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Studying topological states of matter offers potential routes to novel excitations with
properties beyond those of simple electrons. While the range of materials and tech-
niques for studying topological systems is still expanding, only a handful of systems
have been thoroughly studied. Topological crystalline insulators (TCI) and the rich
states present in ZrTe; offer alternative routes to studying topological states of matter
with surface states that have a distinct character compared to those in more common
3D topological insulators.

First, I report on the fabrication of Josephson junctions using a MBE-grown can-
didate TCI material — Pb-doped SnTe — as weak links. We then perform transport
characterization measurements on these devices including the effects of DC, RF, and
magnetic field biases. I compare my results to a model that uses a skewed current-
phase relationship and the resistively shunted Josephson junction model. I find good
qualitative agreement between experimental data and numerically calculated data.

In the second section, I describe the fabrication of devices made from mechanically
exfoliated ZrTe; nanowires. I then present results from magnetoconductance measure-
ments from 50 mK to 1 K on these devices. Finally I apply existing models for weak
antilocalization and universal conductance fluctuations for a quasi-1D system in order

to extract a coherence length up to 1.5 pgm at 50 mK and 700 nm at 1 K.
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Chapter 1

Transport Properties in Mesoscopic Systems

1.1 Introduction

Mesoscopic physics is best understood as a many-body intermediate region between
classical physics and quantum physics [10, 39]. In this region, both quantum and clas-
sical effects can determine the dynamics of the system. While this intermediate area
can be challenging to understand analytically due to the complexity of many-body phe-
nomena, it involves a wide range of phenomena and important to understand due to the
potential applications and new physics. In particular, creating systems on the meso-
scopic scale with additional interactions allows the potential manufacture and study of

exotic states of matter.

1.2 Effects of Spin Orbit Coupling

1.2.1 Spin Orbit Coupling

When a carrier moves through an electric field, it will experience an effective mag-
netic field due to its spin. In atomic physics, in the relativistic limit, this perturbation
can be written in the form

h2

Hso = W(f? P V) (1.1)



where my is the free electron mass, & is the Pauli spin matrix, p'is the momentum oper-
ator, and V) is the potential from the atom’s core [80]. It should be noted that due to the
presence of V, heavier elements have a larger contribution to spin orbit interactions.
The above equation is known as the Pauli spin-orbit interaction. In a crystalline ma-
terial, Vj is replaced with the periodic potential of the lattice. In semiconductors, the
spin-orbit interaction commonly takes one of two forms: Dresselhaus [17] or Rashba
[14] spin-orbit coupling. In the case of Dresselhaus, the perturbation in 3D takes the

form [17]

Hs?) = 5(px(p>2, pg)ax +Px(p>2< pg)ax +P2(P>2< pi)Uz) (1.2)

where [ is a coupling constant and X, y, and z are the principle crystal directions.

Rashba spin-orbit coupling on the other hand takes the form [14]
HSOR = Zha(axky O-yk:x) (1.3)

where « is the spin-orbit coupling constant. For both types of coupling, the impact is
only felt on bands originating from atomic orbitals with angular momentum quanutm
number /¢ 1. Spin-orbit interactions can remove spin degeneracy as well as shift
the energy of the unperturbed bands. These interactions are important for creating

topological systems by inverting bands and removing degeneracies.

1.2.2 Topological Materials

After the discovery of the quantum Hall effect (QHE) [73], there was interest in dis-
covering materials that possessed the same robust edge states without the requirement
for large magnetic fields. In 1988, Haldane et al first predicted the idea of an intrinsic
topological material with no external magnetic field by using a toy model of a hexago-

nal lattice with localized magnetic fields due to the A and B sites on the lattice [36]. A



natural way to produce localized magnetic fields was to explore materials with strong
spin orbit interactions, where the spin orbit interactions cause the electrons to feel an
effective magnetic field. Inspired by the properties of graphene, Mele and Kane pro-
posed the quantum spin Hall effect (QSH) in a honeycomb lattice with strong spin orbit
coupling [47]. In a QSH insulator, the bulk of the material is insulating and completely
gapped while conducting edge states exist within the gap. These edge states are both
protected by time-reversal symmetry and helical in nature and are shown in Fig. 1.1
b. These systems have been generalized to Z, invariant systems (the invariant can take
the value 1 or 0) which are protected by time reversal symmetry [47]. The existence
of QSH insulators, also known as a 2D topological insulator (TT), was later confirmed
experimentally to exist in HgTe/(Hg,Cd)Te quantum well heterostructures [51].

Shortly thereafter, the theory was extended to 3D where a material can have four
Z, invariants (1 : vxlyl;) where 1 is the strong topological invariant and the other
three refer to the weak topological invariants [34, 57, 66]. In the same way that 2D TIs
have robust edge states, in the strong topological insulator (STI) case, there are also
helical boundary states. However, these states are on the surface and take the form of
a spin texturing on a Dirac cone which are protected by time reversal symmetry shown
in Fig. 1.1 d [66]. Soon after this, Bi; xSbyx was predicted to be a STI [31, 59] and
measurements revealed a helical Dirac cone and suppression of backscattering [18, 19,
26]. This family of materials was later expanded to the Biy(Se,Te); family of materials
[23]. Weak topological insulators (WTI) on the other hand have v, = 0, but are non-
trivial topologically due to vy, 1y, 1. In the case of a WTI, the boundary states take the
form of edge states similar to a stack of 2D TIs with a direction dependent on the value
the invariants vy, 1y, 1, take.

In addition to time reversal symmetry, other symmetries can be examined for topo-
logical effects. For example, topological crystalline insulators (TCIs) have surface

states protected by crystal symmetries. These symmetries can include mirror sym-
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Figure 1.1: Edge and surface states for 2D and 3D TIs (a) Schematic of real-space 1D
helical edge states of a 2D TI. (b) Energy dispersion of the Dirac cone. (c) Real space
picture of the helical surface states in a 3D TI. (d) Energy dispersion of the spin textured
Dirac cone of the 3D TI. Figure from Ref. [5]
metry [42], rotational symmetry [1], and both rotational symmetries plus time reversal
symmetry [29], etc. For my purposes, I will focus on systems with mirror symmetry
protecting the topological states. In systems with with mirror symmetry, the mirror
operator M acting on an eigenstate of the system has eigenvalues of ¢. These mirror
eigenstates have an associated Chern number n ; and the overall mirror Chern number
is defined as nyy = (ny - n j)/2. With mirror symmetry present, ny; is guaranteed to be
an integer topological invariant which defines a TCI with mirror symmetry [43]. In a
TCI, surface states are predicted to exist on crystal surfaces symmetric about the mirror
planes [43].

In the Pb; »SnyTe family of materials, it has been demonstrated that pure PbTe is
trivial while pure SnTe is topological [30, 43]. A transition happens as the Sn concen-
tration is increased, with band inversion occurring at x = 0.4. For Pb; «SnyTe, surface

states are predicted due to the 1109 mirror planes, commonly located at the 0019,
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Figure 1.2: (a) Band structure of a TCI showing the 4 Dirac cones (b) on the surface.
Each of these are offset by Jk from the edge of the Brillouin zone. A cartoon of the
band inversion is shown and includes a picture of the two parent Dirac cones. Figures
from Ref. [62] and Ref. [84] respectfully.
f111g, and F110g surface terminations. For the f001g surface, the plane L, L in the
bulk Brillouin zone projects the symmetry line X; on the surface. This symmetry
couples with rotational symmetry results in 4 Dirac cones located along the X lines.
Due to the mirror symmetry, there are an even number of Dirac cones as opposed to
an odd number as is the case in time reversal symmetric topological insulators [43].
Finally, these Dirac cones undergo a Lifshitz transition resulting in 4 Dirac cones cen-
tered at E = 0 along the X at positions 0,0, (X  0kQ. Similar arguments can be
made for the other surface terminations. This band structure can is shown in Fig. 1.2.
In this work we will focus on the candidate topological materials ZrTe; and Pb; »SnyTe.

For transport measurements of real systems, the bulk is rarely completely gapped so we

often measure a combination of topological edge states and impurity bulk states.

1.3 Length Scales

Typical length scale for mesoscopic devices ranges from 10’s of nm (the size scale
of a modern transistor) to a few ym. However, not all devices in this size range can
be characterized as mesoscopic. As a result, it is important to understand the length

scales that govern the physics. In addition to the physical dimensions of the system,



the Fermi wavelength A\r sets a size scale for the carriers, which makes it an important
quantity for the system. When any dimension of a system is less than g, the overall
effective dimension of the system is reduced. Thus the transition from 3D graphite to
2D graphene occurs when the thickness is reduced below A\g. The mean free path ¢,
is the distance a carrier can travel before scattering. These scattering events can be
due to interactions with the lattice, phonons, or electrons and can be either elastic or
inelastic. In an elastic scattering event, the phase is maintained. For my purposes, the
most relevant length scale is the phase coherence length ¢ . ¢ sets the distance that
a carrier can travel before a scattering event causes a random change in phase. It is
critical to understand which length scales play a role in an observed phenomena, and
which determine the overall dimensionality. Since I am primarily focused on transport
measurements ¢ was the dominant length scale.

The phase coherence length is defined as the average distance a carrier travels before
it undergoes an inelastic scatter. As a result, ¢/ sets an important length scale when
designing devices. For example, the length of a metallic weak link Josephson junction
must be smaller than ¢ or else the superconducting phase isn’t maintained between the
leads. For phenomena that are primarily dependent on ¢ , when a spacial dimension
becomes smaller than ¢ the overall dimensionallity decreases. An example of a phase

coherent trajectory is shown in 1.3 for a quasi 1D section, where only L < ¢ .

1.4 Transport Phenomena

One physical consequence of ¢ are deviations from Ohm’s law as a system be-
comes small. In a classical conducting system, the conductance of the sample can be

written as

Wt
= gn—— 14
G =go I (1.4)



v

Figure 1.3: Example of a phase coherent path from A to B where / > /., W, and L

where g is its conductance, t is the thickness, L is the length and W is the width.
This relation holds for metallic systems when /¢ L, W, and t. However, when the
dimensions of the system begin to approach ¢ , the overall conductivity needs to be
treated using transmission probabilities over all possible paths smaller than ¢ . As
shown in Fig. 1.3, the contribution to the provability amplitude at site B from each path
can be calculated using
>x<
B = tje' 1 (1.5)
J

where ¢j is the transmission probability for a path and ¢; is the phase acquired along that
path. Only one path is shown in Fig. 1.3 (A-Boundary-3-4-Boundary-5-B). However,
paths can include any number of scattering centers if the total path length is shorter

than ¢ . The overall probability of an electron to transmit from A to B is the the sum of

these paths, which is proportional to the conductance.

xX X

Pae =] Bi*= G+ tjkeos(¢y &) /£ G, (1.6)

| j&k
where t; is the transmission probability for the j-th phase coherent path and ¢; is the

phase acquired along that path.



\J

Figure 1.4: Example of a phase coherent path where L > ¢ > ¢, W. The black and red
paths being time reversal complements to each other

1.4.1 Weak Anti-Localization

In addition to the transmission probabilities for an electron to go from A to B, an
electron can leave site A and return to A. This leads to defining the set of paths that
are closed loops, such as the black path in Fig. 1.4. Note that for each path, there is
an opposite path such as the red path in Fig. 1.4, two such loops are shown in Fig.
1.4. In the presence of time reversal symmetry, the phase contributed from these two
paths is identical and leads to constructive interference and a higher probability for the
carrier to return to A. This quantum correction to conductance is referred to as weak
localization (WL). However, if we include a term that disrupts this symmetry, we can
reduce the contribution due to localization. For typical WL measurements, this is done
by applying an external magnetic field in order to break time reversal symmetry in the
system [3].

Another effect that can change the phase is spin-orbit coupling, which is present in
our systems. For systems with strong spin-orbit coupling, the spin rotates as the carrier
travels around a closed loop path. The angle of the overall spin rotation is related to

both the spin orbit coupling strength as well as the path length. For example, in fig
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Figure 1.5: (a) Magnetoconductance in the WAL limit and (b) WL limit in WTe, [85]

1.4 if the spin rotates clockwise moving along the black path, then the spin must rotate
counterclockwise moving along the red path to be a time reversal pair. Averaging over
many time reversal paths leads to an overall decrease in the probability in returning to
site A. This phenomenon is known as weak anti-localization (WAL) and is useful in
characterizing length scales in mesoscopic systems with spin orbit coupling [40].

We can reduce the overall impact for both WAL and WL by applying a magnetic field.
The magnetic field breaks time reversal symmetry for complementary paths as well
as adding an area dependant phase. For WAL (WL) this results in a peak (valley) in

conductivity at B=0. An example of this behavior is shown in fig 1.5.

1.4.2 Universal Conductance Fluctuations

I next consider an important effect that occurs at higher magnetic fields. As I noted
before, each phase-coherent loop contributes an additional phase depending on the flux
through the loop. This changes the second term in EQ. 1.6

X
Pag = tjtkCOS(qu ok + 21 / 0/ G (L.7)
jek

Here we note that every loop has a contribution to the overall transmission proba-



bility. From a purely theoretical view, if we know the scattering ensemble and trans-
mission probabilities, we can calculate the conductance correction. However, in typical
samples neither the scattering terms nor the impurity locations are known, and the posi-
tions can be random. As a result, the conduction correction appears as pseudo random
fluctuations which are outlined in the Altshuler-Lee-Stone-Lee-Stone theory for these

universal conductance fluctuations [4, 45]
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Chapter 2

Josephson Effect

2.1 Josephson Junctions

In 1962, Brian Josephson predicted that a dissipationless current can flow between
two superconductors that are weakly coupled with a thin insulating layer between them
[46]. The supercurrent through the superconductor-insulator-superconductor junction

(SIS) flows according to the current-phase relation (CPR):

Is = I;.sing. 2.1

where [ is the critical current of the junction and ¢ is the phase difference between the

superconducting leads. The voltage across the junction and phase are related by

_ hdg

= —— 2.2
2e dt (2:2)

These two equations describe the fundamental dynamics of a Josephson junction.

2.2 Josephson Effect in Metallic Weak-Links

I now consider a different system in which ¢ sets the dominant length scale, a
superconductor-normal metal-superconductor (SNS) Josephson junction. In an SNS
Josephson junction, carriers can be viewed as moving through the weak link through

Andreev bound states (ABS) as opposed to tunneling as in an SIS junction [6]. In this

11



section I will outline Andreev processes, which depend on the length of the junction
being smaller than ¢ .

While Josephson’s initial formalism was built around a tunnel junction, the can be
expanded to describe a wider range of weak links including constrictions, metallic, and
semiconducting weak links [53]. To account for a variety of weak links, we can modify
Eq. 2.1 by replacing the sin( ¢) term with a more generic CPR that includes higher

order harmonics.

X
Is(@) = Imsin(mg) (2.3)

m=1
The CPR reveals the nature of the induced superconductivity in the weak link, depend-

ing on the magnitude of the harmonics present.

2.2.1 AC Josephson Effect

In this section I discuss the basic dynamics of a Josephson junction with an applied
AC bias. When an AC current is applied to a junction, steps are generated in the [-V
curve when the applied frequency f equals a multiple of 2eV//h. These steps in the
I-V curve are called Shapiro steps and are a valuable tool for studying the CPR [69]. 1
will start by assuming I = I.sin(¢) and later consider higher harmonics and a broader
range of CPR.

When a Josephson junction has a DC voltage V, applied across it, the current

through the junction will oscillate at a frequency given by

_ 2eV

I==

2.4)

which arises directly from integrating Eq. 2.2 and substituting the result into Eq. 2.1.

A useful scale is set by 2¢/h 7 0.48 GHz/uV . If an additional AC voltage V;sin(w;t)

12



is applied, the phase evolves across the junction as
2 Vi

O(t) = do + T Vit + —tsin(wrt) (25)
w1

By substituting this phase into Eq. 2.1, one is left with a super current given by

2 2
Vi )sin(¢o + Vo t nwit) (2.6)
hwl h

X
Is(¢) = I ( D"Jn(

n=1

Where J, are the nth order Bessel functions. Further analysis reveals that this gives DC

current component at voltages [69]
Va = nhwy/2e * nf;  2uV/Ghz 2.7)

This equation determines the voltages V, where Shapiro steps occur. Including current
from quasiparticles gives additional current but does not effect the DC voltage where
the step occurs. The current half width of each Shapir step depends on the magnitued

of the AC voltage applied and is given by [69]
In = I.Jn(2eV1 / hwy) (2.8)

If higher order terms are present in the CPR, additional DC components can be found
at

Vo = nhwl/ZQ z %fo ZMV/GhZ (2.9)

where m is an integer, resulting in sub-harmonic or fractional Shapiro steps as well as
modifying the shape of the integer steps when n/m is an integer. For dV/dl measure-
ments, these steps will appear as sharp dips in dV/dI.

Figure 2.1 shows DC cuts for both a Pby.5Sn,.;Te and PbTe weak link junction. The

DC curves are integrated from the dV/dI curves below. Here I note that the PbTe de-

13
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Figure 2.1: An example of dV/dI curves taken with a 3 Ghz signal applied for
Pby:5Sng.5Te (purple curves) and PbTe (black curves) weak-links. The IV curves are
made through integrating the dV/dI curves to determine where the steps appear in volt-
age.

vice only shows integer steps, while the Pby.5Sng.5Te device shows the aforementioned

subharmonic structure.

2.2.2 Andreev Reflection

In a similar way that carriers can go from one phase coherent region to another, the
same is true for a carrier going from a metal to a superconductor. If the electron has
energy larger than the superconducting gap , it can tunnel into the quasiparticle states
that are available in the superconductor. On the other hand, if the electron has energy
less than , there aren’t any electron states available for transmission. As a result, the
electron has to reflect from the interface in one of two ways: traditional reflection and
Andreev reflection. In an Andreev reflection when an electron reaches the interface,
it is reflected back into the normal metal as a hole and a Cooper pair is added to the
superconductor [7]. For an incident electron with momentum kg and energy e, the
reflected hole is at -kg and e. This is necessary to conserve charge and energy for the
process. The process is shown on the right side of fig. 2.2. While traditional reflection

adds nothing to conduction, Andreev reflection contributes 2e for each carrier.
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Figure 2.2: A schematic of the process for Andreev bound states in a SNS Josephson
junction. The superconduting leads are shown to have a gap in the density of states
(DOS). The Andreev reflection on the right interface is the same as discussed previ-
ously, while the process involving both leads forms the ABS. Figure is adapted from
[15].

2.2.3 Andreev Bound States

When two superconducting leads are within a distance ¢ , each carrier can maintain
phase coherence as it travels from one superconducting lead to the other. In this case, a
cotunnelling process forms Andreev bound states (ABS) [6, 13]; essentially the carrier
acts like it remembers that it originated at a superconductor. Under these conditions, the
electrons maintain the superconducting phase, which results in a dissipationless current
between leads. This is a hallmark of superconductivity and the DC Josephson effect.
Each populated ABS can be related to the current phase relationship (CPR) through the
relation [83]

_ 2¢dE(9)

Is(¢) = T do (2.10)

where F(¢) is the energy spectrum of the ABS. This relationship connects the energy
of the ABS to the CPR. The CPR can be probed through transport measurements as

long as the length is smaller than ¢ . The Andreev bound state energies can be found
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in [50]. In this case, I consider an energy spectrum

Eo(¢) = P Dsin2(¢/2) 2.11)

where D is the barrier transparency and D = 1 being the perfect transmission case. It
should be noted that for all values of D and ¢, Eg as expected for the subgap ABS.
Combining these two equations and including the Fermi occupation of states at a given

temperature results in

_ 2edEy(9)

There are two limits I need to consider. First, in the conventional tunneling limit, D

1, Eq. 2.12 recovers a sin¢ relationship:
.,
Is = sm¢ﬁtcmh( /2kgT) (2.13)

In this limit, the ABS gives a standard tunnel junction, as in the original Josephson

junction formalism. However,in the highly transmissive limit, D 1, one can find

cos(¢/2)

Is(¢) = ZTNsin(qﬁ/Z)tanh TG

(2.14)

This is the Kulik-Omelyanchuk formula for a skewed current phase relationship [35,
53]. Note that this generates higher harmonics in the current phase relationship and

provides some insight into how the ABS spectrum is related to the CPR.

2.3 RCSJ Model

While Eq. 2.1 and 2.2 allowed me to model the zero voltage DC properties of a

weak link junction, the case of non-zero voltage AC Josephson effect is also important.
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The simplest way to model these cases is using the resistively and capacitively shunted
junction model (RCSJ) [56]. This describes the dynamics of an ideal junction that is in
parallel with a capacitor and resistor. Here the resistance R accounts for the dissipation
in the non-zero voltage regime and the capacitance C is the capacitance of the device,
which includeds the capacitance from the leads and the geometric capacitance. The

total current I through three parallel paths is
I = I.sin(¢) + V/R+ CdV/dl (2.15)
Using Eq. 2.2 one can write this as
I/1. = d*¢/dr* + Q ‘do/dr + sin(¢) (2.16)
where 7 = wpt is the dimensionless time and Q is a quality factor
Q = wpRC (2.17)

wp = (2elo/hC)? (2.18)

Equation 2.16 is a second order non-linear equation that describes the dynamics
of a junction. Qualitatively, this differential equation is the same as that for a ball of
rolling down a tilted washboard potential [72]. In this case, the DC current describes
the steepness of the washboard tilt, the resistance contributes a drag force, and the sing
term describes the shape of the washboard.

To describe my systems, I will make two modifications to Eq. 2.16. First, I will
include higher harmonics into the current phase relationship. Second, because the ge-
ometric capacitance of my device is small, I can ignore the first term on the right of

Eq. 2.16 and obtain a first order differential equation. This is the resistively shunted
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Josephson junction (RSJ) model and the equation of the motion of the phase becomes

do _ 2clhn 1 X
a— h L

Imsin(mo)) (2.19)

m=1

where the I, is the dimensionless amplitude of the sin(m¢@) component of the CPR. I

numerically solve this differential equation as the basis the analysis of Chapter 4.

2.3.1 Simulating RCSJ Model

In order to model the behavior of a junction with an applied AC signal, I can let
I/IC - IDC + ]Acsm(wt) (220)

Then Eq. 2.19 can be written as

% = f.(Is(¢) + Ipc + Iacsin T) (2.21)

Here f. = 2el.Rn/h is the characteristic frequency of the Josephson junction,
Is(9) is the current phase relationship normalized by I, ¢ is the phase difference across
the junction, = f/f; is the normalized frequency of the applied AC current, and 7 =
27 fct is dimensionless time.

To calculate the voltage across the junction, I choose a CPR, the DC and AC current,
and the drive frequency. I start with initial conditions ¢, d¢/dr, and 7 set to 0. Similar
to other systems with a drag term, such as an object falling with air resistance, the initial
conditions are not important as long as the system has enough time to evolve to a steady
state.. This amount of time is determined by . In practice, numerically calculated the
phase for 100 periods to ensure the system reached a steady state. The voltage was

then found by evaluating

hfi =2eV/h (2.22)
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I note that Eq. 2.22 does not use a derivative, but a slope over a larger time interval

7. In practice, I found the slope over the final 10 periods of the numeric integration.
This allowed me to reduce computational noise as well as ensure that the dynamics
were similar to those of a device in a DC environment. I then collected an array of
voltages over a DC and AC current range. These voltages were converted to differential
resistances by taking numerical derivatives. By modifying the CPR for the simulation,
I was able to make a qualitative comparison to my data (see Fig. 2.3. Below are some
examples of results from my numeric calculations for different CPRs and different . I

will discuss the significance of these plots in Chapter 4.
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Figure 2.3: (a) Additional simulations for a sinusoidal CPR, (b) a first and second
harmonic CPR, (c) a CPR for a Dirac band structure, (d) a combination of the CPR
from a skewed CPR and a sinusoidal CPR, (e) a backward-skewed CPR, and (f) for a

CPR for a short, diffusive Josephson junction.
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Chapter 3

Experimental Details

Throughout my PhD experience, I have been incredibly fortunate to be the primary
student on a wide array of equipment. This has involved the excitement of installing
new equipment, the challenge of designing one of a kind pieces for experiments, and
the frustration of trying to fix equipment. Most of all this has brought the peace of mind
that comes with knowing every detail of the work behind the experiments as well as the
joy of passing this knowledge to eager students who came after me.

In this chapter, I discuss details of work I did while in charge of equipment in Prof.
Williams lab. For each piece of equipment, I will outline the principles of operation,
processes used for calibration, custom pieces built, and important details for my exper-
iments as well as broader processes. Specific fabrication recipes for specific devices
can be found in Chapter 4 for Josephson junctions with weak links of Pb; «SnyTe and

Chapter 5 for devices fabricated from mechanically exfoliated nanowires of ZrTes.

3.1 Oxford Dilution Refrigerator

Dilution refrigerators are one of the most important pieces of equipment for con-
ducting low temperature physics research. Dilution refrigerators allowed me the ability
to reach temperatures as low at 10 mK in order to study the ground state of complicated
mesoscopic quantum systems. In this section, I will outline the basics of operation and
outline creating of custom pieces I designed.

In 2017, I was the lead student in Prof. Williams group in charge of overseeing the
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installation of a new Oxford Triton dilution refrigerator. My main duties included cre-
ating standard operating procedures (SOPs), training new students, performing routine
maintenance and ensuring overall proper function. Detailed SOPs for operation and
typical maintenance can be found in the appendix. SOPs for the Oxford fridge were
formalized with Sandesh Kalandre. Beyond providing assistance with SOPs, Sandesh’s

help in solving some complex problems we encountered was invaluable.

3.1.1 Principles of Operation

The initial operation of our dilution refrigerator was to cool each plate of the sys-
tem with a pulse tube. To maintain the lowest possible temperatures at the sample space
at base temperature, each plate is kept at a different temperature and sealed sealed by
placing a "light” tight shield can around it. Figure 3.1 shows a schematic of inside of
a dilution refrigerator. Starting with the outer vacuum can (OVC) which is at room
temperature, the first pulse tube plate is kept at 50 K, the second pulse tube plate at 4
K, the still plate at 700 mK, the cold plate 100 mK, and finally the mixing chamber
(MC) and sample space at 20 mK. In order to achieve temperatures below 2.7 K, the
refrigerator uses a mixture of two stable isotopes of helium (*He and *He). When the
mixture is cooled below its critical temperature, a phase separation occurs. The lighter
“concentrated” phase is mostly *He while a “dilute” phase is mostly *He. The concen-
tration of He in the two phases depends on the temperature. The “lambda” diagram
for the phases is shown in Fig. 3.2. Since the enthalpy of the He in the two phases is
different, cooling occurs by effectively “evaporating” >He from the concentrated *He
phase into the dilute *He phase. This separation takes place in the mixing chamber (see
Fig. 3.1).

After reaching phase separation, *He is pumped out of the dilute side by the still,
which is connected to the mixing chamber. To produce a good vapor pressure of *He

in the still, the still is kept at 0.6-0.7 K. At these temperatures, the vapor pressure of
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Figure 3.1: A full schematic of a dilution refrigerator. Each thermalized plate is used to
cool incoming *He as well as provide thermal isolation from higher temperature plates.
The closed loop 3He path is shown with arrows. Figure from Ref. [9].
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Figure 3.2: Lambda diagram for the concentrated and dilute phase of *He/*He in a
dilution refrigerator. The critical point is at 0.86 K where the phase separation occurs.
Figure from Ref. [9].

3He is about 1000 times higher than “He, so *He is preferentially evaporated. The *He
leaving the dilute side encourages the He to evaporate from the concentrated phase
into the dilute phase in the mixing chamber. The *He that evaporated from the dilute
phase is then recompressed and returned back into the system; it is cooled using heat
exchangers at each plate and put pack into the concentrated phase continuing the cycle.
This process is used for continuous cooling. The overall minimum base temperature is
limited to about 20 mK due to inefficiencies in the heat exchangers and heat leakage

from the external environment.

3.1.2 Custom Sample Boards

Our Oxford Triton series bottom loading refrigerator comes standard with 48 DC
lines wired from room temperature down to the mixing chamber plate. These 48 lines
start as 2 separate 24 pin Fischer connectors that connect to two twisted pair looms
inside the fridge. At each plate (50 K, 4K, still, and mixing chamber) these wires are

thermalized through gold plated copper and have breakouts to 25 pin micro-D connec-
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tors. At the mixing chamber, the looms of wire join and are connected to a the sample
puck using a 51-pin nano-D type connector. For high frequency measurements, the
fridge has 8 high frequency coax cables connected from room temperature down to the
mixing chamber. Because all of the lines are inside the fridge, there is a large amount
of room for changing the wiring set up inside. However, the sample space for the chip
itself is relatively small (42 mm x 42 mm) so the chip carrier must also be fairly small.

The first piece that I designed was a chip carriage that I used for both DC and RF
measurements. These schematics can be seen in Fig. 3.11 and 3.12. The carriage uses
a manufactured double sided PCB with Au bond pads on top and a ground plane on the
bottom. The bond pads are specifically made without any nickel to reduce magnetic
impurities. A nano-D 51-pin connector is then connected to 8 DC bond pads. The
smaller number of bond pads is due to the limited available space. Two mini SMP
connectors are mounted on the PCB as well. The schematic can be seen in Fig. 3.3 a.
An impedance matched waveguide is created to connect the mini SMP connectors to
the bond pads. This waveguide serves to reduce the attenuation between the connector
and the sample due to an impedance mismatch. The PCB is then mounted to a copper
carrier that serves as a thermal conductor to the mixing chamber and a thermal bath
to maintain a more stable temperature at the sample. Two sets of threaded holes are
present to carriage to be positioned in perpendicular or parallel field. The internal part
of the the carriage is recessed to allow for an additional carrier to be used to minimize
the number of times a sample is bonded. I used acuum grease is used to mount the
carrier to the carriage. Schematics and images can be seen in Fig. 3.3.

The next piece built were mountable low pass filters. Each low pass filter consists
of two separate RC filters in parallel. I chose the cutoff frequency to be 100 Hz. This
frequency was high enough for lock-in measurements to not overwhelmed by 1/f noise,
but not not give such a high bandwidth that the overall contribution of white noise

was too large. The lines wrap around from the top to the bottom of the PCB through
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Figure 3.3: (a) Eagle PCB layout. (b) Picture of the Fully assembled carriage with a
sample loaded. (c) CAD drawing for the copper part of the carriage. Placement of
mounting screws for both parallel and perpendicular fields are shown.
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Figure 3.4: a. An image of the filters attached to the carraige b. an eagle image of the
low pass filters

vias and are connected to nano-D 51-pin connectors on both sides (see Fig. 3.4). The
filters can be attached directly on top of the carriage as shown in fig. 3.4. These filters
were particularly important for Josephson measurements because they act to reduce the
noise to the system, which can both raise the electron temperature and increase the total

current through the junction, exceeding the critical current.

3.2 AJA Electron Beam Deposition System

In 2016, I oversaw the installation of an electron beam evaporation tool from AJA
Inc. My main job duties included creating SOPs, training new students, performing
routine maintenance and ensuring overall proper function. The SOPs included opera-
tion and typical maintenance as well as instructions for solving some of the issues we
encountered. SOPs for the ebeam deposition system were formalized with Julia Sell
and Sam Deitemyer and can be found in the Appendix. Beyond their assistance with

SOPs, their help in solving complex challenges was invaluable.

3.2.1 Principles of Operation

During an electron beam evaporation process, a high current is passed through a
tungsten filament which leads to joule heating and electron emission. A high voltage

is applied to accelerate the free electrons toward the crucible that holds the metal that
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will be evaporated. A strong magnetic field focuses the electrons into a beam, which
transfers their energy to the metal. The metal evaporates (or in some cases sublimates)
and creates a vapor then deposits onto the sample substrate. A schematic of this process

is shown in Fig. 3.6.

3.2.2 Calibrating the Quartz Crystal Monitor

Thin film deposition is an important technology for applying metal after lithogra-
phy. For these processes, it is important to apply the appropriate amount of material for
the application at hand. If the metal is too thin, problems can arise that include shadow-
ing effects causing breaks in the metal or superconductors not being able to proximitize
a metal. If the metal is too thick, the pattern might not lift off appropriately (heuris-
tically the thickness of the metal should be no more than about % the thickness of the
mask). For proper growth, it is also important to know the specific deposition rate. In
our ebeam and sputtering systems, I used quartz crystal monitor (QCM) (seen in Fig.
3.5. Changes in the crystal’s oscillation frequency are used to measure the thickness of
the material added.

While it is possible to use the Langmuire-Knudsen relation to calculate the differ-
ence between positions, it is often easier to experimentally ’tool” the system. In this
case, | determined the tooling factor F = actual thickness/QCM thickness. The process

I used for determining the tooling factor was:

1. Create a mask on three chips by wiping PMMA coating

2. Deposit films of various thicknesses while noting the QCM measured thickness

for each
3. Measure the actual thickness of each film using an atomic force microscope

4. Calculate the tooling factor using F = d/t
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Figure 3.5: Thin film evaporation set up. It’s important to note that the crystal monitor

was located at a much different location than the sample. Figure from Semicore Inc.
Ref. [68]
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3.2.3 Minimizing sample heating

During electron beam deposition of metals, considerable heating of the sample can
occur. This can cause problems for two reasons: The material may be altered when
heated above a certain temperature (150 °C for ZrTe;) or the PMMA can crosslink or
hard bake when heated above 180 °C for too long making liftoff difficult. This excess
heating was a blessing and a curse for us. A blessing in that it revealed that heating
during deposition can lead to increased coupling of the superconductor to a weak link
(discussed in section 3.3.2) and a curse in that many samples were ruined due to heating.
This heating I am concerned with comes from sources: the blackbody radiation from
the white hot metal source and excess high energy electrons that reach the sample.

In the case of heating from blackbody radiation, higher deposition rates reduce
the overall amount of thermal energy the sample gets for the same film thickness. I
instead focus on the stray electron problem and an effort that I undertook to combat it.
Many of the steps I followed were similar to the work done by Veldhorst et al. [71].
While it is difficult to know which change made the largest impact, I believe that the
addition of a stray electron cage we had the largest impact. Many potential fixes were
based on conversations with seasoned clean room users, including Tom Loughran at the
University of Maryland and Shivendra Upadhyay at the University of Copenhagen.

There are two types of stray electrons that I attempted to mitigate: those reflecting
off of the heated metal source and those which aren’t deflected properly as they leave
the filament (see Fig. 3.6). The steps I took to mitigate these these effects included:
cleaning the gold appropriately for deposition, adding external magnets to deflect stray
electrons, building a cage around the filament to block stray electrons that were not

going from the filament to the crucible.
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Figure 3.6: An image of stray electrons reflecting off of the metal source after leaving
the filament. Deflection of the electrons is consistent with that of the cyclotron orbit.
Figure from Ref. [71].

1. Cleaning Gold

Contamination of the metal source for evaporation can lead to a higher rate of sec-
ondary electrons reaching the sample [75]. For gold in particular, it has been reported
that high carbon contamination can lead to such a high reflection rate that evaporation
is no longer possible [16]. Therefore I needed to take appropriate steps to avoid con-
tamination. One possible source is the crucible liner itself and I used a tungsten liner to
avoid these issues. Next I cleaned the gold before loading it into the crucible. Because
I was mostly concerned about carbon contamination, I focused on a cleaning process
to remove for organics. All steps were carried out in a fumehood. The process I used

was:

1. Use plastic tweezers to handle Au pellets

2. Clean 5 minutes in acetone
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3. Clean 5 minutes in isoproponal

4. Piranaha Cleaning (2:1 H»SO4:H20;) - Note: This process is highly oxidizing,

do not mix up steps!
(a) Fill beaker with desired amount of H,SO, depending on the amount of gold
(b) SLOWLY add the desired HyO5
-Again, if done fast or in the opposite order, this can explode

5. Place in DI-Water

6. Place in a clean beaker on a hot plate for 5 minutes to boil off additional water to

prevent deposition system contamination

This process reduced the ebeam current needed for deposition from 100 mA down
to 50 mA consistant with more of the electrons energy being absorbed by the gold and

not reflected.

2. Magnets

The second technique I used to reduce stray electrons was to place magnets outside
of the deposition system. To minimize the contribution of these electrons to heating the
substrate, it is important to place the magnets properly around the system. The process

I used is as follows:

1. Attached an ammeter to the RF source for in-situ Ar etching at the substrate

2. Open the melt and begin evaporating the metal. It is important to do this process
during an evaporation so that the energy of the electrons is the same as those

being reflected off of the liquid metal, not the solid metal.

3. Adjust magnets until current is minimized. Because these magnets are strong and

there is other metal in the system, it was important to secure them.
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Figure 3.7: A picture of the placement for the electron cage. It is important to place the
cage as high as possible as to not block the electrons incident on the crucible shown in

fig 3.6.
After this process I noticed a slightly lower rate of samples failing due to excess electron

irradiation.

3. Electron Cage

The final and potentially most important step I took was to add a stray electron cage
to our ebeam evaporator. When the electrons are ejected from the filament as(see Fig.
3.6), not all electrons will follow the tight cyclotron orbits and reach the crucible. In
fact, some emitted electrons can be deflected upwards and strike the sample. To combat
this, I added a copper shield that is attached to the ground of the gun. I machined a
custom piece based on the dimensions of our evaporator. The location is shown in fig.

3.7. This final step reduced the stray electron heating of our samples.

3.3 AJA Sputterer

In 2015, T oversaw the installation in the Williams lab of a new sputter deposition

tool from AJA Inc. In addition to using it, creating SOPs, trained new students, per-
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formed routine maintenance and ensuring overall proper function. Detailed SOPs for
operation and typical maintenance are included in the Appendix. Here I summarize
the principles of operation and effects of heating a substrate during deposition. SOPs
for the sputterer were formalized with Julia Sell and Sam Deitemyer. Beyond their

assistance with SOPs, their help in solving complex challenges was invaluable.

3.3.1 Principles of Operation

DC Sputtering is a thin film deposition process where the material is physically
removed from a target by an ionized plasma and deposits onto a substrate. First a
relatively high pressure (10’s of mTorr) of argon is flooded into the chamber. After the
desired pressure is reached, a high volt DC bias is applied between the source target
and the substrate, causing a plasma of Ar*" ions to form. These ions are accelerated to
the deposition material and eject atoms of the source material through kinetic impacts.
The strength of these impacts can be controlled through the pressure of the chamber
and the strength of the DC bias. That is, lower pressures increase the mean free path

which results in a higher energy collision (see Fig. 3.8).

3.3.2 Deposition System Impacts on Induced Superconductivity

When attempting to create a Josephson junction, it is important to have the contact
between the superconductor and the weak leak be as clean as possible. EA poor qual-
ity superconductor or a dirty interface can result in poor contact. In order to keep the
quality of the superconductors high, it is imperative to keep the chamber as clean as
possible. Standard practices of baking out the chamber as well as sputtering Ti onto the
walls of the system help remove water and oxygen. We also only allowed superconduc-
tors in the system to prevent contamination. For maintaining a high quality interface,
I used an in-situ descumming process. For this process, I did a low power (50 W) Ar

etch right before deposition. I mainly used the Ar etch to remove resisdual PMMA
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Figure 3.8: An illustration that shows the overall process of DC sputtering. Magnetic

fields help direct argon ions to a smaller region of the target. Figure from Semicore Inc.
Ref. [68].
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Figure 3.9: Plot showing dV/dI vs I for Al/PbSnTe/Al devices fabricated at different
substrate temperatures. There is a clear increase in [(Ry from = 0 at room tempera-
ture to 10 pV for the device fabricated at at 75°C. There was not much apparent change
above this temperature, even though devices were fabricated using substrate tempera-
tures of up to 100°C. All devices were measured at 50 K

and surface oxides. I found that these in-situ processes were particularly important in
fabricating good Josephson junctions.

Another knob that I used to produce good junctions was heating the substrate dur-
ing deposition. For my work on PbSnTe, I discovered wit was particularly important
to heat the substrate during the deposition of aluminum leads. I initially discovered the
impact of heating from the secondary electron heating during ebeam depositions, and
then developed a refined controlled heating process for the sputterer. The key observa-
tion was that I;Ry increased with temperature from 0 at 15°Cupto 10 pV at 100 °C.
This increase in I(Ry can be looked at as a quality factor for the coupling between alu-
minum and the weak link. While the underlying mechanism isn’t known, the increase
in the induced gap suggest that heating increases the transparency between the Al and

the PbSnTe. Heating provides a mechanism to reliably vary the coupling between the

superconductor and PbSnTe.
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3.4 Measurement Techniques

When attempting to measure the dynamics of quantum materials, it can be important
to stay as close to the ground state as possible. Yet, it is still critical to have a large large
signal to noise ratio. To avoid large contributions from 1/f noise, I performed all DC
measurements using a lock-in amplifier to measure dV/dI and integrated the values if
I needed to find an I(V) curve. Further, to measure the ground state, I kept the voltage
excitations as low as possible. This minimized “smearing” energy states together as
well as exciting the system into higher energy states. To accomplish this goal, I aimed
to keep the measured lock-in AC voltage across the device no more than kgT/e, the
average thermal energy of the system, which is roughly 5 V" at 50 mK. I present below
measurement setups I used for magnetoresistance measurements, DC Josephson effect

measurements, and the AC Josephson effect.

3.4.1 Magnetoresistance measurements

For magnetoresistance measurements, I used a lock-in amplifier to drive an AC
excitation. For the current bias, I put a resistor Rg in series with the device such that
Rs R iness Rpevice (see Fig 3.10. Depending on the filters in place, R jnes is 1.4 k
for the Leiden dilution refrigerator, 4 k  for the Oxford dilution refrigerator, and an
additional 20 k is added if additional low pass filters are added for Josephson junction
measurements. Rpeyice Was as small as a few Ohms for a Josephson junction or as large
as 10’sof k for a nanowire. As a result, I typically used a bias resistor 1 - I0 M . For
a magnetoresistance measurement I also swept the magnetic field to measure the R(B)

dependence of dV/dI.
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Figure 3.10: A block diagram for a lock in excitation for a current biased measurement.

3.4.2 DC Josephson effect measurements

I measured the DC Josephson effect using a set up that was similar to the one I used
for magnetoresistance measurements, except that I also applied a current bias while
using a lock-in to measure dV/dI. This allowed us to measure dV/dI while sweeping

the DC bias.

3.4.3 AC Josephson effect measurements

To measure the AC Josephson effect, I need to combine RF and DC biases. A good
RF line should have minimal loss as the signal travels to the device. Since this input line
also provides a pathway for room temperature photons to travel to the sample, it must
be heavily filtered. On DC lines, I used low pass filters (100 Hz cut off) thermalized
the lines to alleviate this issue, but low pass filters will eliminate the high frequency
signals we want to apply. To solve this problem, I used attenuators in the line to reduce
the magnitude of all high frequency components. The attenuators need to be added
at different temperature stages as well to ensure that thermally generated microwaves
from higher temperature states did not reach the sample. These attenuators act as a path

to ground for DC signals, so I needed to add a DC block to RF line near the sample.
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Figure 3.11: Block diagram for measuring dV/dI of a device with a DC bias plus a lock
in excitation for a current biased measurement. This is a standard 4-wire measurement,
and 4 bond pads are used to avoid measuring the resistance of the lines.

Typical measurement schematic is shown in Fig 3.12.
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Figure 3.12: A block diagram for RF and DC bias plus a lock in excitation for a current
biased measurement. Note that even though a Josephson junction is a 2 terminal device,
4 bond pads are used to avoid measuring the resistance of the lines. The RF and DC
lines meet at the device to allow for an isolated RF line
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Chapter 4

Measurement of Pk ,Sn,Te Josephson Junctions

4.1 Introduction

Interest in topological superconductors has increased greatly since they were rst
predicted by Read and Green, and separately by Kitaev [48, 64]. A strong motivation to
study topological superconductors is the potential for these systems to host Majorana
fermions [32, 33]. Topological superconductors can be divided into two types: intrinsic
materials and systems with induced superconductivity. The latter include 1D wires with
strong spin orbit interactions [58] and topological insulators such #8e3[58, 67] In
this work | describe the fabrication of Josephson junctions from the candidate topo-
logical crystalline insulator RlgSny.sTe and the trivial material PbTe. | describe the
measurements of the spectrum of Shapiro steps and how this probed the current phase
relationship of each junction and allowed me to better understand the nature of the in-
duced superconductivity. By comparing the topological junction to the trivial junction,
| was able to distinguish the contribution from predicted 1D modes ys8iy.sTe,

which have been measured through STM in the similar materigl$1:3Se [44].

4.1.1 Ph ,SnTe

Pb, «SnTe is a class of narrow bandgap semiconductors which undergoes band
inversion through doping of Sn onto Pb sites of the FCC lattice [55, 65]. Pure PbTe has

a bandgap of 0.29 eV and can be doped to -0.18 eV, which is the gap in pure SnTe. This

41



band gap range was rst explained in studies focused on creating photovoltaic devices
in the IR range [55, 65]. After topological insulators due to time reversal symmetry
were discovered, the race was on to determine if other topological classi cation existed
from other symmetries [64, 77]. The existence of topological crystalline insulators
(TCCls), where surface states are protected by crystal and rotational symmetry, was
rst predicted by Liang Fu [43]. Candidate materials for new topological materials
have a heavy focus on narrow bandgap semiconductors and SnTe was predicted as a
candidate material shortly after [30, 43]. Since Rlsn,Te(Sn) can be tuned between

a trivial insulator (PbTe) and a TCI (SnTe) through doping, this was a good system to

investigate further.

4.2 Fabrication

4.2.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is a physical vapor deposition technique that is
commonly used to fabricate semiconductor thin Ims and heterostructures. MBE al-
lows precise control of elemental composition by controlling each the vapor pressures
of the individual source component material.

For my devices Dr. Patrick Taylor at the Army research lab used MBE to produce
(111) PR ,Sn,Te on semi-insulating GaAs substrates. The (111) orientation was se-
lected for two reasons: it offers rich topological states on the surface that are symmetric
with respect to the (110) mirror planes [43], and it enables relaxation from disloca-
tion glide along the inclined (100) planes. The growth conditions were such that the
surface adopts a simple (1x1) reconstruction throughout the growth, as con rmed by
RHEED patterns taken along the [110] azimuth [70]. The compositions | used were
either pure PbTe or BRSmn.sTe as to let me discriminate between a trivial insulator
and TCI effects that emerge beyond the band inversion point, which is well-known to

occur for Pl 4SnTe in the range of 0.2 x < 0.4 [81]. In contrast to conventional
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MBE methods which employ (PbTe, SnTe) compound sources [38, 41], the materi-
als in my work were deposited from pure elemental sources (Pb, onanel surfaces
were remarkably specular [70]. Basic electrical characterization of the material showed
that Ply.sSny.sTe was heavily p doped (2.28x18 cm 3) and PbTe heavily ndoped

( 8.27x1G° cm 32), and the mobility of 113 and 160 é&¥ !s !, respectively, was

relatively small.

4.2.2 Josephson Junction Fabrication

Weak link Josephson junctions with a width of in and lengths between 50 and
120 nm were patterned using electron-beam lithography Fig. 4.1. The deposition of the
Al leads that de ne the Josephson junction begins with an in situ argon plasma etch for
60 s at 50 W followed by sputtering of Ti/Al (3 nm/70 nm). During the deposition, the
substrate was heated to 19D, and it was found that thgRy product for the junctions
could be tuned from zero at room temperature deposition to the value observed in Fig.
3.9. Remaining P Sn,Te and PbTe were removed through a reactive ion etch of
Ar/H, (20:2) everywhere except underneath the Al, the weak link for the Josephson
junction, and a 2 m region to the left and right of the Al. Aluminum bond pads were
deposited after. An SEM image and optical image are shown in g. 4.1. Full step by

step instructions for the process can be found at the end of this Chapter.

4.3 Measurements

To measure the junctions, | cooled them in a dilution refrigerator, which has a base
temperature of 50 mK. Differential resistance measurements (R = dV/dl) were per-
formed using a current-bias con guration,{k between 1-10 nA) with a lock-in am-
pli er (see Chapter 3). In total, | measured 14 devices that showed superconducting
properties; however we will be focusing on 2 devices: one junction with weak link of

topological PhsSny.sTe and another with weak link of trivial PbTe. Magnetic eld and
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Figure 4.1: Optical image of a fabricated Josephson junction with a weak link of
Phy.sSn.sTe . The dull grey color is the exposed GaAs substrate, the dark brown is
the P, Sn,Te, and yellow is aluminum. Inset shows SEM image of the junction.

RF biases are also used to probe the nature of the current phase relationship.

4.3.1 DC Bias

For DC bias measurements, | applied a DC current as well and a low frequency
(13 Hz) lock-in signal. This let me measure the critical currgrand the normal state
resistance R. My PbsSnsTe and PbTe junctions were in the overdamped regime due
to a small capacitance (critical currentretrapping current). The temperature depen-
dence of dV/dl vs | is shown in Fig. 4.2. The quantitR}, is an important parameter
and a gure of merit that | used to estimate the induced superconducting gap of the
material in the junction's weak link. | note thaRy transitions from 0 V at 500 mK
to a maximum of 10 V at 50 mK as shown in Fig. 4.2. This gure also shows that
curves have small amounts of hysteresis which | have attributed to self heating of the

electrons in the device.
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Figure 4.2: dV/dl vs | at various temperatures forBBn.s Te weak links as well as
IRy Vs temperature. We note that the overall quantiByl increases from 0 at 500
mKto 10 V at 50 mK.
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Figure 4.3: Magnetic interference pattern for a uniform square Josephson junction. The
phase winding is shown in the inset.

4.3.2 Magnetic Field Dependence

When a planar Josephson junction is placed in a perpendicular eld B, the phase
will vary along the width of the junction. The phase differencdepends on the cur-
rent phase relationship, the superconducting current density, and the position along the

junction. The total supercurrent through the junction can be de ned as

zZZ
ls = Jc(X;y)1 (x)dxdy (4.2)

Xy

where vy is the direction of the current, x is the direction along the width of the
junction, J is the critical current density, and is the current phase relation. Varies
along x due to In a rectangular junction with a sinusoidal CPR and uniform current
density, this results in a Fraunhofer pattern with zeros/aty = n as seen in Fig
4.3. Deviations ind(B) from a Fraunhofer pattern can be caused by either a non-
sinusoidal CPR, a non-uniform current density from non-uniform geometry, or other
non-uniformity current density in the weak link itself. Below | present the results for
both a PEbSn5Te weak link junction and a PbTe weak link junction. | observe a

complicated structure of the two sets of data, and it was dif cult to determine if this
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was due to a modi ed CPR or non-uniform current density. However, the rst order of
business was to determine that the Josephson junctions were shorted or not.

Figure 4.4 shows the magnetic diffraction pattern | measured for a PbTe gp8righTe
weak link junction. For the RigSny.sTe weak-link, the pattern deviates from a typical
Fraunhoffer pattern in a few notable ways. The rst deviation is that the lobe centered
at B = 0is not twice as large as the other lobes. Further, the lobe centered atB =12 mT
is larger than the one centered at 5 mT. Further, there is still residual supercurrent at
2.25 mT as opposed to a full closing. These deviations are consistent with other weak
link junctions made from 3D Tls [74, 79]. For the For the PbTe device in g. 4.4, we
see a clear modulation ig &s a function of magnetic eld. However we do not see a
full decrease to 0 supercurrent. While the nature of the residual supercurrent isn't well
understood, this modulation provides evidence that the device is a planar Josephson

junction and not an electrically shorted device.

4.3.3 AC Josephson Effect

In this section | discuss my observations of the dynamics of our Josephson junctions
when | applied an RF bias. When an AC current with frequency f is applied to a
junction, at regions in the I-V curve when the applied frequency is in resonance with
the frequency at which the junction resonates at. These Shapiro steps and are a valuable
tool for studying the CPR, as | discussed in Chapter 2.

For each junction, | measured the evolution of the Shapiro steps as a function of
applied power P. One such diagram is shown in Fig. 4.5 forg@ 8ip.s Te weak link
junction with 2.2 GHz applied. First note that there are several Shapiro steps visible
up to 7th step. Each of these are located at integer valges (n 4:4V ) which
at higher powers can be seen current/ofR, 0:7 A . | also note that the n=1
step is dif cult to resolve at lower powers due to overlap with the predicted n=0 and

n=1 steps and fully separate at higher powers when the current widths become smaller.
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Figure 4.4: Magnetic diffraction patterns for a PbTe planar Josephson junction. The
overall modulation of the supercurrent tells us that it is a planer junction
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Figure 4.5: Differential resistance as a function of DC Current vs RF power at 2.2
GHz. In addition to typical integer Shapiro steps, we can also clearly see subharmonic
structure forming in between the primary steps.
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The more interesting behaviour is the appearance of subharmonic features that begin to
appear above -20 dbm. | attribute these to higher harmonic contributions to the CPR,
the origin of which will be discussed later.

In order to determine if these features are the result of the topological nature of
Phy.sSmny.s Te or due to the coupling with the semiconductor, | performed similar mea-
surements on PbTe devices. For the PbTe device, | applied a RF signal at 7 GHz. | chose
this frequency so that hf/2d®, was similar between devices (0.75 for Plg.sSny.sTe
and 0.36 for the PbTe device). In the PbTe device we again see integer steps which
are highlighted in the voltage plot, however the subharmonic features are notably ab-
sent. Having only observed the subharmonic structure in thgSthsTe device, we
will turn our attention to understanding where the additional structure originates from.
While discussing the higher harmonics that are present, we will rst turn our attention
to the details in the structure presented in g. 4.5. The rst detail of the subharmonic
structure is best seen as a cut at -15 dbm. Here we see that between the 2nd and 3rd
primary step we see two minima. If only a second harmonic was present, this wouldn't
be the case [70]. As a result, we will need to pursue a broader array of CPR than just

adding sin(2).

4.3.4 Simulating McCumber-Stewart Model

Our system is modeled for Josephson junctions using the resistively shunted Joseph-
son junction in the overdamped regime. In this regime, the capacitance term is strongly

reduced resulting in the phase evolution across the junction being de ned as

Q_|Q_

:ls( )+IDC+IACSin (42)

Where k is the current phase relationship of the junctions the phase difference

across the junction, = f/f; is the normalized frequency, and= 2 f .t as dimen-
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Figure 4.6: (a) Integrated voltage as a function of DC Current and RF Power. Each
color change represents an integer Shapiro step. (b) the raw dV/dl data for the same
data.
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sionless time,Jand R, are both set to 1. The characteristic frequency is de ned by

f. = 2el.Ry=h. As noted earlier for our RgSny.5Te device, 0:75and 0:36

for PbTe, so we will restrict our calculations to that range. We justify ignoring the
capacitance term by noting small hysteresis in DC measurements and a small phase in
our lock-in measurements of devices. By modifying the CPR for the simulation, we
can gain a qualitative comparison with our data.

When attempting to match a CPR to our data, we take careful note that there are higher
harmonics present than just m = 2. Theoretical predictions for a CPR as a function of
transparency for a weak link have been made where higher transparency results in a

more skewed CPR [35, 53]. This CPR is given by

()= —sin(=2)tanh— X =2)

_ 4.3
eRy 2KgT ( )

where we take an estimated value of= Kg 500 mK - the temperature thaiRy
deviates from zero. While not all features are captured, a qualitative comparison of the
data and simulation shows good agreement in capturing the subharmonic structure ( g.
4.7).

The most important feature of this CPR is the appearance of multiple minima shown
between consecutive integer Shapiro steps and the unequal values of the dips in the sim-
ulation. The features are only present in strongly-skewed CPR resulting in the existence
of a larger contribution from higher harmonics. However, a CPR for diffusive systems
cannot account for all of the experimental data. A feature that conventional CPRs falil
to capture is a ne structure in the power dependence of the subharmonic structure
(example of which is the oval in g. 4.7 centered at P = -15 dbm, 8 A). Where
our data shows subharmonic lines crossing, simulations with conventional CPRs al-
ways have these lines running locally parallel. Recent experimental work investigating

the surface of TCI (Pb,Sn)Se has revealed one-dimensional, topological spin- ltered
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Figure 4.7: (a) Power dependance of the AC Josephson effect taken at f = 2.2 Ghz
( 0:75) with an applied power range of -27.25 dbm to -9 dbm. In addition to
main Shapiro steps observed, we also note the subharmonic structure (denoted by white
arrows). (b) A cut of R taken along the grey line in (a). (c) Simulation of the RSJ model
using the CPR for KO-2 theory for a ballistic Josephson junction simulated over a range
of parameters similar to the experimental data. (inset) a plot of the skewed CPR from
KO-2 theory (solid line) compared to a pure sine wave. (d) A cut of the sumulated
differential resistance that qualitatively reproduces the experiment.

channels that exist on the step edges that break translational symmetry (called odd step
edges) [44]. These 1D states only exist when the material is doped in the topological
regime and theoretical arguments given in the manuscript indicate that this phenomena
is general to TCls. In fact, these 1D modes have been observed in other topological ma-
terials including TCI Bi2Tel [8] and WTI BLRhslg [63] (which TCls are a subclass) -
indicating that these modes are a general property of these types of materials. The ex-
istence of these states would account for the skewed CPR and the differences between
Phy.sSny:sTe and PbTe. The number of odd step edges in our samples can be estimated
from the crystallographic offset of the GaAs substrate used to grewSthsTe result-

ing in 5 per 100 nm. This number represents the minimum number since the step
edges can also be produced during growth. Each 1D mode is expected to contribute
e o=h = 10 nA [11], so at least 500 nA of critical current could come from these
modes. If only 500 nA come from the 1D modes, the rest are likely from bulk elec-

trons which will have a more conventional CPR. To determine if these features survive

under these conditions, we simulate a combination of conventional CPR and the above
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skewed CPR. These simulations as well as several others are shown in Fig. 2.3 (d)

which show that the ner subharmonic features survive with an additional term added.

4.4 Fabrication Recipe

In this section, | will provide a detailed step by step procedure for the fabrication of
devices.
Electron Beam Lithography: Josephson Junctions

1. Clean the chips with 5 min Acetone then 5 min IPA

2. Blow clean and place on a hot plate at 480

3. Spin on 950k A4 PMMA at 4000 RPM

4. Bake at 182C for 10 minutes

5. Write at a dose of 900C/cn? using 100 pA for ne features and 5 nA for broad
features
note: It is important to get high quality focus and sigmation correction to ensure

the junctions don't short

6. Develop for 45 seconds with a 3:1 mix of IPA:MIBK

Metal Deposition: Josephson Junction Sputtering
1. Place samples in load lock and pump out for 60 minutes

2. Use a 60 second argon etch at 50 Watts using a pressure of 3 mTorr

w

. Deposit5 nm Ti

4. Heat the sample to the temperature to give the desired couplingC)00

al

. Deposit 70 nm Al
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Liftoff

1. Place sample in covered RPG at®@Dovernight

2. Sonicate the sample in IPA in a plastic beaker
note: Plastic beakers make the GaAs substrate less likely to crack during sonica-

tion
Electron Beam Lithography: Etch Mask
1. Clean the chips with 5 min Acetone then 5 min IPA
2. Blow clean and place on a hot plate at 280
3. Spin on 950k A4 PMMA at 4000 RPM
4. Bake at 180C for 10 minutes
5. Spin on 495k A8 PMMA at 4000 RPM
6. Bake at 180C for 30 minutes

7. Write at a dose of 1000C/cn? using 5 nA for ne features and 100 nA for broad

features

8. Develop for 45 seconds with a 3:1 mix of IPA:MIBK

Etching

Note: Etching for these devices can be done in multiple ways as long as all of the

extra PbSnTe is removed.
1. Place sample in Oxford ICP Chlorine etcher

2. Use the following parameters (time as needed, usually 1 min)
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Pressure 10mTorr, strike at 20 mTorr

Gas ratio of 262 SCCM of Ar=H2

Temperature 50
* RF power of 60 W

* |ICP power of 100 W
3. Clean sample with IPA and acetone in the cleanroom

4. Soak in RPG for 1 hour after etching

Liftoff

1. Place sample in covered RPG at®@Dovernight

2. Sonicate the sample in IPA in a plastic beaker
note: Plastic beakers make the GaAs substrate less likely to crack during sonica-

tion
Electron Beam Lithography: Bond Pads
1. Clean the chips with 5 min Acetone then 5 min IPA
2. Blow clean and place on a hot plate at 480
3. Spin on 950k A4 PMMA at 4000 RPM
4. Bake at 180C for 10 minutes
5. Spin on 495k A8 PMMA at 4000 RPM
6. Bake at 180C for 30 minutes

7. Write at a dose of 1000C/cn? using 5 nA for ne features and 100 nA for broad

features
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8. Develop for 45 seconds with a 3:1 mix of IPA:MIBK

Metal Deposition: Bond Pad Sputtering

1. Place samples in load lock and pump out for 60 minutes
2. Use a 60 second argon etch at 50 Watts using a pressure of 3 mTorr
3. Deposit5 nm Ti

4. Deposit 200 nm Al

Liftoff

1. Place sample in covered RPG at®@Dovernight

2. Sonicate the sample in IPA in a plastic beaker
note: Plastic beakers make the GaAs substrate less likely to crack during sonica-

tion
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Chapter 5

Zries

ZrTes is a topological system that has been gaining interest due to the the wide
array of predicted and measured topological classi cations. However, there is still an
uncertainty in the topological classi cation.

In 2014, monolayer ZrTe(along with HfTg) was predicted to be a 2DTI with a
large bulk band gap of 0.4 eV [78]. This prediction sparked interest in the material
and led to a wide range of studies of the bulk crystal. The same article that predicted
the 2DTI state also predicted that bulk Zgleas near the boundary between a weak
topological insulator (WTI) and a strong topological insulator (STI). The transition
between the two topological states was calculated across a range of lattice parameters
and later shown to be tunable through mechanical strain [61, 78]. The proposed phase
diagram is shown from [60] in g. 5.1 a showing the transition from a STIto a WTI with
a Dirac semimetal state when the bands cross. ARPES measurements have identi ed
a Dirac semimetal state [25, 52], a STl state [20, 21] and a WTI state [22, 24, 27, 28].

This broad range of possible states makes Zareexciting material to study.

5.1 Fabrication

5.1.1 ZrTes Bulk Crystal Flux Growth

Single crystal ZrTewas grown with the ux method. Zr slugs (99.9% pure) and Te

shot (99.9999% pure) were loaded into a quartz ampule in a Zr:Te ratio of 1:100. The

58






