agcs(Pd-BST) is calculated to be 176 peV. After a broad transition, zero resistance
state is observed at T < 0.65 K. Fig. 4.12(b) shows the differential resistance as a function of

55



CHAPTER 4. SANDWICH JOSEPHSON JUNCTION FABRICATED WITH Pd/(Bi,_,Sb,),Tes
BILAYER

bias current (Ipias). A dissipationless supercurrent is observed when Iy;,s is below the critical
current (I¢) of 374 nA. Except for the innermost two peaks that are due to the superconducting
transition of JJ, there are a series of peaks between the critical current and Ipi,s ~ 2 pA. In
Section 4.7, these peaks due to MAR will be discussed in detail.

4.4.3 Temperature dependence of the critical current.

OO L 1 L 1 L 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

T(K)

Figure 4.13: Temperature dependence of critical current of device 1. The black dots with error bars are

experimentally measured I¢ at different temperature. The red line is the best fit to the Galaktionov and
Zaikin’s model. (modified from [89])

The temperature dependence of the critical current of device 1 is shown in Fig. 4.13. The
error bars in I¢ are defined by the larger of (i) the amplitude of the ac excitation current (+ 5
nA) or (ii) Half width at half maximum (HWEFM) of the peak in dV/dI vs Iy,s at the breakdown
of superconductivity. I¢ is clearly defined up to 0.8 K either by the temperature dependence
of the dV/dI VS Igiqs or by the temperature dependence of the I — V characteristics. The
convex-shaped I¢(T) curve shown in Fig. 4.13 is a signature for J] in the short-junction limit
[100, 101].

The Ic(T) data are fitted by using the model proposed by Galaktionov and Zaikin [102]. This
model was suitable for short ballistic JJs with arbitrary transparency. Then the supercurrent in
the JJs is given by:
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_ eATsin(x) DA
IU = 2 D tanh T (41)

where A is the superconducting gap, 7 is the junction transparency, and ¥ is the phase difference
between the two superconducting electrodes in the JJs. D is defined by

D =1/1—Tsin?(x/2) 4.2)

Here Y is arbitrary in current-biased JJ. The maximum value of Ij; with respect to x gives

the critical current Ic = max[Ij;(x)]. The red curve in Fig. 4.13 shows a good fitting for the
Ic(T) data. The best fit was obtained with the fitting parameters T ~ 0.7 and A =174.4 peV
corresponding to a transition temperature of 1.15 K that agrees with the Tc of Pd-BST (see Fig.
4.12(a)).

Now let us check whether the applicable conditions for Galaktionov and Zaikin’s model
are satisfied by device 1. The distance between the two Pd electrodes in JJ of device 1 is ~
100nm, and the Pd has diffused about 30 nm from both sides. Therefore, junction length L
is shorter than 40 nm. The mean free path 1. in our BST film is about 10 nm. 1, is smaller
than Ly but not too much. The J]J is close to the ballistic limit. The coherence length & can be

h

estimated by the formula & = mi, where the Fermi velocity vr is 3.68 x 10° m/s [103] and
sC

the superconducting gap Asc = 184 peV is introduced in Section 4.7. With these parameters

we obtain & ~ 390 nm, which is much longer than Lj, suggesting that the junction is in the
short-junction limit. So the conclusion is that the Galaktionov and Zaikin’s model is suitable
for our JJ which is in the short-junction limit and close to the ballistic limit.
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4.5 Fraunhofer pattern

To study the properties of the spatial distribution of supercurrent in JJs and the current phase
relation for JJs, we have measured the critical current response to an out-of-plane magnetic field.
Fig. 4.14 shows a 2D map of the critical current as a function of the magnetic field for device 1.
The critical current decays rapidly as the magnetic field increases in the low fields, and I¢ drops
to zero at B ~ 3.8 mT. We can estimate the effective junction area Seir = @o/3.8mT ~ 0.55 pum2.
This area should correspond to W(Lj + 2A), where W, Lj and A are the junction width, junction
length and London penetration depth, respectively. W and L are known, and A ~ 250nm is
obtained.

However, when we increase the magnetic field further, the I¢ does not drop to zero anymore.
The I (B) pattern is distorted from B ~ 8 mT, where I changed not smoothly but suddenly.
Such anomaly can be caused by flux jumps, since the SC electrodes of our devices is as wide as

1 um. To trap a magnetic flux quantum at B = 8 mT, the corresponding area is ®o =0.26 um?.
Considering the area is a circle, we get the radius of a magnetic flux quantum is ~ 300 nm. This
estimation suggests that flux jumps can happen in our 1 pm wide Pd/BST electrodes, and in
this case the Fraunhofer pattern will be destroyed.

400 -
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Figure 4.14: Fraunhofer-like pattern of device 1. 2D map of differential resistance as a function of dc bias

current and magnetic field, measured at 8 mK. The discontinuous behaviour visible from ~ 8 mT is due
to flux jumps. (modified from [89])

We also applied an out-of-plane magnetic field on device 2 and device 3. As shown in
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Figs. 4.15(a) and (b), cleaner Fraunhofer-like patterns are observed in device 2 and device 3.
The patterns are not distorted much by flux jumps, although the nanofabrication on all three
devices is the same. There are two reasons why the flux-jump problem is particularly severe
in device 1. First, the periodic in I¢(B) for device 2 and device 3 is smaller. The flux jumps
took place from ~ 7-8 mT in device 1 and device 2. Before 7.5 mT, there are about three lobes in
device 2, while the second lobe does not complete in device 1 at ~ 10 mT. Second, according to
our experience, the Fraunhofer patterns are sensitive to the measurement environment. For
example, the quality of our data is bad when there are constructions and disturbances near our
lab. The measurement environment for device 1 may be worse.
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0 100 200 0 150 300
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Figure 4.15: Fraunhofer patterns of device 2 and device 3. (a) and (b) 2D plots of differential resistance
as a function of dc bias current and magnetic field. Standard Fraunhofer patterns are illustrated by the
black lines. (modified from [89])

Black lines in Fig. 4.15 show the fits of critical current to the Eq. 3.10, this equation is used
for JJs with a homogeneous supercurrent distribution. The good fittings suggest that our JJs are
well defined in device 2 and device 3. From the magnetic field value of the first node, which is
3 mT in both devices, we obtain Se¢ ~ 0.7um? and A ~ 330nm. The difference of the A in two
films is probably because the self-formed SC is not precisely the same in different batches of
samples.
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4.6 dc I — V characteristics

To study the interface transparency and multiple Andreev reflection (MAR), the JJs were
characterized by dc I — V characteristics measurements in a pseudo-four-probe configuration.
Fig. 4.16(a) shows a typical I — V characteristic of device 1. When the dc bias current is smaller
than the critical current (I¢) of 0.374 pA, the junction is in the superconducting state, and there
is no voltage drop. The I¢ is indicated by a blue arrow. The junction changes to a resistive state
when the bias current is above Ic.

However, at low bias, the nonlinear I — V curve doesn’t follow the Ohm’s law. That’s due to
the MAR processes when the bias voltage is lower than 2Asc. The linearity of the I — V curve
gradually recovers when MAR is gone. An excess current (I.) = 0.815 pA can be estimated by
fitting the I — V curve in the linear region. I, is the y-intercept of the fitting curve. Also, the
inverse of the slope for the fitting curve gives the normal-state resistance Ry =266 Q. Using Ic
= 0.374 pA at 20 mK, we obtain the elcRn product of 99.5 peV, which gives an eIcRn/Asc
ratio of 0.54. This is among the largest ratio reported for a Tl-based J].
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Figure 4.16: (a), (b)I-V characteristics of device 1. (a) The excess current I, is estimated from the intercept
of a linear fit to the high-bias region (red dashed line). (modified from [89])

Furthermore, as we have introduced in the planar JJ, the interface transparency Tork can
be estimated when we have I, Rn, and Asc. The ratio elcRn/Asc = 1.18 gives the Torpk ~
0.8. This Torpk is in reasonable agreement with the transparency T+ ~ 0.7 that obtained from
Ic(T) mentioned above.

To study the critical current of our self-formed SC phases. The dc bias current is swept to a
larger value, as shown in Fig. 4.16(b), a linear fitting of the I — V curve is performed in such
a region. There is no excess current because of the fitting curve across the coordinate origin.
Suggesting that the superconductivity of PdTe(; ) is killed. The jump indicated by an olive
arrow corresponds to the critical current of the SC electrodes Ic(PdTe(; ,)), which is ~ 3 pA.

60



4.7. MULTIPLE ANDREEV REFLECTION

4.7 Multiple Andreev reflection

In the previous chapter, we introduced Andreev reflection at the N /S interface. Now let us
consider a SNS junction applied by a dc bias voltage (Viias) (see Fig. 4.17). A quasiparticle
from the left SC can tunnel into the normal metal as an electron (hole), and the electron
(hole) is retro-reflected as a hole (electron). Then the electron (hole) moves to the right NS
interface with accumulating energy of eVy,,s. Andreev reflections occur alternately between
two interfaces n times until neVyiqs > 2A, and the particle leaves to the right SC. This process
is the well-known multiple Andreev reflection (MAR) [104-106].

Figure 4.17: The density of states in the superconductor is that of quasiparticles and the density of states
in the normal region is for electrons. A bias eVjiys is applied across the junction.

When Wpi,s > 2A/e, an electron (hole) from left SC can be transferred to the right SC
because the acquired kinetic energy is higher than the superconducting gap. As shown in Fig.
4.18(a), when A < eVyias < 2A/e, an electron (hole) can not be transferred from left to right
directly. Instead, an electron (hole) will Andreev reflect once . When Vi, is further decreased

2A
to - < eVhias < A/e, a particle can only get out after two times Andreev reflections (see Fig.
4.18(b)). So a nth order MAR involves n-1 times Andreev reflections. The MAR order is given

by

2A
"= |:evbias:| *3)

2A
According to the OTBK theory, resonance conductance peaks will occur at voltages Viias = e
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[53, 107]. In principle, n can be arbitrarily large provided that Vj,s is small enough. However,
Andreev reflection is limited by the transparency (t) where nth order MAR scales with t™. So
the high order MAR can only be observed in JJs with high transparency.

20
(a) A< eV, < 2A (b) = < Vi <A

Figure 4.18: (a) and (b) panels show a 2nd and 3rd order multiple Andreev reflection process respectively.

Such subharmonic peaks are observed in device 1. Differential conductance as a function of
dc bias voltage is shown in Fig. 4.19. The resonance peaks are labeled and indicated by black
arrows. The n=1-5, and 9 order MAR are observed, and the amplitude of the ninth peak is the
largest. The absence of higher-order peaks is expected of a J] whose T is smaller than 1 (which
is T~ 0.8 in device 1). Theoretically, the amplitude is expected to decrease with increasing n,
because T decay rapidly with n. Meanwhile, the amplitude of the first peak is the smallest.
The reason for the abnormal amplitude is not clear. And the origin of the absence of peaks for
n = 6-8 is unknown. Nevertheless, similar behaviors have been reported on different materials:
BiSbTeSe, nanoflakes [30], BiSbTeSe, nanoribbons [67] and Ge/Si nanowires [108].

According to Eq. 4.3, the linear relation between - and V,, is apparent. As shown in the
inset of Fig. 4.19, the data points are located on a line, which agrees with Eq. 4.3 well. The
induced superconducting gap Asc = 184peV is estimated from the slope of the linear fitting
line.

4.7.1 Temperature dependence of the MAR

To clarify the nature of the induced superconducting gap, the temperature dependence of the
differential conductance as a function of V4. is shown in Fig. 4.20(a). The bias value of the
subharmonic peaks decreases with increasing T. The temperature dependence for T < 0.5 K is
very weak, and the MAR signatures are still distinguishable at T up to 1.0 K, which is close to
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Figure 4.19: Plot of differential conductance dI/dV vs V.. Inset: Peak position V;, vs inverse peak index
1/n. (modified from [89])

the Tc(PdTe(; )) = 1.16 K. Suggesting that the superconducting proximity effect in device 1 is
strong. Above Tc(PdTe(; ), at 1.2 K, all the MAR signatures are gone. The peaks at around
400 peV, T =0.8,0.9 and 1.0K and the peaks at around 200 peV, T = 1.1 K correspond to the
superconducting transition of the electrodes.

The linear fitting of V;, vs 1/n gives the superconducting gap at different temperatures. Fig.
4.20(b) shows the temperature dependence of the gap A. The experimental data A(T) can be
fitted using the BCS expression [109, 110]:

A(T) ¢ A(T)

The good correspondence between Eq. 4.4 and our data suggesting that Pd-BST is a conven-

— |
2

tional BCS superconductor.

4.8 Reproducible results on device 2 and device 3

The observation of MAR is reproduced in two more devices (device 2 and device 3). Data in
tigs. 4.21(a)-(b) and Figs. 4.21(c)-(d) are taken from device 2 and device 3, respectively.
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Figure 4.20: (a) dI/dV as a function of the dc bias voltage Vy at various T; the curves are successively
offset by 3.5 mS, except for the 20-mK data. (b) T dependence of the superconducting gap of device 1
with a theoretical fit (red solid line). (modified from [89])

In device 2, the resistance reaches zero when T < ~ 0.6K(see Fig. 4.21(a)). The inset of Fig.
4.21(a) shows the dc I — V characteristic, where [ = 346 nA, I.= 815 nA and Rn=365 Q.
The differential conductance as a function of dc bias voltage is shown in Fig. 4.21(b). MAR
resonance conductance peaks forn =1, 2, 3, 4, 6, 8, and 13 are observed. The plot of the voltage
at the peak (V;,) vs % lies on a straight line (see inset of Fig. 4.21(b)). As described above, a
superconducting gap of 145ueV is estimated. The ratio eIcRn /A of 1.03 gives a transparency
of 0.75 according to the OTBK theory.

In device 3, the transition temperature of Pd-BST is the same to Tc (PdTe; ;) in device 2 (see
Fig. 4.21(c)). While the zero-resistance state is achieved only when T<0.1 K. And the I¢ = 88 nA
is much smaller than I¢ of device 2. The subharmonic features of MAR in device 3 are weak
shoulders rather than peaks, and the features are indicated by black arrows. The small T¢(]]),
Ic, and weak signatures of MAR are due to the longer junction length in device 3.
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Figure 4.21: (a) T dependence of the junction resistance in device 2. Inset: I — Vcharacteristics. (b) dI/dV
as a function of the dc bias voltage V4. in device 2. Inset: The voltage corresponding to the MAR peaks,
Vn, plotted vs 1=n. (c) T dependence of the junction resistance in device 3. Inset: I — Vcharacteristics. (d)

dI/dV as a function of the dc bias voltage V. in device 3.
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4.9 Shapiro-step data

4.9.1 Fractional ac Josephson effect

When an ac-driven Josephson junction is irradiated by an rf wave of frequency f, Shapiro steps

mhf

[111] will be observed in the dc current-voltage curve at quantized voltages Vi, equal to 5,

where h is the Planck constant, and integer m is the step index (see Fig. 4.22(c)).
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Figure 4.22: (a) Andreev bound states of a conventional Josephson junction with transparency t=0.7,
0.8, 0.9, and 0.95. The higher the transparency, the smaller the gap size between two states. The magenta
arrows represent the nonadiabatic transition between gapped ABSs. (b) The spectrum of MBS in a
topological JJ. Example Shapiro steps under microwave irradiation for a JJ with 27-periodicity (c) and
4m-periodicity (d). (modified from [112])

In an SNS JJ, Andreev reflections at the two SN interfaces share phase information if the
coherence length is longer than the junction length. Thus a bound state called Andreev bound
state (ABS) is formed in between the two SCs. The energy spectra of the ABS are

Eg(dp) = £A(T)y/1 —Tsin® ¢ (4.5)
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Figure 4.23: (a)-(f), Mapping of dI/dV measured under the irradiation of rf waves at various frequencies
(2.0,2.95,3.6, 4.1, 4.5 and 7.0 GHz) as functions of rf excitation and the dc voltage V appearing on the JJ,
which is normalized by hf/2e to emphasize the Shapiro-step nature of the response.
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where Tis the junction transparency, and At is the temperature-dependent superconducting
gap. Fig. 4.22(a) shows the ABS spectra with transparency T = 0.7, 0.8, 0.9, and 0.95. In a
topological Josephson junction, Majorana bound states (MBSs) are expected [113-115]. The
spectrum of MBS is gapless at ¢ = 7. Therefore the MBS is 4 7 periodic, as shown in Fig. 4.22(b).
In such a topological JJ with only a 47 periodicity, only even Shapiro steps are expected to be
observed (see Fig. 4.22(d)). This is called the even/odd effect or fractional ac Josephson effect.

4.9.2 Frequency dependence of the Shapiro response

For Shapiro measurements, we did not measure the I — V curves by dc multimeters but
measured the differential resistance by lock-in amplifiers. Because the dc measurements have
a low signal-to-noise ratio. When there is a plateau (Shapiro step) at Vi, in the V vs I ;s curve,
the slope of the curve, dV/dI, becomes zero at the plateau, which means that dI/dV diverges
at Vi, therefore, as shown in Fig. 4.23 the yellow vertical lines occurring at regularly-spaced V
are Shapiro steps.

As shown in Figs. 4.23(a)-(c), the m = 1 step is clearly missing at rf frequencies up to 3.6
GHz. The first Shapiro step is partially suppressed at f = 4.1 GHz (see Fig. 4.23(d)), while all
the Shapiro steps are recovered starting from f = 4.5 GHz. As shown in Fig. 4.23(f), m =1/2
step appears. Such subharmonic steps (for m = p/q fractional value) have been reported [116,
117], the origins of this steps can be non-linearities, capacitance effects, or higher harmonics in
the current-phase relation.

In device 1, the first Shapiro step is recovered as rf frequencies increases. Wiedenmann et
al. [118] argued that the m = 1 step is missing only when f is smaller than the characteristic
frequency f4r = 2eRnlsn/h, where 14, is the amplitude of the 4m-periodic current. The
crossover frequency in our device 1 is around 4 GHz, suggesting 14, ~ 30 nA. This gives the
ratio 14/ Ic =~ 0.08, where the 47m-periodic current is only a small part.

4.9.3 Temperature dependence of the Shapiro response

One can see that the m = 2 Shapiro step is also (partially) suppressed at low frequencies
(see Figs. 4.23 (a) and (b)). This is due to the hysteretic I — V characteristic of a JJ in the
underdamped region [80]. This mechanism can also give rise to the missing of m = 1 Shapiro
step. To rule out this mechanism, the data were taken at high temperatures. As shown in Fig.
4.25, differential resistance as a function of bias current was measured at 0.2 K, 0.4 K, 0.6 K and
0.8 K respectively. The curves were measured in two different sweep directions (up-sweep for
red lines, down=sweep for blue lines). Hysteresis was observed at T = 0.2 K, 0.4 K, and 0.6 K,
whereas it was gone at 0.8 K where the red curve and blue curve overlapped completely. We
measured Shapiro data at T = 0.8 K, and f = 2.95 GHz, the m = 1 Shapiro step is still missing
(see Fig. 4.24(d)). So, hysteresis is not the origin of the first step missing in our device.

The so-called quasiparticle-poisoning [119, 120] of the MBSs can be caused by thermal
excitation. Therefore, the missing first Shapiro step is expected to be gradually recovered with
increasing temperature [80, 121-123]. This behavior is observed in the temperature dependence
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Figure 4.24: Shapiro response at higher temperatures. (a)-(c), Mapping of dI/dV as functions of rf
power and observed voltage for the rf excitation with 3.6 GHz ((a), (b), (c)) and 2.95 GHz ((d)) at higher
temperatures. At 800 mK, the dc I — V characteristics is completely free from hysteresis. (modified from
[89])

of f = 3.6 GHz Shapiro data, as shown in Figs. 4.24(a) - (c), giving support to the topological
origin of the effect.

The missing Shapiro steps can also be due to Landau-Zener transitions (LZTs) [124]. And
the probability of an LZT is

P =exp (——ﬂ“ e—\/r)A) (4.6)

which is significant only when the junction transparency T is close to 1 [125, 126]. However, our
junction transparency is ~ 0.8, far from the ultra-high-transparency regime in which LZTs occur.
Furthermore, the probabilities of Landau-Zener transitions increase with frequency, on the
contrary, the first Shapiro step is missing only at low frequency [127]. Hence, the Shapiro-step
data of our device strongly suggest a 4mt-periodic contribution.

4.9.4 Reproducibity of the missing first Shapiro step

To reproduce the missing first Shapiro step, device 2 and device 3 are measured with a similar
methodology as device 1. Fig. 4.26 (a) shows the Shapiro steps of device 2 measured at T =

69



CHAPTER 4. SANDWICH JOSEPHSON JUNCTION FABRICATED WITH Pd/(Bi,_,Sb,),Tes
BILAYER

(@) — o2k
05F — 02K A
0.0 1 1 L 1
2F(b) o4k
«— 04K ﬁ
\2-}/ O 1 1 L
X ggl(c) —o06kK
«— 0.6K JJ\
0.0 . ' ' :
02f(d — O'i:/\
— 08K
O'%.O 0.1 0.2 0.3 0.4 0.5

Idc (HA)

Figure 4.25: Hysteresis in the current response. a-d, Plots of dV/dI vs bias current Ip;,s at 0.2 K, 0.4 K,
0.6 K and 0.8 K, respectively. Red curves are sweep-up and blue curves are sweep-down. All curves
were measured without magnetic field nor rf excitation. (modified from [89])

20 mK, f= 2.6 GHz. The m = -2 step is wider and brighter than the m = 2 step. This weak
asymmetry at lower power is due to hysteretic I — V characteristics. The asymmetry is no
longer observed at T = 400 mK (see Fig. 4.26(b)), which means the hysteresis is gone. However,
the first Shapiro step is still fully suppressed. In device 3, with the rf excitation at 2.3 GHz, even
at T = 20 mK, the Shapiro steps are symmetric and there is no any hysteresis (Fig. 4.26(c)). The
first Shapiro step is missing both at 20 mK and 400 mK. The phenomena of missing first Shapiro
step is reproducible, which gives confidence in the intrinsic nature of the 4m-periodicity in our

J]s.
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Figure 4.26: Shapiro response at higher temperatures. (a)-(c), Mapping of dI/dV as functions of rf
power and observed voltage for the rf excitation with 3.6 GHz ((a), (b), (c)) and 2.95 GHz ((d)) at higher

temperatures. At 800 mK, the dc I — V characteristics is completely free from hysteresis. (modified from
[89])

4.10 Conclusion and outlook

In this chapter, we focused on the sandwich Josephson junctions. To characterize the Pd
diffusion in the horizontal direction and the vertical direction in the BST film, we prepared
specially designed Pd/BST bilayer samples for scanning tunneling electron microscope (STEM)
measurements. The result is that Pd not only penetrates fully into the BST film beneath the Pd,
but also propagates outward by ~90 nm from each edge. Which gives us the opportunity to
fabricate sandwich JJs. The self-formed PdTe and PdTe; are confirmed by the image-simulation-
based atomic structure analysis. And we got an “epitaxial” interface between BST and PdTe or
PdTez.

The sandwich JJs have been charactrized by transport measurements. A robust proximity-
induced superconductivity in the BST film is realized with a critical current of ~ 350 nA. As
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there is an “epitaxial” interface, the junction transparency is expected to be high. JJ transparency
of 0.7 and 0.8 is estamited from Galaktionov and Zaikin’s model and OTBK theory, respectively.
Even though the transparency is not as high as in the planner JJs, the features resulting from
multipe Andreev reflection (MAR) are observed. The MAR feature can still be observed at
temperatures up to 1.0 K, which points to a strong superconducting proximity effect.

At the last part of this chapter, the Shapiro response is discussed. The missing first Shapiro
step is observed in three devices. We proved that the origin of the missing first Shapiro step is
neither hysteretic I — V characteristic nor Landau-Zener transitions (LZTs). So the missing first
Shapiro step can be evidence for topological Majorana bound states, although one can never
nail them down with the Shapiro-step data alone.

In our STEM studies, we found that TI nanowires sandwiched by SCs are created. The
width and thickness of the nanowires are smaller than 50 nm, which can be further decreased.
Now, it remains a challenge to realize proximity-induced superconductivity in TI nanowires.
Here, the characterization of the sandwich JJs shows that our TI nanowires are proximitized
by the self-formed SCs successfully. Our superconducting TI nanowire provides a promising
platform for researches on Majorana physics [128].
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Abstract

The work in this thesis was motivated by the theoretical prediction that a pair of Majorana
bound states (MBSs) will be formed in Josephson junctions (JJs), which consist of s-wave
superconductors (SCs) and three-dimensional topological insulators (3D TIs). A fractional
Josephson effect is expected in such JJs with a 47m-periodic current phase relation. Our JJs are
based on the MBE-grwon (Bi;_«Sby),Tes (BST) film. Both planar JJs and sandwich JJs were
fabricated and characterized by transport measurements.

First, we discovered that SCs are formed by magnetron sputtering Pd onto BST film. The
transition temperature (Tc) and the upper critical field (Hcz) of the SCs were characterized in
Hall-bar devices based on Pd/BST bilayer films. To identify the SC phase in our samples, scan-
ning transmission electron microscopy (STEM) Energy-dispersive x-ray spectroscopy (EDX)
were performed. STEM and EDX analyses show the result that the self-formed PdTe; » SCs are
epitaxially formed on the BST film. A planar SC-TI-SC JJ is built when two Pd electrodes are
deposited on BST film with a small gap. A supercurrent and a Fraunhofer-like pattern were
observed on this JJ, suggesting that BST film is proximitized by self-formed SCs successfully.
To characterize the junction transparency, a superconducting quantum interference device
(SQUID) was fabricated. A high transparency ~ 0.96 is obtained based on the Octavio-Tinkham-
Blonder-Klapwijk (OTBK) theory. For most of the planar JJs, the interface between SCs and
TIs is on the surface of TI. The surface can be polluted by water and oxide layers during
nanofabrication. While the interface is inside the TI film and the SCs are epitaxially grown in
our device. These are possible reasons for the high junction transparency. However, there is a
lack of features for the existence of multiple Andreev reflections, which is usually observed
in high-transparency JJs. Epitaxial growth of a superconductor on the TI surface is still chal-
lenging. Our discovery of unexpected self-epitaxy to form SCs on the surface of BST makes
the nanofabrication of devices with an epitaxial SC/TI interface much more straightforward.
These devices provide a good platform to realize the Fu-Kane proposal in TIs to engineer a
topological superconducting (TSC) state.

Second, we found that SCs can also form when Pd is thermally-deposited onto BST films.
The SCs of PdTe and PdTe, with an “epitaxial” interface is confirmed by STEM and EDX
analyses. It is different from the case of the sputter-deposited Pd. The Pd penetrates fully
through the BST film when Pd was deposited by thermal evaporation. This finding opened
the possibility to create a TI nanowire sandwiched by SCs, by converting the BST film into
the SC and leaving only a narrow BST channel to remain as the pristine TI. TI nanowires are
created in this way that is confirmed by STEM. The finding of the complete conversion of BST
into SCs also opened the possibility to build SC-TI-SC sandwiched JJs. The TI nanowire was
proximitized by self-formed SCs successfully. Standard Fraunhofer patterns were observed
on such JJs, suggesting that the supercurrent is not due to a superconducting short-circuit
and the distribution of the supercurrent is homogeneous. The junction transparency is about
0.8, and the resonance conductance peaks resulting from multiple Andreev reflection (MAR)
were observed. The MAR feature observed with the index up to 9 and at temperatures up
to 1.0 K which is close to the transition temperature of self-formed SCs, suggesting that the
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superconducting proximity effect in JJs is strong. Finally, we did the Shapiro measurements.
The m = 1 Shapiro step is clearly missing at low frequencies and low power. Two possible
topologically trivial origins of the first step missing are Landau-Zener transitions (LZTs) and
hysteretic I — V characteristics. Temperature dependence of the Shapiro steps shows that the
m = 1 step is still missing at a high enough temperature where the hysteretic I — V behavior
is completely gone. Landau-Zener transition is considered when the junction transparency
is close to 1, but our junction transparency is not that high. We proved that the origin of the
missing first Shapiro step is neither hysteretic [ —V characteristic nor Landau-Zener transitions.
These phenomena are reproduced in another two devices. Hence, our Shapiro-step suggest
that a 47-periodic contribution in the sandwich JJs. This gives possible evidence for topological
Majorana bound states.
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