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Abstract

Physics of Josephson diodes formed from

1T-transition metal dichalcogenides

Non-reciprocal critical current in superconductors labelled the superconducting diode effect has
attracted a lot of attention in recent years for its potential to create energy-efficient superconducting
devices for computing applications. In this thesis, the observation of similar non-reciprocal critical
currents in Josephson junctions made of two van der Waals transition metal dichalcogenides 1T-NiTe,
and 1T-PtTe,, named the Josephson diode effect is reported. The hidden inversion-symmetry breaking in
the structure of these materials naturally gives rise to a helical spin-momentum locking in the band
structure. The origin of the effect is discussed in terms of a non-zero center of mass Cooper pair

momentum created due to the shift of the spin-momentum locked states in an external Zeeman field.

In 1T-NiTe,, this hypothesis is verified by comparing the experimental results to a Ginzburg-
Landau model of the Josephson junction expanded up to the second order. The presence of a finite
momentum is further verified by measuring the evolution of the Fraunhofer pattern in the presence of an
additional in-plane magnetic field that creates finite Cooper pair momentum and investigating the
modification to the pattern. The Cooper pair momentum estimated from these measurements are in good

agreement with those estimated from the Josephson diode effect.

In the case of 1T-PtTe,, the presence of a helical spin-momentum locking is verified through
measurement of the Josephson diode effect in lateral junctions. Extrinsic mechanisms that can give rise to
a Josephson diode effect are identified and nullified. A generic current-phase relationship model
analogous to that used in NiTe,, is used to evaluate the evolution of the Josephson diode effect in the
junction. Measurements of the Josephson diode effect in the presence of a magnetic flux at different in-
plane magnetic fields reveal the presence of a large Josephson diode effect that is directly related to the
second harmonic term in the current-phase relationship. The current-phase relationship now labelled as
second order ¢ —junction current-phase relationship is shown to be unique and different from typical
¢ — and @, —junctions. The existence of a second order ¢y —junction behavior is further confirmed by

studying the evolution of the Josephson diode effect with magnetic flux which produces oscillations that

@
have nodes every half flux quantum (70) as opposed to the critical currents themselves which have one

flux quantum period (@,) . The evolution of the Josephson diode effect simulated with the second



harmonic term obtained previously is also in good agreement with the measurements confirming the
accuracy of the assumed current-phase relationship. The origin of the large second harmonic term in the
PtTe, junction is discussed in terms of the helical spin-momentum locked states which promotes higher
order Andreev reflections. The presence of a transparent interface that promotes coherent Andreev
reflections is revealed by the presence of excess currents and fitting the critical current as a function of
temperature. A second order ¢y —junction provides the unique possibility of tuning the relative phase
between the two harmonics rendering it useful for practical applications in separating the two harmonics

of the supercurrents in the junction.



Zusammenfassung

Physics of Josephson diodes formed from

1T-transition metal dichalcogenides

Nichtreziproke kritische Strome in Supraleitern, die als supraleitender Diodeneffekt bezeichnet
werden, haben in den letzten Jahren aufgrund ihres Potenzials zur Entwicklung energieeffizienter
supraleitender Gerite fiir Computeranwendungen grof8e Aufmerksambkeit erregt. In dieser Arbeit wird
tiber die Beobachtung dhnlicher nichtreziproker kritischer Strome in Josephson-Ubergingen aus zwei
Van-der-Waals-Ubergangsmetalldichalkogeniden 1T-NiTe, und 1T-PtTe, berichtet, die als Josephson-
Diodeneftekt bezeichnet werden. Der verborgene Bruch der Inversionssymmetrie in der Struktur dieser
Materialien fithrt auf natiirliche Weise zu einer helikalen Spin-Impuls-Verriegelung in der Bandstruktur.
Der Ursprung des Effekts wird im Hinblick auf einen von Null verschiedenen Schwerpunkt-Cooper-Paar-
Impuls diskutiert, der aufgrund der Verschiebung der Spin-Impuls-gesperrten Zustinde in einem

externen Zeeman-Feld entsteht.

In 1T-NiTe, wird diese Hypothese durch den Vergleich der experimentellen Ergebnisse mit einem
bis zur zweiten Ordnung erweiterten Ginzburg-Landau-Modell des Josephson-Kontakts verifiziert. Das
Vorhandensein eines endlichen Impulses wird weiter verifiziert, indem die Entwicklung des Fraunhofer-
Musters in Gegenwart eines zusdtzlichen Magnetfelds in der Ebene gemessen wird, das einen endlichen
Cooper-Paar-Impuls erzeugt, und die Modifikation des Musters untersucht wird. Der aus diesen
Messungen geschdtzte Cooper-Paar-Impuls stimmt gut mit den aus dem Josephson-Diodeneffekt

geschitzten Impulsen tiberein.

Im Fall von 1T-PtTe, wird das Vorhandensein einer helikalen Spin-Impuls-Verriegelung durch
Messung des Josephson-Diodeneffekts in lateralen Ubergingen bestétigt. Extrinsische Mechanismen, die
zu einem Josephson-Diodeneffekt fithren kdnnen, werden identifiziert und beseitigt. Zur Bewertung der
Entwicklung des Josephson-Diodeneffekts im Ubergang wird ein generisches Strom-Phasen-
Beziehungsmodell verwendet, das dem in NiTe2 verwendeten Modell dhnelt. Messungen des Josephson-
Diodeneffekts in Gegenwart eines magnetischen Flusses bei verschiedenen Magnetfeldern in der Ebene
zeigen das Vorhandensein eines groflien Josephson-Diodeneffekts, der direkt mit dem zweiten
harmonischen Term in der Strom-Phasen-Beziehung zusammenhingt. Die Strom-Phasen-Beziehung, die

jetzt als Strom-Phasen-Beziehung ¢, —Ubergang zweiter Ordnung bezeichnet wird, erweist sich als



einzigartig und unterscheidet sich von typischen ¢ — und ¢, — Ubergingen. Die Existenz eines
@ —Ubergangsverhaltens zweiter Ordnung wird weiter bestitigt, indem die Entwicklung des Josephson-

Diodeneftekts mit magnetischem Fluss untersucht wird, der Schwingungen erzeugt, die bei jedem halben

Flussquantum (%) Knoten haben, im Gegensatz zu den kritischen Stromen selbst, die dies haben eine
Flussquantenperiode (@) . Die mit dem zuvor erhaltenen Term der zweiten Harmonischen simulierte
Entwicklung des Josephson-Diodeneffekts stimmt ebenfalls gut mit den Messungen iiberein, was die
Genauigkeit der angenommenen Strom-Phasen-Beziehung bestétigt. Der Ursprung des grof8en Terms der
zweiten Harmonischen im PtTe,-Ubergang wird im Hinblick auf die spiralférmigen Spin-Momentum-
verriegelten Zustdnde diskutiert, die Andreev-Reflexionen hoherer Ordnung férdern. Das Vorhandensein
einer transparenten Grenzfliche, die kohdrente Andreev-Reflexionen fordert, wird durch das
Vorhandensein von Uberschussstromen und die Anpassung des kritischen Stroms als Funktion der
Temperatur offenbart. Ein ¢, —Ubergang zweiter Ordnung bietet die einzigartige Moglichkeit, die
relative Phase zwischen den beiden Oberschwingungen abzustimmen, was fiir praktische Anwendungen

niitzlich ist, um die beiden Oberschwingungen der Superstrome in dem Ubergang zu trennen.
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1

Introduction and scope

of the thesis



The non-reciprocal electrical conductivity in a semiconducting p — n junction diode is a
crucial, fundamental technological discovery that has helped the exponential development of
computing power since the late 20™ century and has enabled today’s modern semiconducting
devices that permeate our everyday life. The semiconductor industry has been able to roughly
double the computing power of the integrated circuits every year by miniaturizing the
semiconductor components as predicted by Gordon Moore in 1965°. As these components reach
their fundamental physical limit and Moore’s law comes to an end, there is the need to look for
alternative platforms for solutions that can provide greater and more energy efficient computing
power. Superconductivity, the physical state of solids with zero resistance, has been of great
interest fundamentally and technologically since its discovery for its ability to transmit electrical
currents with no Joule dissipation, which is the major source of energy loss in most electronic
devices. It has already found some applications in the form of Josephson junctions, which are the
most important circuit elements of a superconducting quantum bit*, used in quantum computation.
Quantum computing holds great promise in unlocking a new realm of solutions to problems that
were previously inaccessible by classical computing. However, this does not obviate the need for
better and energy efficient classical computers. Hence, it is key to explore superconductors as an
alternate platform for classical computing bits and logic elements. There has been a lot of interest

over the years in the development of superconducting logic and memory?®.

The discovery of controlled non-reciprocal critical currents in a superconducting
heterostructure in 2020, dubbed the ‘superconducting diode effect’® renewed this interest and
provided impetus along this new direction of research. The effect was attributed to the presence of
Rashba spin-momentum locking due to the broken inversion symmetry at the interface of the
superconductors but a more detailed explanation to the temperature and magnetic field behavior
was lacking theoretically and microscopically. Non-reciprocal conductivity in such systems
offered by the unidirectional flow of supercurrents is analogous to a semiconductor diode and
provides a natural platform for exploring applications in superconducting logic devices. Hence, it
is of great interest to understand the underlying origin of this effect to be able to tune it precisely.
A similar supercurrent diode effect was observed in a Josephson junction array made of InAs and
aluminium’, dubbed the ‘Josephson diode effect’. The observation of a supercurrent diode effect
in Josephson junctions is rather advantageous, as the utility of Josephson junctions as non-linear

circuit elements in superconducting elements has been already well studied.
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Fig. 1.1 Representation of a lateral Josephson junction hosting the diode effect: When a current
is applied between the superconducting electrodes (blue) in a Josephson junction, Cooper pairs
(blue) carry it in the form of supercurrents in one direction, while normal electrons (dark orange)

that dissipate energy carry the current along the opposite direction, inside the material (grey).

This thesis provides a brief and lucid overview to the field of superconductivity and non-
reciprocal transport effects in solids that helps the reader better understand the context of the results
and their significance before moving on to explore in detail the Josephson diode effect in two van
der Waals materials with similar crystal structures 1T-NiTez2 and 1T-PtTez. The 1T structure,
though centrosymmetric, has a hidden local inversion symmetry breaking on the Te site that gives
rise to spin polarization and band inversions, leading to the formation of multiple topological states
in the band structure. The existence of these spin-polarized bands is confirmed with the help of
spin- and angle-resolved photoemission experiments and density functional theory calculations in

literature®.

In the case of 1T-NiTez, it is shown in this thesis through analysis of lateral Josephson
junctions that the helical spin-momentum locking in the system plays an important role in the
creation of a finite-momentum superconducting state, similar to a Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state®1°, in the presence of a magnetic field that can give rise to a Josephson



diode effect in these systems. The temperature, magnetic field magnitude and angular dependence
of the Josephson diode effect experimentally observed is in good agreement with that predicted
from a Ginzburg-Landau model description of finite momentum pairing in a Josephson junction.
Further, the presence of finite-momentum pairing in the system is confirmed independently by
measuring the evolution of the Fraunhofer interference pattern in the presence of momentum-

inducing magnetic fields.

In the case of 1T-PtTe2 Josephson junctions, similar experiments are performed in lateral
geometry to confirm the existence of helical spin-momentum locking. Vertical Josephson
junctions of PtTe2 are used to demonstrate the absence of any spin-momentum locking along the
c-axis of the crystal. It is shown through analysis of the Josephson diode effect along with the
current-phase relationship that a strong second-harmonic supercurrent component is present in
these junctions comparable to that in high transparency semiconductor!! and topological Josephson
junctions®2, It is also shown through the evolution of the Fraunhofer pattern with magnetic flux
that the behavior of the Josephson diode effect essentially mimics the second harmonic term in the
current-phase relationship (CPR). The origin of the strong second-harmonic component can be
attributed to the significant contribution of the topological states present in the system that suppress
the normal reflections in the junction. Furthermore, possible extrinsic mechanisms that can give
rise to the Josephson diode effect such as self-field effects and geometric asymmetries of the flake

are identified and eliminated as the source of the experimental observations.

Overall, this dissertation is a collection of results and observations that attempt to signify
the reader on the importance of the Josephson diode effect as a simple yet effective ‘tool’ to probe
unconventional superconductivity in materials, beyond its advertised utility as a logic element in
superconducting circuits and quantum sensing applications. The inversion and time reversal
symmetry breaking requirements of the Josephson diode effect leads to the possibility of
discerning the type of spin-momentum locking in the superconducting state of materials and the
identification of spontaneous time-reversal symmetry in the superconducting state, which is of
great interest. The reader is also alerted to the existence of extrinsic mechanisms that can mimic
the observed effects and how to avoid or eliminate such false positives while performing

experiments.



The thesis is organized as follows. Chapter 2 contains the basic theoretical aspects of
superconductivity, Josephson junctions and non-reciprocal transport in superconductors that are
requisite in understanding the results that appear in later chapters of the thesis. Chapter 3 describes
in detail the major experimental methods used in fabricating devices, characterizing and measuring
them. Chapter 4 contains the main experimental results on the Josephson diode effect
measurements in 1T-NiTez and relates it to the effects derived for a junction with non-zero Cooper
pair momentum®. The Cooper pair momentum is also independently measured to verify its
existence. Two possible origins for the Cooper pair momentum are suggested. One derived from
the Rashba-spin momentum locked topological surface states and the other based on Meissner
screening currents in the niobium electrodes. Chapter 5 describes through Josephson diode effect,
the helical spin-momentum locking in 1T-PtTe2. The Josephson diode effect is studied as a
function of the magnetic flux through the junction. A large value of second harmonic supercurrent
component is obtained in the junction from a CPR model. Oscillations that have a frequency twice
that of the magnetic flux quantum are obtained as predicted from the CPR indicating the
importance of the second harmonic component in the observation of the Josephson diode effect.
The possible origin of the large second harmonic supercurrents is discussed. Chapter 6 discusses
the results in a broader context and provides future prospects for non-reciprocal transport effects
in superconductors and Josephson junctions. The appendix contains a brief discussion on the field-
free Josephson diode effect in NbaBrs? and results supporting the conclusions in the main chapters
of the thesis.
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Theoretical Foundations



2.1 Introduction to superconductivity

2.1.1 Historical overview

Superconductivity is one of the most fascinating scientific discoveries of the 20" century,
the mysteries of which have pervaded into the current century and captures the attention of many
scientists to date. Superconductivity was discovered in 1911 by H. Kamerlingh Onnes in Leiden®3,
after he had perfected liquefaction of helium a few years before, allowing him to reach
temperatures as low as 4.2 K. Onnes won the Nobel Prize in Physics in 1913 for this discovery of
new state of matter. Elemental mercury was the first discovered superconductor, through its
hallmark defining property of a zero-resistance electrical conductivity state (also known as perfect
conductivity) upon cooling down to liquid helium temperatures. But perfect conductivity is not the
only defining property of a superconductor. Another defining property of superconductors is the
perfect diamagnetic state discovered by Meissner and Ochsenfeld in 1933, which showed that a
superconductor is much more complex than what one would expect from a perfect conductor.
Superconductors that exhibit a complete Meissner state are known as type-1 superconductors and
there are other superconductors that can develop superconducting vortices on the application of a

magnetic field that allow flux to pass through, known as type-Il superconductors.

Since then, there has been a lot of work in discovering new superconductors and
understanding the fundamental properties of superconducting materials. The most prominent
theories that could best explain the observed properties of superconductivity were the Ginzurg-
Landau (GL) theory® and the Bardeen-Cooper-Schrieffer (BCS) theory'®. The GL theory is a
phenomenological theory proposed by Vitaly Ginzburg and Lev Landau in 1950 based on the
Landau theory of phase transitions, which could explain some of the observed thermodynamic
properties of the superconductors such as critical current, critical field and even some important
parameters such as the GL coherence length. Vitaly Ginzburg won the Nobel Prize in Physics in
2003 along with Alexei Abrikosov and Sir Anthony Leggett for pioneering contributions to the

theory of superconductors and superfluids.

The BCS theory'® came later on in 1957 as a microscopic theory establishing the existence
of correlated electron pairs called Cooper pairs that move without scattering in the superconductor.

For this important discovery, John Bardeen, Leon Cooper and John Robert Schrieffer won the



Nobel Prize in Physics in 1972. It was shown by Lev Gor’kov in 1959 that the GL theory could be
derived starting from the microscopic BCS theory close to the superconducting transition, thus
validating the phenomenological model’. Another important postulate of the BCS theory was the
existence of a macroscopic quantum wave function of the superconducting condensate. This
opened up the possibility of exploring quantum mechanics and performing quantum experiments
at a macroscopic scale. A direct consequence of this was Brian D. Josephson solving the problem
of quantum tunneling of the macroscopic superconducting wave function from one superconductor
to another through a non-superconducting barrier'® in 1962 leading to what is known today as
Josephson junctions. Josephson received the Nobel Prize in Physics for this work in 1973. These
junctions allow for controlling the phase difference of the superconducting wave function between
the electrodes with a current or vice versa. Josephson junctions have been explored a lot over the
past decades for possible applications in building quantum sensors and superconducting
electronics such as DC-SQUIDs, superconducting computing elements, and in the current decade
they serve as the prime building block of superconducting quantum bits, which are the front-runner

candidates for building a quantum computer.

While important fundamental discoveries concerning the nature of superconductivity were
taking place in the 1950s and 1960s, the search for a room temperature superconductor that would
make the applications of superconductors more feasible was going on in parallel in the materials
front. Superconductivity, as of yet had been observed mostly in metals or metallic alloys at very
low temperatures requiring the use of liquid helium cooling. In 1986, two IBM researchers at
Zurich, Georg Bednorz and Karl Alex Miller discovered superconductivity in a ceramic copper
oxide material Laz>-xBaxCuOg, with a relatively high critical temperature of 35 K, which was well
above the critical temperature of any known superconductor at that time*®. This led to a flurry of
research on copper oxide or cuprate-based superconductors in pursuit of superconductors with
higher critical temperatures. As of 2021, the cuprate superconductor with the highest transition

temperature under ambient pressure is Hgi12TIsBasoCussO127 with a critical temperature of 138 K.

The discovery of high-temperature superconductors has also prompted scientists to think

beyond conventional BCS theory, in which the pairing potential is assumed to be mediated by
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Fig. 2.1 Timeline of superconductors: Discovery of different superconducting materials over the
years along with their critical temperatures. Green circles refer to conventional metallic
superconductors that are considered to be BCS superconductors. Some of the highest critical
temperatures achieved to-date are in hydride superconductors under very high pressures. Blue
diamonds refer to cuprate superconductors, which have the highest critical temperatures at
ambient pressures discovered so far. Inverted triangles refer to fullerene-based superconductors,
red triangles correspond to carbon nanotube-based superconductors, yellow squares refer to iron-
based superconductors, magenta star refers to the newly discovered nickel-based superconductor.
Green stars refer to the unconventional heavy-fermion based superconductors. Timeline of
Superconductivity from 1900 to 2015 by PJRay is licensed under CC-BY-SA-4.0

phonons. This general class of materials that do not fall under the purview of BCS theory are
known as unconventional superconductors and form a sub-field of research of their own, which
cuprates are a part of. In general, BCS theory requires the presence of inversion and time-reversal
symmetry in a system for the form of conventional spin-singlet Cooper pairs or s-wave

superconductivity. Certain intrinsic superconductors lack inversion or time-reversal symmetries
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and can’t be explained by the formation of Cooper pairs as in BCS theory. Some examples of
unconventional superconductors include Sr.RuOs®, heavy fermion superconductors such as
UPts?l, UTe2?2, CePtsSi?, CeRh2As2?*, hybrid-superconducting structures composed of
ferromagnet-superconductor heterostructures®. A more detailed discussion of the topics discussed

in this chapter can be found in Michael Tinkham’s book ‘Introduction to Superconductivity’Z.

2.1.2 Electrodynamics of superconductors — London Equations

In order to build devices with superconductors for practical applications and understand
the observed properties of superconductors, it is important to comprehend the basic properties of
superconductors in electric and magnetic fields. This section focuses on key concepts and ideas on
some electromagnetic properties of superconductors that shall be encountered throughout this
thesis.

The two fundamental properties observed in superconductors were perfect conductivity
and perfect diamagnetism. The brothers F. and H. London proposed two phenomenological
equations?’ that govern the electrodynamic properties of superconductors under electric and

magnetic fields that could describe these properties. These were known as the London equations.

s _ met
Se=""F (2.1)
2
VXj,= —%B (2.2)

where n is the superconducting electron density, e is the charge of an electron, m is the mass of

an electron, j is the supercurrent density, E is the electric field and B is the magnetic field.

Though there is no rigorous derivation for this equation, equation (2.1) arises from the
perfect conductivity that is found in a superconductor. The London brothers noted that the
electrons in a superconductor feel no resistance in the presence of an electric field and accelerate
continuously as if they were free electrons, as opposed to electrons in a metal that would maintain
a velocity against a resistance, which is described by Ohm’s law. Hence, the force on the

superconducting condensate in the presence of an electric field can be written as:
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F=m—=—-¢eE+evXB
Jat

The supercurrent density can be written as j; = —newv which gives

The second London equation (2.2) can be obtained by taking the curl of (2.1) and using Faraday’s

Iaw(Vsz—g—f)

Jt

. ne?
VX]S+FB =0

2

Writing the magnetic field in terms of the vector potential B = V X A gives jg = — %A

Taking the curl of Ampere’s law V X B = p,j¢ one can obtain

pone’

VX (VXB) = pp(Vxjs) =———A

m

which on further simplification gives

VIB=-B (2.3)
AL

where 1, = f# IS an important characteristic length scale in superconductors known as the
0

‘London penetration depth’. Solving equation (2.3) in one dimension would lead to the solution

_x
B = Boe AL

which shows that the magnetic field decays exponentially inside a superconductor over the
characteristic length scale of the London penetration depth A, . This explains the observation of a
Meissner state within a superconductor wherein an external magnetic field is screened completely
inside a superconductor. A, is an important parameter that needs to be taken into account while
calculating effective separation between the electrodes of a Josephson junction, while the presence
of Meissner screening can lead to flux focusing effects, as will be discussed in later parts of the

thesis.
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2.1.3 Ginzburg-Landau theory of superconductivity

The Ginzburg-Landau (GL) theory is a phenomenological theory of superconductivity put
forth by Vitaly Ginzburg and Lev Landau based on the Landau theory of phase transitions®®. The
theory concerns the macroscopic behavior of superconductors in which the free energy of the
superconductor becomes significant and is useful in predicting critical fields, critical currents and
other thermodynamic properties of a superconductor. This is achieved by considering a complex
order parameter Y (r), which is identical to a superconducting wavefunction, whose magnitude
represents the probability of finding superconducting electrons in a system. The GL theory of
superconductivity is valid when the temperature is close to the critical temperature (T,) where
Y(r) is small and varies smoothly across space. In this case, the free energy of the superconductor

can be written as an expansion of y(r)

B

F =E, + aly|? +§|1/)|4 + o

Where F, is the free energy in the normal state, @ and 8 are GL parameters. The higher order terms
are usually very small and can be neglected. In the presence of a magnetic field, the free energy

can be written as

2 2

B LB
219

2

(—ﬂv - e*A>l/J

F=F, +alypl*+
nt+aliyl o

lp|* +

2m*

Where m* and e* correspond to the mass and charge of the ‘supercurrent carrier’ respectively. The

free energy is minimized (Z—; = 0) to obtain the GL differential equations.

ap+ BlYPY + (- 2V—e"A)p =0 (2.4)
and J=VxB=—2ytey — oyt - S ytpa (25)

where J is the current due to the magnetic field.

These differential equations can be used to derive various quantities such as the current, coherence
length, etc. for a superconductor by modifying the boundary conditions appropriately depending

on the external magnetic field.
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Now, in the presence of a magnetic field, deep inside the superconductor where there are

no fluctuations of the order parameter, equation (2.5) can be written as:

*2

= — 2A
J=——1
2
Comparing this with jg = — %A derived from the London equations leads to defining the London
penetration depth in GL formalism as A, = ﬁ where n, the superconducting electron
0

density is replaced by 1?2, the probability amplitude of the superconducting order parameter.

Now considering the interface of a superconductor with a non-superconductor in one-
dimension, the order parameter i becomes non-uniform and variant in space, close to the
boundary. In the absence of a magnetic field, this scenario can be expressed using equation (2.4)
as

h? d*y
ap+BlYIPY —5———=0

2m* dx?

and £IP2 = f2, we get

2m*|a(T)| |l

Replacing £(T) =

f=fP+ET)f"=0 (2.6)
where &(T) is a characteristic length scale of the superconductor, which gives the variation of ¥
close to the boundary, known as the GL coherence length. Since a « (1 - Tl) §(T) x ﬁ

¢ “Tc

which means &(T) diverges when T is close to T.. Equation (2.6) can be rewritten in terms of f’

as
d ]c2 f4- fo’Z
|z 2t 27"
which implies (g - f4—4 + 525'2) IS a constant. Solving this equation gives
\/Ex>
x) = tanh | —=
[ <€ (T)
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el (V2
Y(x) = ; tanh (5(7,))

To understand better the significance of &(T), let us consider f(x) = 1 + g(x) in (2.6), where
g(x) < 1 and drop the g2 and g3 terms. This gives

d’g 2
Frzia el
+V2x
and gx) = ei®

which shows that a small change in x can lead to an exponential decay of y with the characteristic
length scale &(T).

The existence of type-11 superconductors and the vortex lattice phase was discovered by

Alexei A. Abrikosov in 1957 using the GL theory by tuning the dimensionless GL parameter k =

% which is the ratio of two characteristic length scales?. It was discovered that x > \/—15 leads to

the formation of superconducting vortices, now known as Abrikosov vortices that form a
hexagonal lattice in the presence of a magnetic field and superconductors that host such vortices
2
V2
superconductors and do not host any vortices. This discovery led to the Nobel prize of Abrikosov

are known as type-Il superconductors. Superconductors with k < — are known as type-I

along with Ginzburg for his work on GL theory in 2003.

2.1.4 BCS theory of superconductivity

The Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity'® is the most successful
microscopic theory of superconductivity laid out in 1957. The BCS theory explains many observed
properties of superconductivity at the quantum level such as the existence of a superconducting
energy gap, heat capacity, the role of phonons in the formation of so-called Cooper pairs,
Bogoliubov quasiparticles, and thermodynamic properties such as critical temperature, critical
fields and currents. The basis for the theory was the proposal of Leon Cooper? in 1956 when he

laid out that an arbitrary attractive interaction between two electrons above the Fermi sea due to

15



screened Coulomb repulsions enabled by phonons would lead to an instability and the formation
of a bound state and pairing of electrons known as Cooper pairs. This idea was later built upon

together with Bardeen and Schrieffer to come up with the BCS theory.

&) 39 P 9

Fig. 2.2 Cooper pair in a lattice: Schematic of attractive interaction between free electrons in a

metal mediated by the lattice vibrations (phonons). ‘Cooper pairs’ by TemSpsu is licensed under

CC-BY-SA-4.0

Consider a Fermi sea of N electrons. In the presence of an attractive interaction between

electron pairs, they form a bound state given by the wave function
f@ri—71j)xij

where f(r; — r;) is the spatial part of the wave function between electrons located at coordinates
r; and 1. x;; is the spin part of the wave function for spins g; and ;. Now, this is a fermionic
wave function of two particles and has to be anti-symmetric for it to obey the Fermi statistics. BCS
enforced this by considering the spatial part to be symmetric (s-wave) and the spin part to be
antisymmetric (spin singlet). This choice makes sense for the superconductors that were know

until then, as most of them were non-magnetic metals and time-reversal symmetric in nature and
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have equal spin density of states that is ideal for spin-singlet pairing. The spin-singlet wave

function can be written as y;; = % [ITV)61,6,61,6; = H1)61,4,61,5;] Where &, is a delta function.

With this we can write down the total wave function of all the N electrons in the bound

state as

N-1
Y[(ri01), (r20;), ... (ryoy)] = CA n[f(ri — Tir1)Xii+1]

Where C is the normalization constant and A is the antisymmetrization operator that sums over
all permutations of the wave function and ensures the antisymmetric nature of the total wave
function. This total wave function can be written in a simpler form in the second quantized notation

as

N

) || @ plaowi e - o)

where |0) is the vacuum state with no Cooper pairs and just the Fermi sea of electrons. This wave
function automatically obeys the antisymmetry condition upon exchange of particles provided f
is even. This wave function can be Fourier transformed and written in terms of momentum states

as

1¥) o [T f ) vl ]7 10) (2.7)

The equation (2.7) is the total wave function of N particles written in the momentum
representation and it can be seen clearly that the pairing happens between electrons at (k, T) and
(—k, 1) with the center of mass momentum being zero. This is an important observation from BCS
theory that requires the presence of inversion symmetry for the presence of states at momenta k
and —k at a given energy and time reversal symmetry for equal T and | spin states in the system
for the formation of an s-wave spin singlet superconducting wave function with zero center of

mass momentum. The BCS Hamiltonian can be written as

U
_ t 0 t
H= Z ko — Z Z Ck+q,0Cki—q,01 CkrorCha

ko k.k',q o,01
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where U, is the attractive potential and V is the volume of the system. This Hamiltonian can be

simplified from four-fermion operators to two fermion operators using Wick’s theorem as:
Hg = Yo 81{0;0%0 — Yk AcZTcikl+A*c_klckT + constant (2.8)
U
where A= 702k<c_k¢CkT) (29)

is the superconducting energy gap in the spectrum that is predicted by BCS theory as shall be seen

later.

The eigenstates and eigenvalues of Hy are determined by using a linear transformation
known as Bogoliubov transformation that helps diagonalize Hy as done independently by Nikolai
Bogoliubov®® and John Valatin®! in 1958.

<Cm>_<u;; vk)<VkT>
Th —vi W) \rly,
where the coefficients u, and v, satisfy the equation |u,|? + |v,|? = 1. After transformation to

the Bogoliubov basis, in order to diagonalize Hg, the coefficients v, and v, need to be chosen

such that terms such as y1v, and ijﬂ’im vanish. It can be seen that the following values satisfy

|A|

Ver2+|Aa12

only y,:raykg terms which gives the number of the Bogoliubov quasiparticles or Bogoliubons in a

the requirement w;, = sin(@y,), v, = cos(@y)e'®, A= |Ale? and sin(2¢,) = leaving

particular state. It can be seen that substituting these values simplifies the Bogoliubov Hamiltonian

to

Hp = Z Eky,:rayka + constant
ko

where Ej, = /&2 + |A|? is the Bogoliubov quasiparticle dispersion. It can be seen that there is an
energy gap A below which no Bogoliubons exist (E < |A|) and the system requires a minimum
energy of ¢ to create such excitations. It can also be seen that the energy spectrum is symmetric
with respect to k. This implies the existence of particle-hole symmetry in the system. Now, the
ground state wave function of the BCS Hamiltonian can be found using the argument that no
Bogoliubons exist in the ground state and hence y,,|BCS) = 0. The BCS ground state wave

function that satisfies this criteria can be written as
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|BCS)y = H(uk + vkeiecZTCiki) |0)
k

which is the form of wave function that BCS originally assumed for their ground state.

The energy gap A can be obtained by transforming equation (2.9) to the Bogoliubov basis.
Upon further simplification, the gap can be obtained as

A(T) = Ugn(0) [, de (2.10)

where n(0) is the density of states at the Fermi level and w, is the Debye frequency. A(T) can be
numerically calculated from equation (2.10) and this equation can be used to define the critical
temperature of the superconductor (T,), the temperature at which A(T) reaches zero. This would

give the T, of the superconductor to be
Ao~ 1.764 kpT, (2.12)

where A, is the superconducting energy gap at zero temperature. Near T,, A(T) drops to zero as

, T
A(T) ~ 1.7447, |1 — —
T,

which gives a /T, — T dependence of the superconducting gap. Further details on BCS can be

found in ref.%

2.1.5 Finite-momentum superconductivity

As described in the previous section, the BCS theory of superconductivity allows for the
existence of Cooper pairs with net zero center of mass momentum, which requires electronic states
at momenta k and —k, that is guaranteed by the inversion symmetry of a crystal. It was first
proposed by Fulde and Ferrell® and independently by Larkin and Ovchinnikov'® in 1964 that in
the presence of a strong exchange splitting of the electronic bands, it is possible to obtain pairing
between electrons located at states that are at k and —k + q with a finite non-zero pairing

momentum of q leading to the formation of an order parameter that is spatially modulated by the
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wave vector q (i.e.) Ae'?* (FF) or Acos(gx) (LO). The exchange splitting can be due to the
presence of ferromagnetic impurities or strong magnetic fields that create Zeeman splitting of the
bands. The value of this momentum q can be controlled by the strength of the Zeeman splitting or
the exchange field, depending on the origin. Such a state is called as a Fulde-Ferrell-Larkin-
Ovchinnikov or an FFLO state, named after the four scientists who originally proposed it. A

schematic of the order parameter modulation in FFLO state is shown in Fig. 2.3.

(a) (b) (©)
Normal state Homogeneous FFLO state
|\V|2 |\|,|2 superconducting state |\|1|2 (Superconducting smectic state)
A A
s E r:/\ ;f-/\ \'-;,»/\
> "':} ‘»;/i*
> G
0 e > 0 . D>

Fig. 2.3 Finite momentum superconductivity: Schematic of the variation of superconducting
order parameter with space in (a) normal state (b) uniform BCS state (c) FFLO state. Figure from

ref.32. Reprinted with permission from AAAS.

Other than FFLO states, it is also possible to have finite momentum Cooper pairing in
superconductors with spin-momentum locking in the presence of a strong Zeeman field®. This is
a much more viable route to create finite momentum pairing as the Zeeman fields required to create
finite momentum shift in a spin-momentum locked superconductor is much lower than in regular
BCS superconductors. Hence, a natural platform to look for finite-momentum superconductivity
is in non-centrosymmetric superconductors where the spin-momentum locking can be used to
create relative shifts of the electronic bands as will be discussed later in the thesis. Signatures of
finite momentum superconductivity have been identified in a non-centrosymmetric heavy fermion
superconductor  CeColns**® and in an organic superconductor ~BEDT-TTF®
(bisethylendithiotetrathiofulvalene). With the advent of 2D materials, more and more candidate
finite momentum superconductors are being identified as the orbital depairing effect of the Zeeman
field is minimal in these systems and it is more plausible to realize a finite momentum state before

the superconductivity is destroyed®" ¢,
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2.2 Josephson junctions

2.2.1 Introduction

The Josephson effect!®, first put forth by Brain D. Josephson in 1962 is an extension of the
quantum tunneling problem of single particles to that of Cooper pairs. It is a direct consequence
of the macroscopic nature of the wave function of a superconductor as described by BCS theory
in the last section. A non-superconducting material like a metal or an insulator sandwiched by two
superconductors can host the flow of supercurrents, provided the barrier to tunneling of the Cooper
pairs is not very large compared to the superconducting energy gap (eV < A). Such a junction is
called as a Josephson junction and hosts interesting properties that has amplified the functionality
of superconductors. It serves as a platform for observation and engineering of quantum phenomena
at the macroscale such as quantum interference, quantum coherence, quantum entanglement, etc.
It was first observed experimentally by Philip W. Anderson and John Rowell®. Brian Josephson
won the Nobel Prize in Physics in 1973 for his prediction of tunneling supercurrents. This section
will briefly introduce Josephson junctions and the concepts related to them that will be discussed
throughout the thesis. A more detailed discussion on the Josephson effect beyond what is discussed

in the thesis can be found in ref.26:40

2.2.2 DC and AC Josephson effects

Two major effects were predicted by Josephson to occur in a Josephson junction. These
are known as DC and AC Josephson effects respectively based on the nature of response of the
junction to the external stimuli in terms of frequency. The DC Josephson effect is exploited
throughout the thesis and will be described in considerable detail. The DC Josephson effect gives
the supercurrent across the junction as a function of phase difference between the superconductors
also known as current-phase relationship (CPR), according to the equation:

I(p) = I sin(p) (2.12)
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where I(¢g) is the current across the junction, ¢ is the phase difference between the two
superconducting electrodes and I.. is the critical current of the junction beyond which supercurrents

cease to exist.

The AC Josephson effect is an interesting effect and is the basis for making the Josephson
junction a voltage and frequency standard but its detailed description is beyond the scope of this
thesis. The AC Josephson effect is given by:

o _2ey 2ty (2.13)

where V is the voltage across the junction and @, = % is the superconducting flux quantum. When

a finite voltage V is applied across the junction, it creates a phase difference across the junction

that changes with time and produces an alternating current according to equation (2.12) with
frequency % irrespective of the specifics of the junction like the shape, material in question, etc.

and made up of fundamental constants. This makes the AC Josephson effect useful in creating
very precise frequencies by application of DC voltages and the voltage across the junction can be
determined by detecting the frequency of radiation in the finite voltage state of the junction, which
can be measured much more precisely. This makes the Josephson junction a useful tool in quantum
metrology and in measuring voltages precisely. The inverse AC Josephson effect, wherein a
specific frequency of current is applied across the junction that creates a voltage across the junction
is also possible. This makes creation of a voltage standard using Josephson junctions possible. A
frequency of 483597.7 GHz is required to create 1V across the junction but this frequency can be

arbitrarily modified by connecting arrays of multiple Josephson junctions in series and parallel.

We can derive the DC Josephson effect using a Ginzburg-Landau formalism. Let us
consider a simple model of a Josephson junction with two superconductors (S;, S,) separated by

a normal (N) region consisting of a metal as shown in Fig. 2.4 (a).
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() (b)

Yy = Agel Yy = Dge'?:

Fig. 2.4 Schematic of a Josephson junction: (a) Two superconductors with macroscopic quantum

coherence separated by a non-superconducting metal. (b) shows the ‘leakage’ of the
superconducting wave function inside the metallic region with considerable overlap. This is a
useful picture to appreciate the tunneling of the superconducting condensate similar to the

tunneling of single particle wave functions across barriers in quantum mechanics.

The free energy of the whole system can be written in terms of an expansion as:
2 1 4 . 1 . "
F= z (ajwjfl +§'8j|l/’j| ) — Y11, —E)’z(l/)ﬂ/)z) +c.c.
j=12

where 1, and 1, are the macroscopic wave functions of the two superconductors. a; and f; are
Ginzburg-Landau parameters. The terms with i, give the overlap of the two superconducting
wave functions that define the Josephson effect with y; and y, being the two coupling constants
of the first and second order Cooper pair tunneling processes respectively. The higher order terms
beyond the first are usually dropped in the description of conventional Josephson junctions, as they

are negligible.

The free energy of the junction can be rewritten with only the first order term as:
* 1 * 2
F=Fy =y, — E]’z(l/)ﬂ/’z) +c.c.

where Fy = Y1 2 (aj [w; |2 + %,3]- [w; |4) is the free energy of the superconducting electrodes. The
wave functions of the superconductors can be written in terms of their amplitude and phase as
P; = A;e'i which gives

F = Fy — 2y,A%cos(@) — y,A%*cos(2¢)
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Where ¢ = @, — ¢, is the phase difference between the two superconductors. The CPR of the
Josephson junction can then be obtained from the free energy as

2m OF __ 4

1(9) = 450 = 7 (8% sin(p) + A*y,sin(2¢)} (2.14)

The y, term is usually negligible in comparison to the y, term and can be dropped but it can be
significant and play an important role in the observation of the Josephson diode effect as will be
discussed in later chapters. Thus, the critical current can be written as:

I(p) = Icsin(e)

which is the DC Josephson equation and I, = 4fAz)/l is the critical current of the junction. The

critical current of the junction can then be obtained by maximizing I(¢) with respect to ¢. The

function is maximized when ¢ = g This is the standard CPR used to describe a Josephson junction

made from BCS superconductors and a normal metal. When the barrier is replaced with materials
with properties like large spin-orbit coupling, magnetism, etc. or the superconductor is replaced
with an unconventional superconductor, this modifies the CPR of the junction accordingly and
gives rise to interesting effects, which also makes the Josephson junction a useful platform to tailor

and study unconventional superconductivity.

2.2.3 RCSJ model and current-voltage characteristics

The resistively and capacitively shunted junction (RCSJ) model is a complete model used
to describe the complex impedance of a Josephson junction above and below the critical current
and is important in understanding the dynamics of a superconductor Josephson junction on
sweeping the current. It can be considered the superconducting analogue of an inductor-capacitor-
resistor (LCR) electrical circuit model where there are three parallel current channels with the
Josephson junction replacing the role of the inductor. In addition to the supercurrent flowing
through the junction below the critical current dictated by the Josephson relations, a Josephson
junction can have other contributions to its impedance in the finite voltage phase. The resistance
R refers to the resistance of the junction above the critical current, in the finite voltage state while

C refers to the capacitance, which builds up in the junction due to finite size effects or due to the

24



presence of a dielectric barrier. The capacitance in smaller in SNS junctions made of metals while
it is considerable in SIS junctions made of insulators. The Josephson junction, itself acts as an
intrinsic non-linear kinetic inductor in the RCSJ model, in which the inductive energy is derived
from the kinetic energy of the Cooper pairs. This can be understood by taking a look at the

Josephson equations.

Current X A1
Source T

Fig. 2.5 RCSJ circuit model: Josephson junctions can be considered as a non-linear inductor in
their superconducting state with a resistance and capacitance in parallel that get activated in the
finite voltage state. The current dynamics in the junction is described by the differential equation
(2.18)

Equation (2.12) can be written as

o1
rri I.cos¢ (2.15)

Applying chain rule to (2.13) and (2.15) we can write

al 2T
Fri I, cos g (FOV
which can be rewritten as
— ol
= L(p) 5%
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Where L(¢)= Po__ — L"(p is the kinetic inductance across the junction as a function of the

2wl cos " cos

P9
2ml;

phase difference and L, = IS a junction parameter known as the Josephson inductance.

Above the critical current the junction possesses a resistance given by the normal state
resistance of the material (Ry). The value of Ry can be obtained by performing a linear fit of the
I —V data far above .. This can be used to determine the characteristic voltage of the junction
(1. Ry), which is a material dependent parameter that does not depend on the dimensions of the
Josephson junction. As can be seen from equation (2.13) the voltage applied in the normal state
can give rise to a time dependent phase difference and a current. Thus, the total current due to the

resistive component of the junction can be written as:

( 0, for I<I,

Ix = Z—], where V; = !j—;d—(p for I > I is the AC component (2.16)

N dt’

Vy, for I > I.is the DC component

In case of SIS junctions, the capacitance between the two superconducting electrodes can
be quite significant. The displacement current due to the capacitance can be written in the presence
of a time dependent voltage as:

W _ 2l
Ip=C_=C_—3 (2.17)
C = g’z’A is the capacitance of the junction both in the normal and superconducting states. ¢ is the

dielectric constant of the barrier material. A is the junction area and d is the separation between
the electrodes. Thus, the total current across the junction can be written as the sum of currents

across the three parallel current channels:

I:I]+IR+ID
2
I:ICSin(p-I_Z_,{,-I_C%ZTf (2.18)
= [ si 1 ®ode Do d?¢
I = Icsm(p+RN — +CZ7T 12 (2.19)
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It is to be noted that in the superconducting state, only the first term is non-zero and the
other terms vanish. We can define three characteristic time scales for the junction based on this

equation by considering different combinations of the three parallel current channels.

1
rp=VLC=—
Wp
P11

TC_%V_a)C

1
Trc =RNC=a)_C
R

w, is the plasma frequency of the junction. w. and wg. are characteristic frequencies of the
junction above which the normal current and the displacement current dominate the total current

respectively. The quality factor of the junction is defined as:

Q=&=%=m (2.20)

WRC

where B.is a dimensionless damping parameter known as Stewart-McCumber parameter.
Junctions with B, « 1 have small C and Ry and are known as overdamped junctions. Junctions

with B > 1 have large C and Ry and are known as underdamped junctions.
The overdamped and underdamped junctions can be better understood in analogy to a

massive particle in a tilted-washboard potential with damping whose differential equation is given

by:

d?x dx

where M is the mass of the particle, n is the damping parameter and U is the potential. Equation

(2.19) can be rearranged to read

i 1 Podg Do d?e
Iesing + Ry 2m dt 2m dt?
I 1 &qdo b, d?
I(' ——) ———+ C———=
c\Sne 1.  Ry2mdt 2m dt?
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Multiplying by (j—;) gives:

I 1 P\ do Do\* d?p
E,[sinp — — — (=) — — ) — =
J (Sm"’ IC) +RN<2n) dt+C<2n> acz 0

where E; = (j—;) I, is the Josephson energy.
d Ig 1 (D)2 do ®o\2 dZp
Comparing equation (2.21) and (2.22), we can make an analogy with a phase particle in a tilted

2 2
washboard potential with M = C (3—7‘;) , N = i(ﬂ) and U = E, (1 —CcosQp — II—"’) It can be

" Ry \2m ¢

seen that the mass of the phase particle is identical to its capacitance, the damping parameter is

proportional to Ri and U is the tilted-washboard potential.
N

I1=011,
1=041;

1=071

0 2 47 6
Phase

Fig. 2.6 Tilted washboard potential: A schematic of a phase particle of mass M and damping n on
the tilted washboard potential. As the current is increased beyond I.., the phase particle can escape
the potential well into a finite voltage state with continuously increasing ¢. (i.e.) Z—‘: # 0. Figure

reproduced with permission from ref.#! | Springer International Publishing.
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Equation (2.22) can be simplified and rewritten using the Stewart-McCumber parameter as:

t

where T = j—;. An underdamped junction (B8; » 1), the junction capacitance or/and the

ci'N

resistance are large. This means the mass of the particle (M o C) is large or the damping (n o Ri)
N

is weak. For an overdamped junction (8. « 1), the conditions are reversed and M(or C) or Ry (or

%) or both are small. Now let us consider the motion of the phase particle in these two situations.

When the current is increased, the potential starts to tilt and form a staircase in the negative
direction. When the current goes beyond the critical current, the phase particle acquires enough
energy to roll down the stairwell continuously, defining the finite voltage state of the junction.
When the current is ramped down again to /., two scenarios are possible depending on whether

the junction is underdamped or overdamped.

(a) (b)
T T T T T T T T T
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Fig. 2.7 Underdamped and overdamped junctions: (a) An example of a characteristic current-
voltage curve of an underdamped junction with /. and I, that are different. (b) An example of a

current voltage curve of an overdamped junction with I, = I,..

In the case of an underdamped phase particle, upon reaching I, from larger critical currents,

the particle continues to roll in the potential stairwell due to its large mass (kinetic energy) or lower
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damping and the phase particle remains in the finite voltage state even though the current is below
I.. This leads to a hysteresis in the I — V' curve and the current where the phase particle stops its
motion upon sweeping down the current is known as reentrant current (I,.), where it enters back
into the superconducting state. In the case of an overdamped phase particle, the motion of the
particle stops as soon as the current reaches I., which corresponds to the junction entering the
superconducting state. Hence, there is no hysteresis I — V curve in the case of an overdamped
junction. Most measured junctions in the thesis are hysteretic in nature and have an I. and I,
indicating that they have a high quality factor (8, > 1) and are underdamped. Thus, the RCSJ

model can explain the observed features of I — V characteristics in a Josephson junction.

2.2.4 Quantum interference in Josephson junctions

One of the most important aspects of superconductivity is the presence of macroscopic
quantum coherence, which enables quantum computation using superconductors. A Josephson
junction provides an effective platform to utilize this property by placing two superconductors
with different wave functions in proximity to each other separated by a non-superconducting
material as in Fig. 2.4, which can lead to either their constructive or destructive interference
depending on their phase difference, as in wave optics. The phase difference between the two
superconductors can be controlled with the help of magnetic flux provided by an external magnetic

field according to the equation

2mP

<P=<Pz—<P1=TO

where @ = [ A.ds is the magnetic flux through the sample. Hence, the phase difference between
the two superconductors can be continuously tuned with the help of an external magnetic field.
Combining this with the simplified DC Josephson equation in equation (2.12) shows that the
critical current of the Josephson junction oscillates with a magnetic flux period of @, or
correspondingly a phase difference period of 27. In a rectangular junction, this would lead to the

critical current beahviour of the following form as derived elsewhere.
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Sin(ﬂ)
)

(&)

I.(@) = 1.(0) (2.23)

This functional form is quite similar to the Fraunhofer interference pattern obtained from
single slit diffraction in wave optics and hence, the same name has stuck with such interference
patterns in Josephson junctions. This interference effect forms the basis for many important
applications of the Josephson junction like the Superconducting Quantum Interference Devices
(SQUIDs) which can act as very sensitive magnetometers, voltmeters, gradiometers, amplifiers,
etc. The interference pattern can also be used to determine the current distribution across the
junction by performing an inverse Fourier transform of the obtained interference pattern. Any
deviation of the interference pattern from that expected in equation (2.23) is considered
unconventional and due to modifications to the current-phase relationship of the junction. Studying
the nature of the current-phase relationship in the system allows us to comment on various aspects

of superconductivity in the system. For example, a 2&,- or 4m-periodic Josephson effect* is

expected for a topological Josephson junction and the presence of a (%) period in the Fraunhofer

pattern indicates the presence of a second harmonic term in the CPR. Unconventional
superconducting pairing such as d-wave pairing can also be detected from the interference pattern
by looking at different current geometries of the junction. In the case of d-wave pairing, this would
result in a critical current minimum at zero flux rather than a maximum due to the m-phase
difference in the wave function along the two adjacent edges as shown in Fig. 2.8. In fact, the
strongest evidence for the existence of a d-wave order parameter in the cuprates comes from such

an experiment®,
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Fig. 2.8 Quantum interference of the superconducting order parameter: The expected
Fraunhofer interference pattern of the superconducting order parameter in a corner Josephson
junction for an s-wave superconductor (on top) and a d-wave superconductor (on bottom). Figure

adapted with permission from ref.*.
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2.3 Non-reciprocal transport in superconductors

2.3.1 Introduction

A non-reciprocal response is one in which the response of a system to an external stimulus
like light, heat, electric fields, etc. is not the same when the direction of the stimulus is reversed.
Non-reciprocal responses to external stimuli in condensed matter are of great importance both
fundamentally for understanding the implications of symmetries on the system and for various
technological applications in memory, sensor and logic devices. The starting point for the
semiconductor industry, which has been at the forefront of important technological developments
since the 20" century was the discovery of the p-n junction diode, which has a non-reciprocal
current response to the application of a voltage stimulus in forward and backward directions. The
fundamental requirement for the observation of any non-reciprocal response is the breaking of
inversion (T) symmetry in the system. In addition, certain non-reciprocal processes may require
the breaking of time-reversal (T) symmetry as well. The engineering of non-reciprocal responses
in superconductors is quite interesting as it allows for the creation of technologies with minimal

energy dissipation.

Non-reciprocal responses can be classified into four different categories based on whether
the response is linear or non-linear and if the system has T —symmetry or not, as done by Y. Tokura

and N. Nagaosa**.

Nonreciprocal response Linear response Nonlinear response
Time-reversal unbroken Forbidden (diagonal) Shift current
Natural circular dichroism (off-diagonal) Nonlinear Hall effect
p-n junction
Time-reversal broken Optical ME effect Nonreciprocal nonlinear optical effect
Magnetochiral effect Electrical magnetochiral effect
Nonreciprocal magnon Inverse Edelstein effect

Magnetochiral anisotropy

Table 2.1 Classification of non-reciprocal responses in non-centrosymmetric materials based
on the type of response and the presence or absence of time-reversal symmetry. Table reproduced

with permission from ref.**, Springer Nature
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2.3.2 Onsager’s reciprocal relation

The Onsager reciprocal relation laid out by Lars Onsager in 1930 forms the basis for
existence of reciprocal relations in macroscopic thermodynamic systems with microscopic
reversibility*#. He applied this idea to a few different examples like thermoelectric phenomena,
electrical conduction and diffusion. Of particular interest to us is the case of electrical conductivity.
The general Onsager relation for any process can be written using a linear response function, which

satisfies the relation

Jac(q, w,B) = gpecjca(—q, w,—B)

Where ¢4, e = =1 depending on whether A or C is even or odd with respect to T operation. q is
the wave vector and w is the frequency. Applied specifically to the electrical conductivity tensor

this gives,
O-ij(q' w, B) = O—ji(_q) w, _B)

Certain non-reciprocal processes such as magneto-chiral effect, circular dichroism, Kerr
and Faraday rotation can be described under this linear response formalism of the Onsager
reciprocal relation. It is to be noted that non-reciprocal responses for diagonal elements (i.e.) a;;,
require the explicit breaking of T —symmetry whereas it is possible to obtain non-reciprocal linear
responses for off-diagonal elements without the need for T —symmetry breaking. However, it’s
quite different for the case of non-reciprocity in non-linear responses. Non-linear non-reciprocal
responses usually result in directional I — V' characteristics and may or may not require explicit
T —symmetry breaking. It is possible to obtain non-reciprocal responses in non-linear process that
are multiband effects or involve electron correlations that break down the ideal Bloch picture of
electronic wave functions. The Bloch wave functions are essentially single-particle wave function
of electrons that do not include electron correlations. In the presence of T —symmetry, they obey

the condition
ko = €—ko'

Where k is the crystal momentum and o is the spin state. This can break down in the presence of
electron correlations or if the process concerned is a multiband process that does not necessarily

obey Bloch equations or if there are dissipative processes involved*’. In the presence of electron
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correlations, the band structure of a non-centrosymmetric material can be modified asymmetrically

depending on the direction of the applied electric field (E).
€k, (E) # €_g o' (—E)

The best example for this is the p — n junction diode, which shows non-reciprocal I — V
characteristics without T —symmetry breaking. The non-reciprocity in this system originates due
to change in the width of the depletion layers upon applying a voltage and can be attributed to the
electron correlations induced by Coulomb interactions in the depletion layer of the system.
Another example of non-reciprocity in the presence of T —symmetry is the observation of shift
currents in polar insulators, which is essentially an interband current induced by optical excitations
related to the Berry phase of the bands as opposed to regular transport which is an intraband
process. However, the supercurrent diode effect that we shall discuss in this thesis is a non-linear

non-reciprocal single-band process that requires the explicit breaking of T —symmetry.

2.3.3 Magneto-chiral anisotropy

The electrical magneto-chiral anisotropy is a non-linear non-reciprocal phenomenon that
requires the explicit breaking of T —symmetry. It is when the resistance of an inversion symmetry
lacking material depends on the direction and magnitude of the applied magnetic field. It was put
forth by Geert L. J. A. Rikken in 2001 to explain the phenomenological observation of non-
reciprocal resistance under a magnetic field of chiral R — and L — bismuth helices based on

symmetry arguments*®. The resistance of a non-centrosymmetric material is given by:
R(I,B) = R, + y'B.I + BB?

Where R, is the resistance in the absence of any external magnetic field, y is the magnetochiral
anisotropy and g is the co-efficient for normal magnetoresistance. For chiral materials, usually
yR = —yL. Since then, magneto-chiral anisotropy has been observed in many non-
centrosymmetric materials. Magneto-chiral anisotropy (y or MCA) is essentially an empirical
quantity used to quantify non-reciprocity in electrical transport. y in metals is usually quite small
of the order of 1073 — 1072T 141 as the spin-orbit coupling energy is usually smaller than the

Fermi energy. It is predicted that the effects of spin-orbit coupling in the superconducting state are
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enhanced, as they are comparable to the superconducting energy gap A. y has been measured in
some superconductors with broken inversion symmetry. The value of y for MoS: in the
superconducting fluctuation regime®® was found to be around 1200 T~1A~1. This observation
provided the first signature of possible non-reciprocal transport in superconductors with broken
inversion symmetry. For a heterostructure composed of multiple superconductors such as
Nb/V/Ta, y reaches around 550 T-1A~1 close to T, supporting the hypothesis of an enhanced
spin-orbit coupling effect in the superconducting state. It was in this heterostructure that the

superconducting diode effect was also first reported®.
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Fig. 2.9 Magneto-chiral anisotropy: (a) The change in resistance of chiral bismuth helices of
opposite chiralities L-(triangle) and D-(square) upon application of a magnetic field at 300 K and

(b) 77 K. Figure adapted with permission from ref.%8

2.3.4 Supercurrent diode effect

2.3.4.1 Introduction

The supercurrent diode effect is achieved when the critical currents of a superconductor or

a Josephson junction are unequal when the currents are applied along opposite directions. This
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leads to the interesting possibility of sourcing unidirectional supercurrents while the currents are
dissipative along the opposite direction. The terminology of the supercurrent diode effect is in
analogy with the non-reciprocal conductivity of a semiconductor diode. The semiconductor diode
has many applications like in rectifiers, sensors, logic, etc. and has led to the invention of the
modern bipolar transistor, which forms the basis of most computing devices today. With Moore’s
law for semiconducting transistors nearing its end, it is crucial to look for alternative energy
efficient platforms to perform computations with scalability. Superconductors provide a
fascinating, near dissipationless platform for performing computations in an energy efficient way
and at a rapid pace. As discussed in the previous section, in order to observe the supercurrent diode
effect induced by the spin-orbit coupling in the superconducting state, the spin-orbit coupling
energy scale needs to be comparable to the superconducting energy gap (A) which is of the order

of meV instead of the Fermi energy (Er) which can be of the order of eV

2.3.4.2 Symmetry requirements

Now, let us look at the symmetry requirements for a supercurrent diode effect.
Conventional BCS superconductors require the existence of particle-hole symmetry in the system
(Refer section on BCS theory) which implies that the superconducting energy gap (A) and thereby
the gap closing current (I,.) is the same in opposite directions. The presence of non-reciprocal
critical currents in the system indicates the existence of unequal superconducting gaps in opposite
directions, thereby requiring the breaking of particle-hole symmetry in the superconductor. (i.e.)
the energy spectrum of the superconductor needs to be asymmetric with respect to k. We shall see
in later chapters on how this symmetry breaking can be achieved leading to the supercurrent diode
effect. This non-linear process requires the breaking of time-reversal symmetry of the system and
like any other non-reciprocal effect, inversion-symmetry breaking is an inherent requirement as
discussed in Onsager’s reciprocal relation. Therefore, intrinsically the presence of a supercurrent
diode effect indicates the presence of a strong deviation from the BCS theory and the possibility

of unconventional pairing mechanisms.
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2.3.4.3 State-of-the-art in supercurrent diodes

This section gives the developments in the field of supercurrent diode effects at the time
before the thesis. The superconducting diode effect (SDE) was first reported® to have been
observed by Teruo Ono’s group in 2020 in an artificial super lattice of superconductors
[Nb/V/Ta]n, which lacks a center of inversion. The lack of inversion symmetry at the interface
between the elemental superconductors leads to the presence of a Rashba-type spin-orbit
interaction that causes a spin-dependent band splitting in the system that in the presence of a
magnetic field perpendicular to the direction of current breaks the time-reversal symmetry of the
system and creates unequal critical currents in the system. The diode effect, defined as Al, = I} —
|I-| was found to be large close to the T, around 4.2 K and vanish at lower temperatures. The
MCA of the system was also calculated from the second-harmonic resistance and was found to be
very large close to T,.. The observation of SDE in the system was rather phenomenological and no
detailed description of the underlying mechanism was provided. Later, SDE was also reported in
few layer NbSe2>°, which is an Ising superconductor and is expected to have a Zeeman type spin-
orbit coupling. The marked difference here as compared to the previous case, comes from the
nature of spin-orbit coupling in the system and consequently an out-of-plane magnetic field was
required to observe an SDE. A SDE was reported in small-twist angle trilayer graphene® in the
absence of an applied magnetic field indicating the presence of spontaneous time reversal breaking
in the system. A valley-polarized occupation of the underlying Fermi surface was attributed as the

cause of the spontaneous time reversal breaking in the system.
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Fig. 2.10 Superconducting diode effect (SDE) in [Nb/V/Ta]n: (a) Schematic of the multilayer
superconductor structure depicting the flow of electrons in one direction and Cooper pairs in the
opposite direction. (b) Optical image of the device used for measurements with the magnetic field
perpendicular to the current direction. (c) Temperature dependence of Al. measured in positive
and negative magnetic fields showing that the effect is maximized around 4.2K. Figure reproduced

with permission from ref.®, Springer Nature.

Another avenue to realize supercurrent diode effects is in Josephson junctions, where the
supercurrents can flow through the normal barrier when in proximity to superconducting
electrodes. The non-reciprocity in critical currents obtained in a Josephson junction is labelled
Josephson diode effect (JDE). Josephson diode effect was first reported in a Josephson junction
array of InAs quantum wells proximitized with aluminium electrodes by measurements of both
the critical currents and the kinetic inductance of the Josephson junctions’. InAs is a semiconductor
with a 2D electron gas and known to have a strong spin-orbit coupling and has been explored a lot
in connection with topological superconductivity. A very large MCA of 4.1 x 106 T~1A~1 was
also observed closed to the T, of the junction. The presence of a JDE was correlated with the

presence of a non-sinusoidal term in the CPR of the junction.
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Fig. 2.11 Josephson diode effect in an array of InAs junctions: (a) Schematic of the InAs
Josephson array consisting of the 2DEG at the bottom with the superconducting aluminium
electrodes on the top. (b) The evolution of the CPR expected for positive and negative magnetic
fields perpendicular to the current direction. (c) Inductance measurements show a shift in the
minima at different magnetic fields that can be used to estimate the CPR. Figure reproduced with

permission from ref.”, Springer Nature.

The first observation of a magnetic field-free JDE was reported in a vertical van der Waals
heterostructure of NbsBrs sandwiched by NbSe2 on the top and bottom?. Though the exact origin
of this effect is not fully understood, since NbsBrs does not have a magnetic ground state that
breaks time-reversal symmetry, the spontaneous time reversal symmetry breaking in the system
was attributed to the obstructed atomic insulator nature of NbsBrs with Wannier charge centers
symmetrically pinned at the unoccupied inversion centers between two Br-Nb-Br layers. The effect
observed in this paper was very different from the previous reports as the JDE in this case was
found to be symmetric with respect to the field. More details on this work are discussed in the
appendix. Later, a field-free JDE was also reported in platinum on top of a ferrimagnetic insulator
yttrium iron garnet YsFesO12 (YIG), proximitized by niobium electrodes®. The proximity-induced
magnetization in platinum was used to induce a field-free JDE, the polarity of which could be
switched by reversing the magnetization of the underlying YI1G layer. The efficiency of the diode

effect in various materials so far can be found in the appendix.
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Fig. 2.12 Polarity controlled zero field JDE in Pt/YIG heterostructure junctions: (a) Schematic
of the Pt/YIG Josephson junction with the superconducting niobium electrodes on the top and the
momentum shift induced by the combination of the exchange spin splitting and Rashba SOC. (b)
The polarity of the JDE is reversed when the magnetization of the underlying YIG layer is switched.
(c) Efficiency of the JDE for various separations of the platinum layer from the YIG. Figure

reproduced with permission from ref.5? Springer Nature.

2.4 Hidden Inversion symmetry breaking and Superconductivity

2.4.1 Introduction

As discussed in BCS theory the existence of inversion and time reversal symmetries are
crucial for spin-singlet s-wave pairing. But the breaking of inversion symmetry is necessary for
the observation of non-reciprocal effects in transport. Though non-centrosymmetric
superconductors exist, they are not plenty in number as superconductivity is inherently not
supported in them according to BCS theory. One way to go about this is to look at materials that
are centrosymmetric globally but there is a lack of inversion symmetry locally. In this case, the
superconductivity can still be sustained but the local spin polarizations induced by the inversion
symmetry breaking can modify the pairing symmetries and lead to unconventional
superconductivity in the system. Different centrosymmetric point groups that host locally non-

centrosymmetric atomic point groups and the corresponding spin-momentum locking are shown
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in Table 2.2. A more detailed discussion of spin polarization due to local inversion symmetry

breaking and its implication on superconductivity can be found in the literature®*®*. This section

discusses one such structure (1T) with local inversion symmetry breaking that is present in both
the materials (NiTez and PtTez) studied in this thesis.

Site point
group
Non-polar (all sites)
(Dy, D3, Dy, Dg, Sy,

D5y Capp D3y T, Ty, 0)
Bulk space
group

\

Non-centrosymrpetric
(for example, F43m)

a
D-1
Example: GaAs, ZrCoBi

d
Centrosymmet_ric D-2
(for example, R3m) | Example: Si, NaCaBi

Non-centrosymmetric (at least one site)

Polar (at least one site)
(G, €, G5, Gy G, Cry Cop Csy Gy Gy

Dipoles add up to
zero

Dipoles add up to
non-zero

b c
D-1 R-1&D-1
Example: y-LIAIO, Example: BiTel, o-SnTe

e
R-2&D-2
Example: MoS ,, Bi,Se,, LaOBIS,

Ddh' 56' D3d' c6h'D6h' Th' oh)

Centrosymmetric
(all sites)

(G Co Doy Cape

Not possible (Site point group
cannot be centrosymmetric
if space group is
non-centrosymmetric)

f
Absence of spin polarization
Example: B-SnTe

Table 2.2: Classification of centrosymmetric and non-centrosymmetric space groups based on

atomic point group symmetries along with possible spin-momentum locking. Table reproduced

with permission from ref.53, Springer Nature.
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2.4.2 Hidden spin-momentum locking in 1T (trigonal) and 2H(hexagonal) transition

metal dichalcogenides (TMDCs)

---------

3

2H 1T

Fig. 2.13 Schematic of 2H and 1T structures: The 2H structure is non centrosymmetric in the
monolayer but center of inversion is restored in the bilayer. The 1T structure is centrosymmetric
down to the monolayer but hosts atomic sites that lack inversion symmetry. Figure reproduced

with permission from ref.5®

In order to understand the physics of Cooper pairing in 1T(trigonal)-TMDCs, let us first
start by considering their crystal structure. 1T systems crystallize in the P-3m1 space group, which
IS a centrosymmetric space group that is not expected to have any asymmetric spin-orbit coupling
interactions like the Rashba or Dresselhaus effects. Each layer consists of three sublayers with a
layer of transition metal atoms located in the center and sandwiched by two sublayers of
chalcogenide atoms on the top and bottom as shown in the schematic in Fig. 2.14. The transition
metal atoms are coordinated with the chalcogenide atoms in their close vicinity in an octahedral
fashion. This gives the transition metal atoms a Dsd point group symmetry, which includes a center
of inversion. The chalcogenide atoms on the other hand, have a Cay point group symmetry, which
lacks a center of inversion. This lack of inversion symmetry, locally within the unit cell leads to
the existence of equal but opposite electric dipoles pointing out-of-plane and consequently
asymmetric helical spin—orbit couplings on the top and bottom layers of chalcogenide atoms as

shown in Fig. 4.1. Though globally the spin-orbit coupling strength adds up to zero, the existence
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of locally broken symmetries and hence, a ‘local Rashba effect’ in the system leads to the existence
of a layer-dependent spin-momentum locking in the system where the spins in the top and bottom
chalcogenide layers are oppositely spin-polarized. This is known as ‘spin-layer locking’ and has
been observed through ARPES in few layers of PtTe2®, PtSe2*, etc. and in bulk MoSz8. The
existence of such a spin-polarization and the formation of bulk Dirac cones in 1T systems due to
non-centrosymmetry of the chalcogen atom, has been explained in detail and also observed
experimentally by Bahramy M. S. et. al.8 in a variety of TMDCs. Though compensated globally,
the existence of such a ‘hidden spin polarization’ due to locally broken symmetries can lead to
interesting transport effects and exotic order parameters such as pair density waves?* in the

superconducting state of such materials.
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b @@= = a

Fig. 2.14 Local electric dipoles in 1T structure: The centrosymmetric 1T structure hosts atomic
sites that lack inversion symmetry leading to electric dipoles of opposite polarity on the chalcogen
sites and consequently spin polarization and helical spin-momentum locking in the chalcogen-

derived electronic bands.

Let us now digress a bit and discuss the structure of 2H(hexagonal)-TMDCs as the
structure-property correlations in them are well studied and are understood better. 2H-TMDCs

have a trigonal prismatic coordination with the transition metal having a Dsn point group symmetry
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that lacks an inversion symmetry. Unlike 1T-TMDCs which are centrosymmetric in the monolayer
but non-centrosymmetric when considering the atomic site point group symmetry, 2H-TMDCs
break inversion symmetry at the monolayer level and have it restored in the bilayer by an AB type
stacking. The electric dipole in this case lies in the plane of atoms as shown in Fig leading to a
spin-orbit field B, « E x k. This results in a spin-momentum locking in the system that points
out-of-plane called as Zeeman-type spin momentum locking and alternates with each layer. This
is reflected in the electronic structure as out-of-plane spin-polarized bands with opposite signs
around K and K’ valleys in the momentum space as shown through spin- and angle- resolved
photoemission spectroscopy (SARPES) in Fig. 2.15 for 2H-WSe2*® and through DFT calculations
in Fig. 2.16 for a monolayer of 1H-NbSe2 and 1H-TaS2%°. This opposite spin-momentum locking
at alternating valleys in semiconducting 2H-TMDCs has led to the field of valleytronics, which
involves controlling the valley degree of freedom of electrons. However, this is outside the scope
of this discussion and won’t be discussed further. Some examples of TMDCs with this structure

include MoSz, NbSez, TaSz, WSe, etc.
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Fig. 2.15 Ising spin-polarization in 2H-WSe>: (a) The 2H structure of WSe2 viewed along the a-

axis. It is non-centrosymmetric in the monolayer and has electric dipoles on the transition metal
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atom. Consequently, the bands derived from the transition metal atom orbitals have an Ising spin
polarization. (b) Out-of-plane spin polarization is observed in the spin resolved density of states
while in-plane spin polarization is absent indicating the presence of an Ising spin-momentum

locking. Figure reproduced with permission from ref.>, Springer Nature.

2.4.3 Cooper pairing in 2H- and 1T- TMDCs

For this discussion, the object of interest in these systems is the superconducting state in
these spin-polarized systems. Some of the 2H-TMDCs like NbSe2 and TaSz are known to be
superconducting. The Fermi surface of NbSe2 and TaS2 computed by density functional theory
(DFT)®%8! displaying the spin-polarized bands derived from the Nb and Ta orbitals are shown in
Fig. 2.16. It has a hexagonal Brillouin zone and a Fermi surface with three-fold symmetry as
reflected from the lattice. As it can be noticed, there are out-of-plane spin-polarized pockets around
I', K and K’ with K and K’ having opposite spin polarizations. As discussed in BCS theory, the
Cooper pairs are formed between electrons located at opposite points in momentum space with
net-zero center of mass momentum and of opposite spin angular momentum to conserve the
momentum and antisymmetric nature of the fermionic wave function respectively. In this case, the
electrons at opposite momenta have opposite spins with their spin quantization axis only in the
out-of-plane direction leading to the formation of Cooper pairs with strong spin-momentum
locking leading to what is known as ‘Ising’ superconductivity. The pairing can occur between
electrons in pockets centered at I point or between electrons in pockets centered at K and K’
points. The strong spin-orbit field in thin layers of Ising superconductors provide them immunity
from depairing effects of the magnetic field applied parallel to the surface plane, leading to upper
critical fields far above the Pauli paramagnetic limit®%5263 There has been a recent report of an
orbital Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state created in NbSez under very strong
parallel magnetic fields as the spins remain unaffected by the strong parallel magnetic fields which

couple to the orbital angular momentum of the system?®,
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Fig. 2.16 Ising pairing in 1H-NbSe; and 1H-TaS;: (a) The 2H structure of consisting of a bilayer
of NbSez or TaSz. (b) The Ising pairing mechanism in 2H-superconductors lead to strong
protection from external pair breaking magnetic fields far above the Pauli paramagnetic limit.
Pairing of spin-locked electrons occurs in bands centered around the I' point and in bands

centered around K and K’ points. Figure reproduced from ref:%° , Springer Nature.

Now with this in mind, the Cooper pairing in 1T structures can be discussed. As stated
earlier, 1T structures are centrosymmetric but the presence of electric dipoles pointing out-of-plane
on the top and bottom chalcogen sites in a monolayer gives rise to an in-plane helical spin-
momentum locking on the bands arising from the chalcogen orbitals®. Let us consider the example

of 1T-NiTez. In this system, close to the Fermi level there are spin-polarized topological surface
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states. The spin-polarized Fermi surface of NiTez calculated by DFT is shown in Fig. 2.17. There
are multiple pockets located around I" and K points with an overall helical spin-momentum locking
structure. Cooper pairing of spin-momentum locked electrons occurs between electrons located at
k and —k points in the momentum space. The spin-momentum locking allows for control of the
electronic bands with the help of a Zeeman field. A detailed explanation on the creation of non-
zero momentum Cooper pairing and how it leads to the creation of a supercurrent diode effect in

1T structures is discussed in chapter 4.

Fig. 2.17 Fermi surface of 1T-NiTe.: DFT calculations showing the spin-polarized Fermi surface
of 1T-NiTe2 with hexagonal symmetry and helical spin-momentum locking across multiple pockets.
Figure reproduced from ref.! , Springer Nature.

48



3

Experimental methods
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3.1 Introduction

Throughout the thesis, multiple experimental tools are used to fabricate, characterize and
measure electronic devices pertaining to the Josephson diode effect in certain van der Waals
transition metal dichalcogenide (TMDC) systems. In this chapter, the working principles of the
tools and the methods used extensively are explained in detail. Especially the dilution refrigerator
setup, which I had the privilege to set up and work with on many exciting experiments. The device
fabrication process includes mechanical exfoliation of the van der Waals crystals, defining the
electrodes using electron-beam lithography and photolithography, deposition of the
superconducting electrodes on top of the flakes and lifting off the residual resist. The device is
then characterized using a scanning electron microscope to find the exact spacing between the
electrodes and an atomic force microscope is used to measure the thickness of the flake and
deposited electrodes. The electrical transport characterization that involves the bulk of the data
presented in the thesis is then performed in a dilution refrigerator setup that is capable of reaching
temperatures below 10 mK. Some basic electrical characterizations are performed in a Physical

Property Measurement System (PPMS).

3.2 Device fabrication

3.2.1 Mechanical exfoliation of van der Waals materials

Van der Waals materials or more commonly known as two-dimensional (2D) materials are
materials that are held together strongly by covalent chemical bonds in two directions (usually the
crystallographic ab directions) while weakly connected by van der Waals force in the third
dimension®. The van der Waals force is usually very weak and can be broken using either physical
or chemical forces. This process is known as exfoliation and can be used to break down three-
dimensional bulk crystals of the material to form two-dimensional sheets of the material. The
reduction in the dimensionality created by this top-down process opened a new door to study the
physics of materials in lower dimensions. For example, the physics of two-dimensional electron
gases (2DEG) which was previously studied by fabricating complicated semiconductor

heterostructures®® can now easily be accessed by exfoliation of van der Waals crystals down to the
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monolayer limit. This was first discovered by A.K. Geim and K.S. Novoselov by mechanically
exfoliating graphene using scotch tape®®, which is a single two-dimensional layer of graphite, for

which they won the Nobel prize in 2010.

Mechanical exfoliation is a physical exfoliation process wherein a bulk van der Waals
crystal is thinned down into few layers by repeatedly peeling it with the help of an adhesive tape
like Scotch® tape or Nitto® tape and then attached to a clean substrate like silicon coated with SiO>.
In our case, we exfoliate van der Waals transition metal dichalcogenides (TMDCs) like NiTez and
PtTe2 which have relatively stronger van der Waals force compared to other van der Waals
materials like graphite or other TMDCs like MoSz, NbSe2, WTez, etc. and are hence difficult to
exfoliate down to the monolayer limit. The ratio of c-axis lattice parameter to a-axis lattice
parameter known as c/a ratio is a good indicator of the strength of van der Waals force between
the layers. In the case of graphite, 2H-MoSz and 2H-NbSez, the c¢/a ratios are 2.73, 3.90 and 3.65
respectively, whereas in the case of 1T-NiTez and 1T-PtTez, the c/a ratios are 1.34 and 1.29
respectively. Hence, we try to find very thin layers of these materials (not down to the monolayer)
with dimensions reasonable enough to fabricate devices for our studies. Both 1T-NiTez and 1T-
PtTe2 are extremely air stable and do not require an inert atmosphere. Exfoliation of the flakes is
done both under ambient and inert atmospheres and does not produce any significant difference in

the quality of the devices. The exfoliation process is as follows:

1) The exfoliation process is done on silicon substrates with 300 nm SiO2 coating that
provides electrical isolation of the exfoliated layers (flakes) and provides a good optical
contrast due to the difference in the optical path of the reflected light to identify and
distinguish the thickness range of the flakes under an optical microscope.

2) Prior to the exfoliation process, the silicon substrates undergo a lithography process to
deposit gold markers on the substrate to locate the flakes and to do the alignment during
device fabrication.

3) The silicon substrates then undergo a thorough cleaning process to remove any adsorbed
impurities. They are cleaned with acetone, ethanol and isopropanol for 10 minutes each
with ultrasonication. They are then heated on a hot plate for 2 minutes at 100 °C to dry
them and then treated under oxygen plasma for 15 minutes to remove the residual organic

solvents.
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4) Meanwhile the flat side of a bulk TMDC crystal of NiTez or PtTez is placed on the adhesive
side of blue Nitto tape, covered with the tape on top and pressed thoroughly, applying a
strong force using the thumbs to make it stick to the tape. The tape is then pulled apart in
one swift motion to cleave the crystal. This process is repeated three to four times to thin
the crystal down to a few layers.

5) The exfoliated crystal on the tape is then transferred on to the silicon substrate by placing
it on the substrate area and gently rubbing it with a tweezer to remove any air bubbles.

6) The tape is then gently peeled off the substrate with a very slow motion moving at roughly
0.5 mm/s to leave behind some thin flakes on the substrates. It is to be noted that heating

the substrate during exfoliation doesn’t significantly improve the yield of thin flakes.

The substrate is then inspected under an optical microscope to identify flakes of suitable
thickness. It hard to distinguish the exact thickness of the flakes in this case from the optical
contrast. Thicker flakes are more reflective and appear brighter while thinner flakes appear
relatively dull as shown in Fig. 3.1 (d)-(e). Flakes of suitable sizes are selected by comparing their
sizes with the 10 wm wide alignment markers and their thickness is checked using an atomic force

microscopy (AFM).

(@) (b) (©) (d)

Yora7

Thicker flakes of PtTe,
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Fig. 3.1 Mechanical exfoliation of PtTez: (a)-(d) A schematic showing the mechanical exfoliation
process of a van der Waals crystal. Figures reproduced with permission from 7. (e)-(f) Optical
images of thin and thick flakes of PtTe2 on Si/SiO2 under an optical microscope. The thicker flakes
are highly reflective and have a metallic sheen while the thin flakes appear dull and have a

different colour.

3.2.2 Photolithography

Photolithography is the process in which a photosensitive polymer coated on a substrate is
exposed to a beam of photons on a desired area to produce the required structures. The typical
resolution that photolithography can achieve is around 1 um and is used to make larger structures
such as contact pads and alignment markers. Photolithography is performed using a Maskless
Aligner 150 (MLA 150) from Heidelberg Instruments. The Maskless Aligner uses a 375 nm solid-
state laser and has a high-speed spatial light modulator and an ultrafast 2D sample stage that helps
expose the substrate without the need for any hard mask. The photolithography process involves
two types of photosensitive polymers known as positive and negative photoresists. The exposure
of the positive (negative) resist to the laser softens (hardens) it during the development process. A
schematic of the photolithography process is shown in Fig. 3.2. Prior to the photolithography
process, the required design is written in the “.GDS” format using a software such as Layout

Editor. The photolithography process is as follows:

1) The silicon substrate is cleaned in acetone, ethanol and IPA for 5 minutes each. Care is
taken that no strong force that displaces the flakes from the substrates such as an ultrasonic
force is applied.

2) The substrate is then heated at 100 °C for 2 minutes to dry the solvent residues.

3) The substrate is spin-coated with a positive (AR — P 3540 T) or negative photoresist
(AR — N 4340) from Allresist as required at 4000 rpm for 1 minute and heated at 100 °C
for 1 minute.

4) The substrate is then exposed to the laser using MLA 150 with the required design.

5) The exposed substrate is then developed using a developer such as AR 300 — 44 (for

positive resist) or AR 300 — 475 (for negative resist) for 1 minute to remove the resist
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from unwanted areas, stopped with water for 60 seconds and the developed design is
checked using an optical microscope. The developed substrate is then used for etching and
deposition.

6) The subsequent liftoff of the undeveloped resist is performed by immersing the substrate
in acetone for 30 minutes followed subsequently by gentle ultrasonication in case no fragile

structures are present on top of the substrate.
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i ' Lifioff
Photoresist Develop Deposition ifto
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Fig. 3.2 Optical lithography process: A schematic showing the different steps involved in the
photolithography process with both positive and negative resists. The two resists form structures

complimentary to each other and can be chosen based on the process requirement.

3.2.3 Electron-beam lithography

The electron-beam lithography (e-beam lithography or EBL) process is similar to the
photolithography process except it uses a high-energy focused electron beam from an electron
column, which provides a much better resolution in comparison to a photon beam and is used to
fabricate smaller structures of the order of ~100 nm and uses a polymer sensitive to the high-
energy electrons (PMMA) rather than photons. The electron beam lithography is performed using
a Raith Pioneer Two system and has a similar 2D stage like the photolithography system that is
controlled by a laser interferometer. When using the electron-beam, it is important that the
substrate used is conducting and grounded to avoid charging effects that might affect the imaging
and patterning process. Insulating substrates are usually covered with a conductive polymer to
achieve this. The EBL process involves a lot of parameters like the acceleration voltage, beam

current, aperture size, dose, working distance, stigmation, etc. that need to be optimized in order
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to obtain the best results. The optimization of these individual parameters can be found in the Raith

manual.

In our case, a double layer e-beam resist where the lower layer is a weak polymer that

develops faster is used. This creates an undercut in the resist and promotes easier lift-off after

deposition and helps avoid ultra-sonication of the flake. This undercut can also lead to formation

of structures that are slightly larger than that intended by the actual design. A dose test is performed

with closely-spaced wires like in our Josephson junctions to optimize the dose at which the best

resolution is obtained and to find the difference between the intended separation and actual

separation between the wires for a given acceleration voltage. The results of this test are presented

in Fig. 3.3. The steps to perform the EBL process are as follows:

1)

2)
3)

4)

5)

6)

7)

8)

The silicon substrate is cleaned in acetone, ethanol and IPA for 5 minutes each. Care is
taken that there is no strong force that displaces the flakes from the substrates such as an
ultrasonic force is applied.

The substrate is then heated at 100 °C for 2 minutes to dry the residual solvents.

The substrate is spin-coated with a positive EBL resist AR — P 669.04 from Allresist at
4000 rpm for 1 minute and heated at 150 °C for 1 minute. The substrate is then cooled
down for 1 minute and then the same procedure is repeated with the resist AR — P 679.03.
The substrate is spin-coated with a conductive polymer Electra AR — PC 5090.02 from
Allresist at 2000 rpm for 1 minute and heated at 85 °C for 2 minutes. The conductive
polymer is water-soluble and helps avoid charging of the substrate by the electron beam.
The substrate is then cooled down, attached to the sample holder, loaded into the EBL
system and pumped down until the vacuum goes below 10> mbar.

The sample stage is then moved under the electron column and the electron column is
activated by setting the acceleration voltage to 10 kV and aperture size to 10 um.

The previously optimized settings are loaded followed by the origin correction, angle
correction and three-point alignment using the markers on the substrate. The design is then
loaded into the Raith Pioneer Two Litho software and the dose set to 100 xJ /cm? and the
writefield to 100 um. The exposure time is calculated and the e-beam exposure is started.
After the exposure is finished, the substrate is unloaded, the Electra is removed by

immersing in water for 60 seconds and the sample is developed for 90 seconds in
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AR 600 — 56, stopped with IPA for 30 seconds and the developed design is checked using
an optical microscope. The developed substrate is then used for etching and deposition.

9) The subsequent liftoff of the undeveloped resist is performed by immersing the substrate
in acetone overnight to gently remove the underlying resist without damaging the fragile
nano-structures present on top of the substrate. The excess deposits on the top are gently
blown away using a pipette in acetone and the substrate is cleaned with IPA to remove the

acetone residue on the substrate.

400 T T T T T T T T T
| Acc. voltage:10 kV_Aperture size:10 um_Working distance:10 mm
350 |L—m— 80 uliem? u .
| |- @ 88 nJicm?
A 96 uJicm?
~300 o 104 plfem? e
E | Develop: ]
‘5’250 - 90 s (600-56) + 30 s (IPA) i
O | Deposit:(MANGO)
% (2 nm)Ti/(30 nm)Nb/(3 nm)Pt A
7 200 | [ | ® 7]
S 150
<
100
50
0 1 1 M 1 M 1 L 1 L
320 360 400 440 480 520

Distance in design (nm)

Fig. 3.3 E-beam lithography calibration: A calibration of the EBL process with different doses
for different electrode separations in the design for 10 kV acceleration voltage and 10 um aperture.
The separations are measured with SEM after liftoff. The dashed line is used to infer the design

separation at which 100 nm actual separation can be achieved at different doses.

3.2.4 lon-beam milling and Ion-beam deposition

After lithography and development, the substrate is ready for etching and deposition of

electrode material. This process is performed in the Scia Coat 200 system, which is capable of
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ion-beam milling and sputter deposition of up to 4” wafer sizes. lon beam milling uses a broad
beam of positive charged ions, such as argon ions (Ar*) to physically etch material from the wafer
substrate by ion bombardment. Controlled etching of the thin films in the system is possible with
the help of secondary-ion mass spectrometry (SIMS). lon beam sputtering or ion beam deposition
(IBD) uses a high-energy ion beam facing the target material. The resulting ion bombardment
physically removes material from the target, which is deposited on the substrate surface as shown
in Fig. 3.4(b). The Scia system has low sputtering pressure and has low process temperatures
enabled by helium cooling on the backside of the wafer. The Scia system can host up to six
different target materials on a carousel, which makes the deposition of multiple materials without
breaking vacuum feasible.

In our case, the substrate is attached to the 4” wafer holder after the lithography process
with the help of kapton tape. All etching and deposition processes in the system are fully automated
with the help of recipes. The substrate is loaded in to the load lock of the Scia system and pumped
down to 107 mbar quickly with the help of a turbo pump. The substrate is then automatically
transferred into the main chamber by a robotic arm. The deposition rates of the targets were
calibrated by Dr. Jae-Chun Jeon. The substrate is gently etched at 120 degrees at 280 W power,
100 VV beam voltage and 500 V acceleration voltage for 1 minute before deposition to clean the
surface of the material from residual resist and other surface contaminants before deposition. The
angle is then set to 155 degrees for the deposition of titanium, niobium and gold of the desired
thicknesses as described later in the thesis using the following parameters: Power = 500 - 600 W
(regulated by beam current), Beam Voltage = 1200 V, Accelerator Voltage = 250V, Beam
Current ~ 125 mA, Accelerator Current ~ 3 mA, Neutralizer Current = 200 mA, Ar Pressure =
1 — 2 x 10~* mbar MFC1 (Sputter Source) = 15 sccm.
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Fig. 3.4 lon beam milling and deposition chamber: (a) The overall view of the Scia Coat 200
system showing the load lock, assist ion beam etching source, sputter ion beam source and the gas
manifold on top used to control the flow of Ar, Oz and N2. (b) Inner view of the Scia process
chamber showing the relative orientations of the substrate holder, assist ion beam source and the
target carousel. The substrate holder angle can be changed from 90 (perpendicular to Ar* ions
from assist source) to 160 degrees during etching and deposition. Images reproduced from Scia

Coat 200 manual.

3.3 Device characterization

3.3.1 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) consists of a silicon cantilever with a sharp tip used
to map the surface topography and height of thin films and flakes with sub-nanometer resolution
based on measuring the van der Waals force between atoms on the tip and the substrate. The AFM
can be operated in one of two different measurement modes: the tapping mode and the contact
mode. For both modes, first the tip is brought in close contact with the surface of the substrate.
When the AFM is operated in the tapping mode, the tip attached with the cantilever is oscillated
at its resonance frequency with the help of a piezoelectric actuator. The tip comes in contact with

the sample only during its lowest point. The amplitude of the cantilever oscillation is kept constant
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and tracked with the help of a laser and a position sensitive photodiode. When there is a change in
height, there is a deflection in the mean position of the laser beam that activates a feedback loop
to keep the oscillation amplitude constant, and thus detecting the height change with sub-
nanometer resolution. The tip is then scanned across the sample to map the sample topography. In
contact mode AFM, the tip is at a constant height from the surface of the sample, essentially in
contact with the sample, maintaining a constant force and it is moved laterally across the sample.
Any difference in height would cause a deflection of the cantilever and consequently the laser spot,
activating the feedback loop of the system to maintain constant height. The lateral forces in contact
mode can easily scratch soft samples, while the tapping mode can blunt the tip after repeated use.
The AFM is used in tapping mode to map the height of the exfoliated flakes and thickness of the

electrodes in the fabricated devices.
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Fig. 3.5 Atomic force microscopy (AFM): (a) A schematic of an AFM cantilever with an

atomically sharp tip mounted on a cantilever. The displacement of the tip is detected by the
deflection of a laser beam reflected from the cantilever and the feedback loop is controlled by the
control electronics. The schematic below shows the difference between contact mode and tapping
mode AFM. Figure reproduced with permission from® (b) An AFM image of a vertical Josephson
junction of PtTe: fabricated with NbSe2 on top and bottom. The thickness of the PtTe: flake can be

seen to be around 59 nm.
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3.3.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique used to image samples using an
electron beam scanned across a conducting sample with nanometer resolution. The secondary
electrons reflected off the surface of the sample in combination with the position of the electron
beam is used to image the surface of the sample. The SEM images are also obtained using the
Raith Pioneer Two system. The sample is coated with Electra to avoid charging of the sample.
SEM is used to image the alignment markers during EBL process and the separation between the

superconducting electrodes in the devices after deposition as shown in Fig. 3.6.

(@) (b)

Fig. 3.6 Scanning electron microscopy (SEM) images: (a) A scanning electron microscopy
(SEM) image of a Josephson junction fabricated on an exfoliated PtTe: flake after lithography,
deposition and lift-off. (b) SEM image of electrodes fabricated using EBL for dose test and their

separations measured.

60



3.4 Electrical transport

3.4.1 Physical Property Measurement System (PPMS) DynaCool®

The Physical Property Measurement System (PPMS) DynaCool® is a cryogen-free,

commercially available automated low-temperature and magnet system for the quick measurement
of electrical properties of materials at the variable temperature range between 1.9 and 300 K and
magnetic fields up to 14 T (Fig. 3.7 (a)). The PPMS is cooled down to 4.2 K by helium in a closed-
cycle loop, which is liquefied using a Gifford-McMahon compressor. It can then be cooled down
to 1.9 K by controlling the vapour pressure of “He. The typical cool down or warm up rates in the
PPMS are 10 — 20 K /min and the magnetic field sweep rates are around 100 Oe/s, which allows
for fast turnaround. The magnet is a superconducting solenoid made of NbTi, which is cooled

down by a closed loop of liquefied helium and operated around 4.2 K.

Electrical transport measurements are done on a sample holder with 12 twisted pairs for
electrically contacting the sample. The standard sample holder shown in Fig. 3.7(b) top, consists
of a copper base for making thermal contact to the cold finger of the cryostat, bonding pads for
wire bonding and a 12-pin plug that mates with the internal sockets inside the PPMS chamber. It
is also possible to use a rotator probe in combination with a rotation sample puck (Fig. 3.7(b)
bottom) that can be used to rotate the sample over one full 360 degree rotation. The rotator probe
has a fixed rotation axis perpendicular to the magnetic field direction. Two types of rotator pucks
are available, one with the sample normal perpendicular to the rotation axis, and another with the
sample normal parallel to the rotation axis. These two different configurations of the pucks allow
for rotation of the sample with respect to the magnetic field, with magnetic field changing from
out-of-sample plane to in-plane of the sample and the magnetic field direction changing completely
within the plane of the sample, respectively. In our case, the PPMS is only used for quick testing

of the fabricated devices.
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Fig. 3.7 Physical Property Measurement System options: (a) A schematic of the inner chamber
of the PPMS. The puck is loaded in the chamber and sealed. The wires connecting to the puck are
located in the bottom of the chamber, which helps in thermalizing the system rapidly and
preventing it from bringing additional heat from the surroundings through the top of the chamber.
(b) Various sample holders used for electrical transport measurements in the PPMS. The standard
puck is quite large, can hold samples up to 15mm x 15mm in size. The rotator holder can host
different pucks with different sample plane orientations allowing for different configurations of

the sample with respect to the magnetic field with the use of only a single magnet axis.

3.4.2 Bluefors LD-400 measurement setup

3.4.2.1 Introduction

The LD-400 is a highly automated cryogen-free dilution refrigerator from Bluefors Oy.
This system was commissioned and installed at the end of 2019 and is capable of reaching
temperatures below 10 mK. The fridge has a fast sample exchange where in the sample can reach
the base temperature of the system in about 12 hours. It has a cooling power of 20 ulW at 20 mK
and it is fitted with a 2-axis 9 T — 3 T superconducting vector magnet. It has 24 twisted pairs made

of high-resistance phosphor-bronze, thermalized at each stage of the cryostat, which makes for 48
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DC contacts for low-frequency measurements and 21 coaxial lines made up of CuNi and
superconducting NbTi semi-rigid cables for RF measurements. The system also has six low-
resistance wires that can be used to operate piezo-positioners, rotators, etc. and optical fibers of

FC/PC type that can be used for optical experiments, in principle.

The cryostat is mounted on a heavy-duty aluminium frame with a roughly 200 kg
aluminium plate and suspended from the top to decouple it from the rest of the room and damp
any vibrations or mechanical noise coming into the system as shown in Fig. 3.8. It also has an
active damping system to remove any vibrations in the frequency range 1.2 — 200 Hz. The
cryostat has multiple radiation shields made from mylar, aluminium and gold-plated copper to

shield it from external electromagnetic radiation.
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Fig. 3.8 Bluefors LD-400 Dilution Refrigerator: (a) The Bluefors LD-400 cryostat (right) in
operation mode, located on a sturdy aluminium frame with heavy aluminum plates and active
damping on top. The fast sample exchange enters the bottom of the cryostat through a gate valve.
The 3He-*He mixture in the cryostat is pumped by a turbo pump located in the gas handling system
(GHS) on the left through a large pipe called the still line and is then circulated back into the
cryostat though the condensation line by a scroll pump. The 3He-*He mixture is stored in the tanks
in the GHS when not in circulation. (b) The inside of the cryostat with the shields and the magnet
removed shows the various temperature stages along with the DC and RF wiring. The Still is
connected to the 4 K plate (HS-STILL) and the MXC is connected to the Still (HS-MXC) by heat
switches made of stainless steel rods, which have bad thermal conductivity. This rod is filled with
He gas that transfers the heat from one stage to another at higher temperatures. Active charcoal
is attached to the top part of these stainless steel rods, which acts as a sorption pump below 10 K,
effectively adsorbing all the He gas inside the rods and thermally disconnecting the two stages. In
order to activate the heat switches and thermally connect the two stages, a small heater next to the
sorption pump is activated, thereby releasing the adsorbed He gas back between the two stages.
(c) The bottom loader probe with the fast sample exchange (FSE) mechanism to which the sample

is attached and loaded in the cryostat. As it can be seen, the FSE mechanism also has multiple
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stages that is used to thermalize the sample while loading and each stage is thermally decoupled

from the other.

3.4.2.2 Dilution refrigeration technique

The dilution refrigerator works on a cooling mechanism that involves a mixture of helium
isotopes (*He and “He) in a specific ratio called as a ‘dilution mixture’, hence the name. The
dilution refrigerator is the only cooling mechanism till now that can provide continuous cooling
power down to 2 mK. The cryostat consists of multiple temperature stages (50 K plate, 4 K plate,
1 K or still plate, mixing chamber) as shown in Fig. 3.8(b). The 4 K plate and the magnet are
cooled to roughly 4 K by a Gifford-McMahon compressor and a pulse tube from Cryomech Inc.
using helium gas in a closed circuit. This is also required for the subsequent cool down of the
incoming *He gas. The 3He-*He mixture is located in tanks in the Gas Handling System (GHS),
which is shown in Fig. 3.8(a) left. The sample is attached to a sample holder on a probe (as shown
in Fig. 3.12(a)), pumped for 3 — 4 hours and loaded in the cryostat using a fast sample exchange
mechanism (shown in Fig. 3.8(c)) that attaches to the mixing chamber directly from the bottom
using a pre-optimized recipe that cools down the probe in stages. Then, when all parts attached to
the 4 K plate, 1 K plate and the mixing chamber reach temperatures below 4 K, the recipe for
condensation is started. The mixing chamber and still plate are thermally disconnected from the
rest of the cryostat by the use of electrically activated heat switches. The *He-*He mixture from
the tank is pushed in stages into a U-shaped tube (mixing chamber) located inside the cryostat
attached to the mixing chamber plate (MXC), thereby condensing the entire mixture from the tank
into the chamber. Controlling the vapour pressure of the condensed mixture is used to reach
temperatures below 4 K (down to ~ 800 mK) before beginning the dilution process. The phase
diagram of the 3He-*He mixture is shown in Fig. 3.9(a). “He has the property that it turns into a
superfluid at around 2 K. The presence of ®He in the mixture decreases its superfluid transition
temperature to around 800 mK. If the concentration of *He in the mixture is above a critical
threshold as shown in the phase diagram, phase separation can take place leading to the formation
of two distinct phases as the miscibility of these two isotopes becomes energetically unfavourable.
At around 800 mK, the *He and *He phases are almost immiscible, leading to the formation of

separated dilute (6.4 %) and concentrated (100 %) 3He regions with the boundary level between
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these two phases located exactly at the mixing chamber plate. Now, two important properties of

the dilution mixture make cooling down further possible.

1) Mixing of ®He and “He is an endothermic process. The mixing of these two isotopes absorbs
heat from the surroundings and hence the enthalpy of mixing is positive (AH > 0). Though the
mixing of these two isotopes increases the entropy of the system (AS > 0), the free energy change

is still positive (AG = AH — TAS > 0), making this a non-spontaneous process and requiring

external energy.

2) “He is heavier than ®He making the concentrated *He phase to float on top of the dilute *He

phase, which contains only 6.4 % °He.
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Fig. 3.9 Thermodynamics of *He-*He mixture: (a) The phase diagram of the 3He-*He mixture at
various temperatures and concentrations. At *He concentration of around 65% and temperatures
below 850 mK, the *He-*He mixture separates out into two distinct phases which forms the basis
for dilution refrigeration. (b) The vapour pressure curves of 3He and “He shows that at very
temperatures below 500 mK, 3He has a vapour pressure that is at least three orders of magnitude
larger than the “He isotope. This makes pumping *He much easier than “He, which is also crucial

for the dilution process to work.
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Now when the mixture is pumped with the help of a turbo pump located in the GHS through
the still line on the side of dilute *He, the 3He atoms are pumped selectively faster than *He, as
they are lighter in size and the vapour pressure of 3He is larger than that of “He as shown in Fig.
3.9(b). Since, the dilute phase is driven out of equilibrium, the 3He atoms from the concentrated
phase move into the dilute phase to maintain the equilibrium ®He/*He ratio of 6.4 %. During this
process, heat from their surroundings is absorbed, since the mixing of *He and “He is an
endothermic process. Therefore the MXC plate, which is in thermal contact with the interface
between the two phases get cooled further down to the base temperature of the cryostat. The
pumped out 3He is injected back into the system by a dry scroll pump through the condensation
line with flow impedance to cool it back down to liquid helium temperatures. In addition, a heat
exchanger between the still pumping line and condensation line uses the enthalpy of the cold *He
gas, which is pumped away from the still to pre-cool the incoming 3He stream. The cooling power
of the system is determined by the number of *He atoms crossing the phase boundary, which in
turn depends on how fast the He atoms are pumped from the dilute phase or the *He flow rate.
This can be controlled by changing the temperature of the still plate, which changes the
temperature of the dilute *He phase, and hence the vapour pressure (Fig. 3.9(b)) and pumping

speed of *He.

3.4.2.3 High-frequency filtering and electron thermalization

In order to maintain the low temperatures obtained in the system by the dilution process, it
is important to thermally isolate the mixing chamber plate and the sample completely from any
external sources of heat. Another source of heat is the external electromagnetic radiation from the
surroundings. While performing any measurement at cryogenic temperatures, it is to be kept in
mind that the power that can be applied by the probe to the sample is limited by the cooling power
of the system and hence the measurement probe needs to be used at low-levels which does not
perturb the sample beyond the required level and modify its energy state significantly. In such low-
level measurements, the obtained signals are also very small and requires the use of instruments
with extremely high sensitivity. In order for these instruments to be sensitive at such low-levels, it
is important to minimize the various sources of noise and background signals present in the setup.

In our case, we predominantly use current bias as the probe and sense the voltage across the
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junction using a nanovoltmeter. The steps taken to ensure that the sample is thermally isolated and

the noise is minimized are as follows:

1)

2)

3)

4)

Electromagnetic radiation shielding: The mixing chamber and the still plate are
thermally isolated from the rest of the cryostat with the help of gas-gap heat switches. The
cryostat and sample region are further shielded from electromagnetic radiation using
multiple layers of shielding using gold-plated copper and aluminized Mylar-coated vacuum
cans.

Low-frequency vibration isolation: The entire cryostat is mounted on an aluminium
frame with a heavy aluminium plate on top and active vibration isolation to decouple it
from vibrations in the lab and damp the vibrations coming in from the pumps in the GHS
and the pulse tube unit, which can increase the base temperature of the system. This also
helps avoid low-frequency noise in the electrical measurements coming from vibrations.
Shielded cables and breakout boxes: The breakout box used to connect to various
contacts on the outside and the measurement cable running from the breakout box to the
top of the cryostat is made by QDevil and is completely shielded and grounded, hence
shielding the signal from external noise from the breakout box down to the device. The
wires inside the breakout box and in the cryostat are also made of twisted pair wiring to
avoid noise from electromagnetic induction. The 24-twisted pairs in the measurement
cables connect from the breakout box to the top of the cryostat which then runs inside the
cryostat as twisted pair cables down to the mixing chamber and the sample holder,
thermalized at each stage to prevent heat or hot electrons from entering the lower
temperature stages.

High-frequency filters: Though the cryostat is shielded from external electromagnetic
radiation, the measurement cables from the instrument to the breakout box can still carry
some high frequency radiation (~ GHz) that can move into the cryostat and excite the
electrons present in the mixing chamber and prevent them from reaching the same
temperature as the phonon bath, which is at 20 mK. In order to filter out this high-
frequency radiation, we use QFilters from QDevil, which was developed at Harvard
University and the University of Copenhagen®. The QFilter is attached to the mixing
chamber plate, close to the sample and operated at the base temperature of the cryostat to
be fully effective. The QFilter typically consists of one audio frequency (RC) and radio
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frequency (RF) filter bank connected in series. The RC filter consists of one 7-pole Pi filter
stage followed by two RC filter stages that acts as a low-pass filter that attenuates signals
above 10 kHz, and is effective up to 80 MHz range as shown in Fig. 3.10(c) The RF filter
bank contains three stages of 7-pole Pi filter that attenuates signals from 80 MHz up to
tens of GHz with roughly —50 dB attenuation as shown in Fig. 3.10(b).
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Fig. 3.10 QDeuvil filters and high frequency characteristics: (a) QDevil RC and RF filter banks
connected in series and mounted on the MXC plate of the Bluefors LD-400. The QFilters are

further thermalized with the mixing chamber with the help of copper braids. (b) The RF filter bank
consists of three 7-pole Pi filters with different cut-off frequencies starting from 80 MHz and going
up to 30 GHz. It has up to -50 dB attenuation at 30 GHz. (c) The RC filter bank consists of one 7-
pole Pi filter with 80 MHz cut-off frequency and two RC filters with cut-off frequency around 10
kHz. (d) Noise spectrum of the setup measured at low frequencies with an oscilloscope built-in
with the lock-in amplifier shows that the noise floor is at the nanovolt range, which is ideal for our

measurements and signals in the 10’s of nanovolt range can be measured with accuracy. The peaks
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at multiple of 50 Hz correspond to the line frequency noise and its harmonics, which is of the order

of a few microvolts.

After installing the shielding and filters, it is important to test their effectiveness by
measuring the electron temperature. This can be done in many different ways by measuring
quantities that are extremely sensitive to the electron temperature like measuring the Coulomb
blockade in a quantum dot or the shot noise in a tunnel junction. In our case, the electron
temperature when the cryostat is at base temperature can be extracted from the differential
conductance across a superconducting tunnel junction (MA2479) made of Ru (5 nm)/MnsGe
(10 nm)/MgO (2 nm)/AlSi (4.5 nm) which was grown by Dr. Binoy Hazra using hard masks in
our home-designed and home-built sputtering chamber. The normalized tunneling conductance of
the sample measured at 20 mK MXC temperature is shown as red dots in Fig. 3.11(b). The
differential conductance is directly proportional to the density of states in the superconductor,
assuming the density of states is constant in the metal over the probed energy range, which is a
valid assumption. It is then fit with a BCS density of states equation derived by Maki’®"2
considering orbital depairing and spin-orbit coupling effects using a code developed by Dr. See-

Hun Yang at IBM Almaden to derive the temperature. The theoretical density of states is given

by:

N, (O u
Ny(E) = 52( )sgn(E) Re| ——
ui —1
Where u, is given by
E+ ptH uy us
Uy =

el

Here A is the energy gap, which depends on the temperature of the electron <A=

Ay /1 - —) N, (0) is the normal density of states, ¢ is the orbital depairing parameter and b is the
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spin-orbit scattering parameter. The superconducting condensate formed in the system should be
extremely sensitive to the electron temperature T that determines the gap A in the spectrum. Hence,
by fitting the experimentally obtained differential conductance with the BCS density of states, we
can get the actual electron temperature of the system. This equation involves the fine-tuning of at
least four parameters in this case, that needs to be done with care to determine the actual
temperature T, however the use of physical intuition can help simplify things and fix some of the
parameters. The parameter A,, which is essentially the superconducting energy gap at zero
temperature, is given by 1.76 kT, and the spin-orbit coupling in aluminum is almost zero. The
black curve gives the best theoretical fit for the parameters T = 75 mK, { = 0.008, b = 0 and
A,= 0.31 eV. Hence, we can roughly estimate the electron temperature in the system to be around
75 mK.
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Fig. 3.11 Superconducting tunneling spectroscopy and electron temperature: (a) A tunnel
junction device mounted on a QBoard and bonded, with 4.5 nm AISi superconductor on top and 5
nm Ru and 10 nm MnsGe as the bottom electrodes separated by a 2 nm MgO tunnel barrier. The
voltage is applied from the bottom to the top and the differential conductance is measured using a
standard lock-in technique. (b) The measured differential conductance (red) is normalized and fit
using a BCS density of states equation derived by Maki. The best fit is obtained at a temperature
of 75 mK.

3.4.2.4 Sample holder and electrostatic discharge (ESD) protection protocol

The sample holder for performing electrical measurements in the system is also designed
by QDevil called as QBoard. The QBoard is a PCB-based sample holder with 48 DC contacts and
16 RF channels. The presence of a large number of contacts allows for high throughput of the

system. The sample holder is pre-designed to fit perfectly on a Bluefors fast-sample exchange
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puck. The sample holder is attached to the puck via gold-plated copper adapters and fastened tight
with titanium screws that are non-magnetic. The QBoard consists of a motherboard, which is fixed
to the puck, and the daughterboard, which contains the sample, can be exchanged easily. The
sample is attached to the 10.5 mm X 10.5 mm area of the daughterboard using silver paste and
wire-bonded using aluminum wires to the DC contacts. After wire bonding, the daughter board is
screwed tight to the motherboard and they mate together via an interposer layer with gold springs.
The top of the sample puck has a 51-pin titanium micro-D connector saver, which mates with the
connector on the mixing chamber. The other end connects to the QBoard via a 51-pin nano-D
connector with copper wires covered in Teflon. These wires are wrapped around the gold-plated
parts of the puck and tightly wrapped with Teflon and Kapton tape to help them thermalize better
as shown in Fig. 3.12(a).

The devices made with van der Waals materials are prone to damage from electrostatic
discharge (ESD) as they are only held to the substrate by a weak van der Waals force and an
electrostatic force coming in from the surroundings can easily displace and damage the device, if
it is not properly grounded. Hence, after device fabrication great precaution is taken in protecting
the device from any possible damage due to ESD. ESD protective gear such as coats, gloves, and
shoes are worn at all times, ESD protective tools such as tweezers and sample boxes are used, and
a wrist strap is used to ground the user. ESD mats are used in the lab to avoid charging from the
floor during movement. The sample is always kept grounded during and after wire bonding. While
loading the sample on the holder, the contact pins are connected to the ground via the connector
saver on top and while the sample is attached to the fast sample exchange mechanism, the sample
is grounded via the bottom part of the QBoard, which is connected to the grounding wiring. Once
the sample mates with the MXC from the top with the pins kept grounded from the breakout box,
the bottom grounding wiring disconnects thermally and electrically and the sample is ready to be

measured.
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Fig. 3.12 QBoard mounted on a sample puck: (a) The QBoard sample holder attached to the
probe that mates with the MXC flange through the FSE mechanism. The wires are thermalized by
attaching them to the probe with Teflon and kapton tapes. (b) QBoard containing a sample with
multiple devices and all contacts bonded. The 48 DC contacts available on the QBoard allows for
a high throughput in the testing of devices at low temperatures. The aluminium wire bonding acts
as the main source of thermalizing the sample at very low temperatures. Hence multiple bonds, if

possible, would be encouraged.

3.4.2.5 Measurement and control electronics programming with LabVIEW

For efficient measurement of the sample, it is important to automate the loading and
measurement process as much as possible. The control of sample loading (unloading) and cool

down (warm up) is fully automated with the help of Bluefors software. The measurement control
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involves multiple instruments such as the current source (Keithley 6221), nanovoltmeter (Keithley
2182A), lock-in amplifier (MFLI), magnet controller (AMI 430), temperature controller
(Lakeshore 372), etc. with different interfaces. To make the measurements more optimized with
an easy and simple user interface (Ul), all these instruments are programmed to be controlled in
unison by LabVIEW with the help of LabVIEW drivers. An example of Ul for one such program
used to measure the current-voltage characteristics of multiple devices at different magnetic fields
and temperatures is shown in Fig. 3.13. (Thanks to lvan for help with the temperature control).
This program is used extensively to map the current-voltage (I — V) characteristics of the

Josephson junctions that are measured throughout the thesis. The critical currents are extracted
from each I —V curve from a peak in the Z—‘I/ using a Python program written with help from

Avanindra Kumar Pandeya. The programs that | wrote during my Ph.D. tenure can be found at:

https://github.com/TheDarkKnightUnmasked/Bluefors-DC
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Fig. 3.13 LabVIEW program for measurement of 1-V characteristics: The user interface for a
LabVIEW program that allows for measurement of current-voltage characteristics in multiple
devices at the same time with comprehensive control of the temperature, magnetic field vector

magnitude and angle.
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4.1 Introduction

Ever since the existence of topological materials was predicted theoretically”> ">, there has
been a surge in finding a variety of different topological materials such as topological insulators’®-
9 Dirac and Weyl semimetals®8!, higher order topological materials with Chern number greater
than one®2®, etc. These topological materials are predicted to exhibit a plethora of interesting
properties/phenomena such as spin-momentum locked surface states’”##° quantum anomalous
Hall effect (QAHE)®®®’, chiral anomaly®, etc. In the superconducting state, these materials are
expected to host exotic Majorana bound states®, which have applications in fault-tolerant quantum
computing. On a similar note, ever since the discovery of graphene®, a single hexagonal layer of
carbon atoms, the field of two-dimensional van der Waals materials has been booming. Many
quantum states or phenomena found in bulk three-dimensional materials have also been found in
two-dimensional materials, providing a promising platform for the dimensional scale down of
present-day technologies. The top down approach provided by the mechanical exfoliation
technique of van der Waals materials also makes for a great platform for making heterostructures
with clean interfaces, fabricating nano-devices and studying the rich physics offered by these
interfaces in addition to technological prospects®®2, With the very recent discovery of twisted
bilayer graphene hosting flat bands with strongly correlated states and superconductivity, the twist

angle between two layers serves as another knob in tuning different quantum states of matter®.

In this chapter, we study the Josephson diode effect (JDE or Al.) in a material, which
combines the properties of topological states and reduced dimensionality offered by van der Waals
materials. NiTez is a van der Waals material and a type-11 Dirac semimetal with the Dirac cone
close to the Fermi level, as evidenced from ARPES studies®®. It also has a surface state with a
Rashba spin-momentum locking and a large spin-splitting of 120 meV close to the Fermi energy.
Since NiTez has these surface states right at the Fermi energy, the spin—orbit coupling emerging
from these states are expected to dominate its electrical transport characteristics. We study the
effects of this spin-orbit coupling arising from the topological surface states (TSS) in the
superconducting phase by fabricating lateral Josephson junctions of NiTez. The very low resistance
of NiTez and its high stability in air makes it suitable to fabricate lateral Josephson junctions
without much preclusions. We observe a JDE in the presence of an in-plane magnetic field. JDE

in this system is quantified and found to have an antisymmetric dependence on the magnitude and
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direction of the applied magnetic field. We attribute the existence of this effect in this system to
the Cooper pairs from the helical surface states acquiring a non-zero pair momentum in the
presence of a magnetic field, as opposed to zero momentum Cooper pairs in a conventional BCS
superconductor. This phenomenon is called as finite momentum Cooper pairing (FMCP)%1032,
Together with our theory collaborators, Margarita Davydova, Noah Yuan and Liang Fu from MIT,
we use a simple Ginzburg-Landau analysis to describe the Josephson junction with broken
inversion and time-reversal symmetries to show the existence of asymmetric critical currents and
their dependence on temperature and applied magnetic fields. We confirm that this simple model
captures all the experimental features of our observed JDE. We also perform independent studies
verifying the existence of finite momentum Cooper pairing in the system by applying in-plane
magnetic fields along the direction of current and quantify it by looking at the evolution of the
Fraunhofer interference pattern®®’. We find that the value of finite-momentum obtained from this
measurement is of the same order of magnitude as the value of finite-momentum along the
perpendicular direction, determined using the model used to calculate JDE. We suggest two
possible microscopic mechanisms as the origin of finite-momentum Cooper pairing in the system
in the presence of a magnetic field: 1) the existence of spin-momentum locked surface states with
large Rashba spin splitting on the surface of NiTez as seen through ARPES and 2) the presence of
screening currents on the niobium electrodes that generate finite momentum Cooper pairs. We
estimate that the FMCP created due to screening currents is an order of magnitude lower than that

created by the spin-orbit splitting in NiTe2.%

4.2 Crystal structure

Nickel ditelluride (NiTe2) is a transition metal dichalcogenide material that crystallizes in
the centrosymmetric space group P-3m1 with a trigonal structure similar to Cdl2. Layers of NiTez
are stacked together via a relatively strong van der Waals force compared to other two-dimensional
van der Waals dichalcogenides and hence not easily exfoliable down to a monolayer. Fig. 4.1
shows the crystal structure of NiTez in which each layer of nickel atoms is sandwiched between
two layers of tellurium atoms. The NiTe2 family of materials structurally varies from other
transition metal dichalcogenides like MoSz, MoTez, WTez, NbSez, TaS, etc. in the fact that it is
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found to crystallize only in the octahedral phase as opposed to 1T (trigonal) and 2H (hexagonal)
phases in the other systems. Other members of the NiTez family include PtTez, PdTez, PtSez,
PdSez, etc. The NiTez family of materials are also extremely stable in air as opposed to most other
TMDCs and have a wide variety of applications in electro-catalysis®®, hydrogen evolution
reaction'®, terahertz photodetection®!, etc. NiTe2 also offers the added advantage that it can be

synthesized layer by layer on a large scale using chemical vapour deposition® making it viable

S
N
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Fig. 4.1 Crystal structure of NiTe2: An illustration showing the 1T crystal structure of NiTez in

for industrial applications.

which the nickel atoms are sandwiched between the tellurium atoms and located in an octahedral
coordination environment. Each NiTez layer is centrosymmetric and separated by a van der Waals
gap that make it exfoliable.

NiTe: crystallizes in the P-3m1 space group, with a = b = 4.025 A and ¢ = 5.22 A. Itis
a centrosymmetric space group that is not expected to have any asymmetric spin-orbit coupling
interactions like the Rashba or Dresselhaus effects. Each layer of NiTez consists of three sublayers
with a layer of nickel atoms located in the center and sandwiched by two sublayers of tellurium
atoms on the top and bottom. Consider a single layer of NiTe2 from the schematic shown in Fig.
4.1. The nickel atoms are located in the center of the layer with the tellurium atoms at the top and
bottom in an octahedral fashion. This gives the Ni atoms a Dsa point group symmetry, which

includes a center of inversion. The tellurium atoms on the other hand, have a Casv point group
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symmetry, which lacks a center of inversion. This lack of inversion symmetry, locally within the
unit cell leads to the existence of equal but opposite asymmetric spin—orbit couplings on the top
and bottom layers of tellurium atoms. Though globally the spin-orbit coupling strength adds up to
zero, the existence of locally broken symmetries and hence, a ‘local Rashba effect’ in the system
leads to the existence of a layer-dependent spin-momentum locking in the system where the spins
in the top and bottom tellurium layers are oppositely spin-polarized. This is known as ‘spin-layer
locking” and has been observed through ARPES in few layers of PtTe2®, PtSe2*’, etc. and in bulk
Mo0S2%8. Though expected to be compensated globally, the existence of such a ‘hidden spin
polarization’ due to locally broken symmetries can lead to interesting effects in transport and

exotic order parameters in the superconducting state of such materials as we will see in this chapter.

4.3 Electronic structure

NiTez is a type-1l Dirac semimetal, in which pair of Dirac cones® % (as shown in Fig. 4.2),
tilted in energy-momentum space that breaks the Lorentz symmetry of the system, is present.
While other members of the group-X transition metal dichalcogenides also host a type-11 Dirac
cone, the Dirac cone in NiTez is special as it is located very close to the Fermi level and is expected
to dominate the transport properties of the system. In PdTez, PtTe2 and PtSe2 the type-Il Dirac
cones lie 0.6,0.8 and 1.2 eV below the Fermi energy respectively, whereas in NiTez the Dirac
cones lie just 20 meV above the Fermi energy, which can be easily tuned to the Fermi level by

slight doping.

In addition to the bulk Dirac nodes, NiTez also hosts a series of inverted bandgaps that can
be shown to arise from the Te 5p manifold simply considering crystal field splitting and spin-orbit
coupling®. These states with inverted bandgaps are labelled as topological surface states (TSS).
These TSS are spin-polarized due to the large spin-orbit coupling and there is one very closely
located to the Fermi energy with a Rashba-type helical spin momentum locking and a very large
spin splitting of 120 meV. The strong dominating contribution of this TSS to electrical transport
in NiTez can lead to the formation of finite momentum Cooper pairs in the presence of a magnetic
field and consequently a Josephson diode effect when proximitized by a conventional

superconductor, as we will discuss in the following sections.
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Fig. 4.2 Type-11 Dirac cone in NiTez: (a) Band structure of NiTe2 showing the tilted type-11 Dirac
cone along I'-A direction. (b) Three-dimensional Fermi surface of NiTe2 showing the electron and
hole pockets along with a Dirac point at the intersection of the two pockets. (c) Angle-resolved
photoemission measurements along I'-A direction showing the existence of type-11 Dirac like band
dispersion with the Dirac point just above the Fermi level. Figure reproduced with permission

from ref.9

4.4 Josephson junctions of NiTe,

4.4.1 Fabrication and basic characterization

NiTez flakes that are just a few layers thick are exfoliated from a commercially purchased
single crystal of 1T-NiTe2 (from HQgraphene) onto a Si substrate with 300nm SiO2 coating. Thin
flakes are identified with the help of an optical microscope and an atomic force microscope.
Josephson junctions on these flakes are fabricated by performing electron beam lithography and
sputtering titanium (2 nm) / niobium (30 nm) / gold (20 nm) electrodes on top of these flakes
with varying separations (100 — 700 nm). The liftoff process is then performed in acetone
overnight. The presence of titanium improves the adhesion of the niobium to the substrate and the
gold capping on top prevents the niobium from being oxidized thereby improving the quality of
the junction. These junctions were fabricated by Anirban Chakraborty. The junctions, thus
fabricated are loaded in a dilution refrigerator to perform electrical transport measurements. The

resistances of the junctions are measured using a standard 4-probe configuration in which current
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flows between two consecutive niobium electrodes and the voltage is measured across the same
niobium electrodes. The resistance of one particular junction (with a 350 nm separation) as a
function of temperature is shown in Fig. 4.3(b). The resistance of the junction decreases with
decreasing temperature and a drop in resistance is observed around 5.5 K corresponding to the
superconducting transition of niobium (7.) and the resistance continues to decrease with
decreasing temperature. Another drop in resistance is observed around 2.5 K, which corresponds
to the temperature below which the junctions turns completely superconducting (7;). The device
is cooled down further to the base temperature of the dilution refrigerator (20 mK) where most of

the measurements are carried out.

(@) (b)

20nm thick NiTe, flake on Si/SiO, Resistance-temperature profile of 350nm junction

NiTe, Nb electrodes

5 10 15 20 25
T (K)

Fig. 4.3 Josephson junction device structure and resistance—temperature profile of 350 nm
junction: (a) A 20 nm thick NiTez flake exfoliated on top of Si/SiO2 substrate with Ti (2 nm) / Nb
(30 nm) / Au (20 nm) electrodes on top with varying separations to create Josephson junctions
of different energy. (b) The pseudo two-probe resistance of the junction with 350 nm separation
measured during its cool down in zero field. The drop in resistance around 5.5 K corresponds to
the superconducting transition of the niobium electrodes and the drop to zero resistance around
2.5 K corresponds to the superconducting transition of the junction. Inset shows the
superconducting transition temperatures for junctions of various separations. Figure adapted with

permission from ref.%, Springer Nature.
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The evolution of the phase across the junction is mapped by studying the variation of
critical current (1,.) of the junction with a magnetic field applied perpendicular to the plane of the

flake. The critical current oscillates with the magnetic field showing the expected Fraunhofer

pattern with a period corresponding to a single flux quantum (d)o = %) as expected.
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Fig. 4.4 Fraunhofer oscillations in 550 nm junction: Graph showing the differential resistance
measurement and evolution of the critical current and oscillations for the 550 nm junction as a
function magnetic field applied perpendicular to the plane of the sample. The differential
resistance measurement is carried out by sweeping the DC bias on top of a small AC signal of
around 1 uA.

It is to be noted that the Josephson energy and the temperature below which the junction
turns superconducting (7;) are expected to decay rapidly with the separation between the
superconducting electrodes (inset of Fig.4.3(b)). Supercurrents in the NiTez junctions are found to
persist up to separations of 1600 nm, which indicates that, the induced superconducting coherence
length in NiTez is extremely long. Such extremely long coherence lengths have been observed

only in a handful of materials such as graphene and topological semimetals such as BiSb'® and

84



also in graphene®®*1%_ |t is a different study of its own merit, requires further investigations on its

origin and is outside the scope of this thesis.

4.4.2 Josephson diode effect (JDE or Al,.) in NiTe,

The current-voltage characteristics of the junction are measured at the base temperature of
20 mK in the absence of any external applied magnetic field. Direct current is applied through the
junction in the positive direction starting from zero until the positive critical current (I7), above
which the resistance is non-zero, is reached. Experimentally, the critical current is obtained from
the data as the current at which differential resistance exceeds a specific threshold value. The
current is then decreased back to zero and the junction then reenters the superconducting state (1,.).
Note that this hysteresis and the difference in I} and I,. can arise due to the presence of additional
intrinsic capacitance of the junction as described by the resistively and capacitively shunted
Josephson junction (RCSJ) model (as discussed in section 2.2.3). The current is then swept in the
negative direction starting from zero and the negative critical current (1) is obtained. In the
absence of any external magnetic field, it is observed that I and I have the same magnitude and

the difference between them is zero.

When an external magnetic field is applied along the direction of the current, there is an
equal decrease in both the positive and negative critical currents (I} and I.), as expected for
Josephson junctions in a magnetic field yet no difference in their magnitudes is observed. When a
magnetic field is applied perpendicular to the direction of the current in the plane of the device,
there is a difference in the magnitudes of I} and I that develops and evolves with an increasing
magnetic field. This difference in the magnitudes of I} and I is labelled as Josephson diode effect
(JDE or Al,) and is given by Al = I} — |I7|. By choosing a magnitude of current between I} and
|I-], one can obtain non-reciprocal behavior, in which the junction is superconducting along one

direction and resistive along the opposite direction as shown in Fig. 4.5(c). The efficiency of the

-7 |
IF+IZI

diode is defined using the formula: n = The origin of the JDE can be explained due to the

formation of finite momentum Cooper pairs in the system as we discuss in the following section.
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Fig. 4.5 Josephson diode effect in presence of a magnetic field: (a) shows the current-voltage
characteristics of a junction at 20 mK temperature right after cooling it down in zero magnetic

field. I} and |I7| are equal in magnitude with a value of around ~145 uA leading to a zero

Josephson diode effect. (b) shows the current-voltage characteristics of the same junction with a
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20 mT in-plane magnetic field applied perpendicular to the direction of the current. This leads to
a decrease in the critical current and also the appearance of a large Al of around 20 uA. (c) By
choosing a current between I} and |17 |, we can obtain supercurrents along one direction while
obtaining resistive currents along the opposite direction, thus displaying the existence of a

Josephson diode effect. Figure adapted with permission from ref.%, Springer Nature.

4.4.3 Spin-momentum locking induced finite momentum pairing

As discussed above, NiTez hosts a topological surface state with a very large Rashba-like
spin-splitting close to the Fermi level. Following a simple heuristic argument, we can try to
understand how this spin-splitting can lead to the formation of Cooper pairs with non-zero

momentum and in turn lead to JDE.

Let us consider a conventional BCS superconductor with inversion and time-reversal
symmetries and a two-dimensional circular Fermi surface. In a conventional superconductor,
Cooper pairs are formed at opposite momentum points with opposite spins. For example, electrons
at (k, T) state pair with electrons at their time-reversed state at (—k, |) in the ground state as shown
in Fig. 4.6. In this scenario, the Cooper pairs have a net momentum that adds up to zero leading to

the formation of zero momentum Cooper pairs.
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With inversion and time-reversal symmetries

J=0

k

-

Net momentum = k + (—k) = 0
Zero-momentum Cooper pairs

Fig. 4.6 Underlying Fermi surface and Cooper pairs in a conventional BCS superconductor in

the absence of a current and external magnetic field

When a current is applied along one direction, there is a corresponding shift of the
underlying Fermi surface along the opposite direction that gives the electrons an additional
momentum q to the system and the Cooper pairs are now formed between electrons at (k + q, T)

and (—k + q,!), leading to a net momentum that adds up to 2q and to a net current along one
direction as shown in Fig. 4.7. This corresponds to a kinetic energy of |2k7q| and when this value

of energy, which can lead to the depairing of Cooper pairs, reaches the superconducting energy
gap of the system, superconductivity vanishes and the current at which this is reached is essentially
equal to the critical current of the system. As it can be seen, this depairing energy is independent
of the direction of current and hence the superconducting energy gap remains the same for all

current directions. However, this is not the case for a system with spin-momentum locking.
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With inversion and time-reversal symmetries &

J#0

Net momentum = (k + q) + (—k + q) = 2q

Net depairing energy = |%|

At critical current (1), ”%l =2A

Same for forward and backward currents

Fig. 4.7 Underlying Fermi surface and Cooper pairs in a conventional BCS superconductor in
the presence of a current: In the presence of a current, the Cooper pairs acquire a finite
momentum that results in net charge transport and a depairing energy that is reciprocal.

Let us look at a simple representation of a system with broken inversion symmetry by
considering just the two-dimensional outer Fermi surface of the topological surface states of NiTez
with Rashba spin-orbit coupling. In this case, the spin of the electron is locked perpendicular to
the direction of the current as shown in Fig. 4.8. In the absence of any external magnetic field that
can break the time-reversal symmetry of the system, the depairing energy due to the application of
a current is similar to that of conventional superconductors and is independent of the direction of

current.
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With broken inversion symmetry
(Rashba spin-momentum locking) k

J=0

Net momentum= k+ (—k) = 0
Zero-momentum Cooper pairs

Fig. 4.8 Underlying Fermi surface and Cooper pairs of a superconductor with Rashba spin-

momentum locking

When an external magnetic field is applied, the spin-locked states are split further by an
additional Zeeman energy (E, = guB,) which shifts the center of mass of the Fermi surface and
the system appears to have gained a pseudo-momentum (2q"). In this case, the electrons available
at states (k+q’,7) and (—k + q',1) can form Cooper pairs leading to the formation of finite
momentum Cooper pairs with net momentum (2q") as shown in Fig. 4.9. This net momentum is
along the direction perpendicular to the magnetic field and can be controlled by the magnitude of
the magnetic field. Since a non-zero Cooper pair momentum exists in the absence of any applied

current, this should give rise to spontaneous supercurrents in the junction.
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With broken inversion symmetry
(Rashba spin-momentum locking)
and
broken time reversal symmetry (magnetic field)

/=0 &

Net momentum = (k +¢") + (—k +q") =2q'
Finite momentum Cooper pairsat /| =0

Fig. 4.9 Underlying Fermi surface and Cooper pairs of a superconductor with Rashba spin-
momentum locking in the presence of a magnetic field: When a magnetic field is applied to spin-
momentum locked surface, the Zeeman field creates a shift of the Fermi surface that gives an

additional pseudo-momentum 2q’ to the Cooper pairs in the absence of an external current.

Now when an external current is applied in a direction perpendicular to the magnetic field,
it provides an additional momentum to the Cooper pairs (2q) and the states are further shifted to
(k+q +4q,7) and (=k+q' + q,1) as shown in Fig. 4.10. In this case, the net momentum
depends on the direction of the current relative to the magnetic field and the depairing energy can

k.(q

be written as |—+q)| For a given magnetic field direction there are two possible depairing

k.(q' +q)| and |

energies depending on the direction of current | 2ke(@’~0) | This, in turn, gives rise

to critical currents (IF and I;) that are unequal in opposite direction and hence giving rise to a
diode effect. This picture gives us a very intuitive understanding of how spin-momentum locking

can give rise to a diode effect.
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Fig. 4.10 Underlying Fermi surface and Cooper pairs of a superconductor with Rashba spin-
momentum locking in the presence of a magnetic field and current: In the presence of an
additional current, the Cooper pair acquires a momentum that depends on the direction of the

current, giving rise to non-reciprocal supercurrents.

4.4.4 Ginzburg-Landau theory of Josephson diode effect

This theoretical model was proposed by Margarita Davydova, Noah Yuan and Liang Fu
and it is presented in this thesis for the sake of clarity. To understand better and quantify the effect
of finite momentum Cooper pairing on the JDE in NiTez, let us consider a Ginzburg-Landau model
of a Josephson junction with two superconducting electrodes separated by a weak link. Near the
superconducting transition temperature of the junction, the free energy of the junction can be

expanded in terms of the wave functions of the two superconducting electrodes.

2 1 4 * 1 * 2
F = z (aj|A]-| +§,8]-|Aj| )—y1A1A2 —E)’z(A1A2) + c.c.

j=1.2

In this case, A; corresponds to wave function of the first electrode and A, corresponds to wave

function of the second electrode and the term A7 A, denotes the order parameter of the weak link.
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a; and B; > Oare Ginzburg-Landau constants corresponding to the two superconducting
electrodes (j = 1,2). y; and y, denote the first and second order Cooper pair tunneling processes
across the weak link, respectively. y; and y, can turn complex under the presence of external
magnetic fields. In this equation, we have included the second order tunneling processes as it is
typically found in junctions with high transmission, can lead to non-sinusoidal current-phase
relationships and can lead to non-reciprocal supercurrents as will be shown below. As the transition
temperature of the superconducting weak link is much lower than that of the superconducting

electrodes, the equation can be rewritten to focus on tunneling across the weak link.
* 1 *
F = FO - ylAlAz - EYZ(AlAZ)Z +c.c. (41)

The wave function of the superconducting electrodes, which have the same
superconducting gap can be written in terms of their amplitudes and phases as A;= Ae‘?t and A,=
Ae'®2 where A is the magnitude of the order parameter and ¢, , are the corresponding phases.

Substituting these values, the free energy takes the form:
F = Fy, — 2|y11A%2 cos @ — |y,|A* cos(2e + &) 4.2)

where ¢ = ¢, — @, +arg(y,) Iis effectively the phase difference between the two
superconducting regions and § = arg(y,) — 2 arg(y;) is the phase difference between the first
and second order Cooper pair tunneling processes. The Josephson current-phase relationship can

then be derived from the free energy as:

2w OF

I(p) = 2 (A2|y,|sin @ + A*|y,|sin (2¢ + 6) ) (4.3)
(-2 20/ h

where @, = % is the superconducting flux quantum.

In order to get the critical current values, we need to maximize this function with respect

to the phase. Assuming the contribution of the second harmonic term |y,| to be smaller in

comparison to the first harmonic |y, |, we can maximize I(¢) when ¢ = + % giving,

1~ [1(25)] = 2% F A*ly,lsin 5} (4.4)

The Josephson diode effect can be written as:
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Al =15 —|I7] = —%"Aﬂyﬂsin 5 (4.5)

In the following sub-sections, the variation of JDE with temperature, magnetic field
magnitude and direction are discussed in detail to compare it with the presented model and

determine its possible origins.

4.4.5 Temperature dependence of Al

It can be seen that Al « A* and the temperature dependence of the order parameter can be
written as A o /1 - Ti where T is the temperature of the junction and T; is the superconducting
J

transition temperature of the junction. Hence, we can say from this derivation just by introducing
a higher order term in the Ginzburg-Landau equation for a weak link and without the loss of any

generality that:
Al (T—T;) (4.6)

In the following graph, we have plotted the experimentally measured evolution of JDE at
12 mT in-plane magnetic field perpendicular to the direction of current, where Al is found to be
maximum as a function of temperature. It can be seen that Al,. decays with increasing temperature

and that close to the superconducting transition temperature of the junction (T;), AI. very closely

follows a (T =T )2 dependence as shown in Fig. 4.11 agreeing well with the Ginzburg-Landau

model that has been used.
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Fig. 4.11 Temperature dependence of Josephson diode effect: The evolution of Al is shown as

a function of temperature. Al is found to decrease as a function of temperature. Dotted line is a

guide to the eye. Inset shows Al close to T; and the black line represents a ( T—T; )2 fit. Figure

adapted with permission from ref.%8, Springer Nature.

4.4.6 Magnetic field and angular dependence of Al

In order to study the evolution of Al under various conditions and look for consistency
with our model, the magnetic field magnitude and angular dependence of Al. were studied
experimentally. Interestingly, change in the sign of Al, and decaying oscillations in Al as a
function of the magnetic field magnitude were observed. A sinusoidal behavior of Al was
observed when varying the angle of the in-plane magnetic field with respect to the direction of the
current. However, as the magnitude of the magnetic field was increased, 4l displeyed a more
complex behavior and had more nodes. In order to understand these experimental results, we can
look again into our GL model and study the evolution of Al with respect to magnetic field. We

can go back to equation (4.5) and look at the order parameter as a function of the magnetic field.
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2
The magnetic field dependence of the order parameter can be writtenas A < |1 — ('2—“) , Where

B, is the critical field of the junction and B is the applied magnetic field.

2 2
B .
Al « ll — (%) l sin §

Now if we consider the presence of finite momentum Cooper pairs in the system induced
by a magnetic field B,, the additional momentum g, makes the junction behave like a finite
momentum superconductor and gives it an additional phase shift § = 2q,d as the Cooper pair
propagates through the junction with seperation d. In this case with finite momentum Cooper pairs,

Al can be written as:

e (20 sin 2 @)

where B, is a parameter that contains all the properties that are intrinsic to the junction. It can be

seen that there is a sinusoidal dependence of Al on the magnetic field B, and the magnitude of

Al decays with increasing magnetic field as we observe in our experiments. The number of

oscillations that can be expected in Al depends on the ratio (s—c) The function sin (n Z—y) changes
d a
sign whenever B,, = nB; where n is an integer. The maximum value that B,, can reach without

destroying the superconductivity depends on the critical field B.. Hence the maximum number of

oscillations that we can get is given by n = int (;%_c) The value of B, can be obtained by looking
d

at the magnetic field at which Al reaches zero and reverses sign. In the case of our junction Al,
reaches zero at a magnetic field of 22 mT which gives the value of B,;. To get the value of B,., Al
is simulated with the obtained B, and the same ratio of first and second maxima of Al as obtained
from experiments. This yields the value of B, to be 45 mT. Correspondingly, we can see two
oscillations in Al before this value is reached. Hence, the model is able to successfully capture

the experimentally observed features with increasing magnitude of the magnetic field.
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Fig. 4.12 Magnetic field dependence of Josephson diode effect: (a) Experimentally obtained
curves for Al as a function of magnetic field at various temperatures. Al oscillates sinusoidally
as a function of magnetic field and changes sign periodically. (b) Theoretically calculated Al. as
a function of magnetic field from the model using the ratio of first two maxima from the experiment

and B; = 22 mT. Figure adapted with permission from ref.%, Springer Nature.

To understand the experimentally observed complex dependence of Al. on the angle of
magnetic field, we look back at equation (4.7) which gives the total magnetic field dependence of

Al and substitute the total magnetic field with = B;,, cos 6 , where 6 is the angle between the

current and magnetic field. This gives Al,. as:

Al [1 - (|Bip °059|)2r sin (n Bip cos® 9) (4.8)

B¢ Bq

Bipcosb

It can be noted that A, changes sign when sin (n ) = 0. With increasing B;,, the frequency

Bg p’

of the sign change increases and when B, crosses B,, more nodes are introduced in the system.
Using the values of B, and B, obtained in the previous section, one can model the evolution of Al,
with magnetic field amplitude and angle with respect to the direction of current. This calculated
evolution of Al is in great agreement with the experimentally obtained values as shown in Fig.

4.13 providing further validation to the theoretical model.
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Fig. 4.13 Angular dependence of Josephson diode effect: (a), (b) Experimentally measured

angular dependence map of the Josephson diode effect at various magnetic fields. (c), (d)

Theoretically simulated angular dependence map of the Josephson diode effect using the GL model

and the value of parameters B, = 45mT and B; = 22 mT obtained experimentally. Figure

adapted with permission from ref.%, Springer Nature.

4.4.7 Finite momentum Cooper pairing in NiTe, from A4l

Using all the above experimental data and the GL model, we can estimate the induced

Cooper pair momentum in NiTe2. From equation (4.5), Al reaches maximum value when § = g

98



As discussed before, in the presence of finite momentum the phase shift induced can be written as
8 ~ 2q,d. From Fig. 4.11 it can be seen that Al. reaches maximum value when B, = 12 mT.

Hence the value of Cooper pair momentum when Al, at B, = 12 mT can be estimated for the

350 nm junction as, 2q, = % ~45x105m™t,

4.4.8 Estimating finite momentum from the evolution of Fraunhofer pattern

In order to independently verify the existence of finite momentum Cooper pairing in NiTe2
and the value that was estimated from the Josephson diode effect, we study the evolution of the
Fraunhofer pattern as a function of in-plane magnetic field along the direction of current as shown
in Fig. 4.14(a). This measurement is quite significant as it would demonstrate that finite
momentum Cooper pairing exists along the direction of current even though it does not give rise
to a Josephson diode effect and that there is a Rashba-like spin-momentum locking in the system.
The Fraunhofer pattern for a Josephson junction gives the actual phase difference between the two
superconducting electrodes, which can in turn be used to estimate the Cooper pair momentum in
the system. To calculate the Josephson current as a function of the phase difference, all possible

quasi-classical trajectories are summed over.
1(A@(By, B,)) = [ [ dy,dy, ————sin(A@(By, B,)) (4.9)
e 0 o a2 s +(2—y1)? xr "z
where,

Ap(By, B,) = A, + %f@ﬁyz)

+ ZQy(Bx)(YZ — Y1) (4.10)

is the phase difference for a trajectory that starts at (0, y;) and ends at (deff, yz) and dgrr =d +
2A, where 1 = 140 nm is the London penetration depth of 30 nm thick niobium. The critical
current and the Fraunhofer pattern is calculated by maximizing I (Aqa(Bx,Bz)) with respect to
A@(By, B;). The actual value of d., used in the simulations is adjusted by using the position of

the first node in the Fraunhofer pattern at zero in-plane magnetic fields obtained from experiments.
This variation in d.r can be due to flux focusing effects in the junction. Ag, is the phase

difference between the superconducting electrodes in the absence of an applied magnetic field.
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The effect of in-plane magnetic flux through the thickness of the flake is not added to equation
(4.10) since it is small as can be shown below. For a film of thickness t, the phase difference due

to the magnetic flux in the plane of the sample can be written as:

B,(y, —y)t

A(pt(Bx) = o
0

Comparing the maximum contribution of this phase to that of the phase due to the finite momentum
Cooper pairing, we get
By(y, —y1)t
Ape(Bx) _ @, _ By
A(pFM(Bx) zqy(Bx)(yZ - yl) Zq)qu (Bx)

T[deff

. . . 2
As given by the calculations in references®®® | we get% ~—
z 0

A(pt(Bx) _ th
A(pFM (Bx) ndeffBz

By using the value of (?) ~ 13 from experiment and the value of t = 20nm and d,fy ~ 1um

A@¢(By)

) ~ 0.08, indicating that the contribution of the in-plane magnetic flux induced
A@rym(By)

we get (

phase shift is more than ten times smaller than that induced by finite momentum Cooper pairing
and hence can be neglected in our calculations. Also, considering the ratio of in-plane magnetic

flux for a 100 mT magnetic field to a magnetic flux quantum using the device dimensions as

20 nm x 350 nm is (%) ~ 0.06 which is quite small to have any significant effect.
0

The Fraunhofer pattern calculated from equation (4.9) is shown below. It can be seen that
the interference pattern looks like a conventional one at zero in-plane magnetic field with a

L [sin(g) . T
dependence that looks just like ( (nq‘f)" ) When the in-plane magnetic field is increased, the central

@

peak decreases in magnitude and the intensity of two side branches on the positive and negative
side of the out-of-plane magnetic field increases in magnitude as shown in Fig. 4.14(b-e), which
looks as if the intensity of the central peak is transferred to the two side branches due to the finite

momentum Cooper pairing. This can be construed as a signature of finite momentum Cooper
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pairing in the system and the value of the slope at which these side peaks evolve can be used to
estimate the momentum of the Cooper pairs.
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Fig. 4.14 Measurement of the finite momentum Cooper pairing in NiTe2 Josephson junctions:
(a) shows the measurement geometry of the finite momentum Cooper pairing in the system by
applying a magnetic field parallel to the direction of current which shifts the Fermi surface
perpendicular to the direction of current. Though this does not lead to a Josephson diode effect,
finite momentum Cooper pairs are still created with a momentum shift perpendicular to the current
direction. (b)-(e) Theoretical simulations of the evolution of the Fraunhofer pattern under an in-
plane magnetic field. The central peak is found to decrease in magnitude while two new peaks that
look like horns appear on the side and spread out with increasing in-plane magnetic field. (f)
Experimentally measured differential resistance (Z—II/) is used to track the evolution of the central
peak of the Fraunhofer pattern with the in-plane magnetic field. The intensity of the central peak
is found to be split and redistributed to the side branches, as the field strength is increased. (Q)
Experimentally measured differential resistance after tilting correction. The red data points
indicate resistance minima used to estimate the slope of evolution of the peak. (h) Theoretical
simulation of the evolution of critical current with in-plane magnetic field. The slope of the side
branches, which is determined by the finite momentum, is extracted from the experimental slope.

Figure adapted with permission from ref.%8, Springer Nature.

Experimentally measuring the Fraunhofer pattern for each in-plane magnetic field over a
large range is a time-consuming measurement. In order to make the measurement more efficient,
the differential resistance of the sample is mapped as a function of out-of-plane and in-plane

magnetic fields. This measurement helps to effectively track the position of the central peak with
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maximum intensity as a low resistance state instead of measuring the complete interference pattern

over the entire range of magnetic fields. In order to perform this measurement a small AC bias of

a 300 nA is applied to the sample at a frequency of 27.777 Hz and (”;—‘I/) is measured as the
magnetic field is swept to determine the position of the low resistance state. The experimentally
measured map is shown in Fig. 4.14(f). The measured pattern is tilted due to the flux induced shift
of the Fraunhofer pattern by the in-plane magnetic field and this tilt is corrected by subtracting a
slope and the resultant map is shown in Fig. 4.14(g). It can be observed clearly that as the in-plane
magnetic field is increased the central peak decreases in magnitude and two side branches emerge
as predicted. The position of these side branches in the experimental data is obtained by fitting the
sweeps to a polynomial and getting their minima. Then the slope of evolution of these side

branches is obtained by a linear fit. The slopes (?) for positive and negative B, are 15 and 11,

respectively. The small asymmetry in the slopes can arise due to flux focusing effects which
change the direction of the applied magnetic fields. So, the average value of the two slopes

(%~13) is used to estimate the momentum of the Cooper pairs. Theoretically, calculated

evolution of critical currents in the presence of a magnetic field with slope is shown in Fig. 4.14(h).
Using the value of slope from experiments, we get the value of the finite momentum Cooper

pairing to be 2¢,, =~ 1.6 x 10° m™".

The value of Cooper pair momentum obtained along y-direction obtained from
measurement of the evolution of Fraunhofer pattern under an in-plane magnetic field is of the same
order of magnitude as that along the x—direction obtained from the GL model using Josephson
diode effect experiments. Thus, we have strong evidence that points towards the existence of

FMCP in this system and it possibly giving rise to the observed Josephson diode effect.

4.4.9 Alternative explanation for the origin of Al .

While we have shown clearly that there is a non-zero Cooper pair momentum in the
presence of a magnetic field in our system and attribute this to the helical spin-momentum locked
surface states in NiTez, there is also another possible origin to the observed Cooper pair momentum
that can give rise to the same effect in the system, that is independent of the junction material. This
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is due to the Meissner screening currents that arise in the superconducting leads in the presence of

a magnetic field*°,

When a Josephson junction made of conventional superconducting leads is placed in a
magnetic field, screening currents are generated in the superconducting leads due to Meissner
effect. Correspondingly, the superconducting order parameter on the surface of the electrodes
gains an additional phase similar to FFLO states due to the finite momentum generated. This finite
momentum generated on the surface of the electrodes can be transferred from one electrode to the
other, when the junction is in the ballistic limit. It shows the same characteristics as that induced
by the Rashba spin-momentum locking present in the system, namely maximum Josephson diode
effect when the magnetic field is aligned perpendicular to the direction of current and similar
angular and temperature dependencies. In our case, the thickness of Nb leads (30 nm) is much

smaller than the London penetration depth and the estimated value of finite-momentum Cooper
pairing arising from the screening in Nb contacts is therefore g, ~ % By%. At B, =20 mT,

this corresponds to 2g, =~ 10® m~1. Since this is smaller than the value of the Cooper pair
momentum estimated from the Fraunhofer pattern and the Josephson diode effect measurements,
it cannot account solely for the observed effect. Moreover, superconducting diode effect has been
in observed in thin flakes of 2H-NbSe: in the presence of an out-of-plane magnetic field'®’, which

is expected if the FMCP is induced by the Ising spin-orbit coupling in the system.

4.5 Conclusion

In conclusion, non-reciprocal supercurrents leading to a Josephson diode effect in lateral
junctions of exfoliated NiTe2 flakes with a maximum efficiency close to 60% has been observed
which is one of the largest effects reported so far. In order to comprehend the possible origins of
the observed diode effect, a Ginzburg-Landau model which takes second order term into account
with an additional phase shift is used. This additional phase shift is argued to arise from non-zero
Cooper pair momentum in the presence of a magnetic field. This model captures all experimentally
observed features such as the magnetic field dependence, angular dependence and temperature
dependence. Additional measurements to independently measure the Cooper pair momentum,
point to a value close to the one suggested by measurements of the diode effect, thus confirming
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the presence of finite momentum in NiTe2 junctions and reinforcing its role in the creation of the
Josephson diode effect in NiTe2. Finite momentum Cooper pairing, though considered rather

uncommon, has been observed in Josephson junctions of NiTez. The value of such large Cooper

pair momentum at low magnetic fields is commensurate with a very large (Ui) ratio in the system.
F

Since, the v in the system is already known from ARPES measurements to be much smaller than

normal metals, it can be used to calculate g-factor of the electrons. The Cooper pair momentum

can be expressed as 2q = g;}—BB, which gives the g-factor to be around 170. This value of g-factor
F

is extremely large, even larger than typically found in topological semimetals in the normal state!®
and that recently discovered in InAsSb/InSb heterostructures'® of around 104, which warrants

further investigation in the future.

The origin of the non-zero Cooper pair momentum in NiTez2 has been attributed to the
Zeeman shift of the topological surface state close to the Fermi level with a helical spin-momentum
locking due to a strong Rashba splitting of 120 meV/. An alternative explanation to the origin of
finite momentum Cooper pairing based on Meissner screening currents'® is also discussed.
Nevertheless, the possible role of finite momentum Cooper pairing in the creation of a Josephson
diode effect has been revealed, which could lead to a better understanding and possibly a

microscopic theory in the future.
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5.1 Introduction

Josephson diode effect (JDE or Al,) is considered to be of great interest in the creation of
novel low dissipative superconducting technologies as it allows for unidirectional propagation of
supercurrents. There have been many theoretical and experimental efforts on understanding the
various mechanisms that give rise to it. Beyond its utility in novel superconducting technologies,
JDE can also function as an effective ‘tool’ of a material’s properties in the superconducting state
as it explicitly requires the breaking of inversion and time-reversal symmetries. JDE can be used
to demonstrate the existence and the nature of spin-orbit coupling in a system by probing it in
different directions. The appearance of a spontaneous JDE in a superconducting system can point
to the existence of an intrinsic spontaneous time-reversal symmetry broken superconducting phase
or an effective exchange coupling between the Cooper pairs and a magnetic layer in proximity*t,
In the previous chapter, it was demonstrated how the generation of finite momentum Cooper pairs
(FMCP) could give rise to the JDE in a type-Il Dirac semimetal NiTe2. This FMCP manifests as a
relative phase shift between the two harmonics in the CPR. The presence of tiny second harmonic

supercurrents is usually hard to detect and requires the use of complicated AC measurements.

In this chapter, we build further on the results from the previous chapter and show how Al,.
can serve as a good pointer for the second harmonic supercurrents flowing through the junction
and for quantifying it. Lateral and vertical Josephson junctions were fabricated on 1T-PtTe: flakes,
another van der Waals material from the same group as NiTe2. The nature of spin-momentum
locking in the material is established qualitatively through measurements of the JDE. Most
significantly, other extrinsic mechanisms that can give rise to a Al in such lateral junctions such
as self-field and geometrical effects, and ways to identify and minimize them are discussed in
detail. The current-phase relationship (CPR) that gives rise to a Al. in the system is explored in
detail and the necessity of a higher harmonic term in the CPR for the observation of a Al is
discussed. The evolution of the oscillations in Al in the presence of magnetic flux is also studied.
The nodes in Al are found to have a period of half magnetic flux quantum as opposed to the nodes
in I} and I which have a single flux quantum period. This shows that Al is strongly related to
the second harmonic term in the CPR. The presence of a strong second harmonic supercurrent
over large distances is quite unusual for a normal metallic system, which typically has a short mean

free path. The transparencies of junctions determined from fits of /.(T) to a diffusive behavior and
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from the excess currents present in the junction point to the existence of both diffusive and ballistic
channels. This observation further supports the contribution of ballistic topological states with
spin-momentum locking to the supercurrents in the system together with the diffusive metallic

channels.

5.2 Crystal Structure

Platinum Ditelluride (PtTe2) is a transition metal dichalcogenide material that crystallizes
in the centrosymmetric space group P-3m1 with a trigonal structure similar to Cdlz witha = b =
4,025 A and ¢ = 5.22 A. Layers of PtTe2 are held together by a strong Van der Waals force
compared to other two-dimensional Van der Waals dichalcogenides and hence not easily
exfoliable down to a monolayer. Fig. 5.1(a) shows the crystal structure of PtTez in which each
layer of platinum atoms is sandwiched between two layers of tellurium atoms. Similar to NiTez,
PtTe2 also structurally varies from other transition metal dichalcogenides like MoS2, MoTez,
WTe2, NbSez, TaSg, etc. in the fact that it is found to crystallize only in the octahedral phase as
opposed to 1T (trigonal) and 2H (hexagonal) phases in the other systems. Other members of the
PtTez family include NiTez, PdTez, PtSez, PdSez, etc. Just like NiTez, PtTez is also extremely air-
stable making it useful for industrial applications. It can be synthesized layer-by-layer using
chemical vapour deposition and is useful for a variety of applications including terahertz

photodetection, near and mid-infrared photodetection, electrocatalysis, etc.

Just like NiTez, the crystal and atomic point group symmetries play an important role in
determining the properties of PtTez. PtTez crystallizes in is a centrosymmetric space group that is
not expected to have any asymmetric spin-orbit coupling interactions like the Rashba or
Dresselhaus effects. Each layer of PtTe2 consists of three sublayers with a sublayer of platinum
atoms located in the center and sandwiched by two sublayers of tellurium atoms on the top and
bottom. Consider a single layer of PtTe2 from the schematic shown in Fig. 5.1(b). The platinum
atoms are coordinated with the tellurium atoms in an octahedral fashion. As in the case of NiTez,
the Pt atoms have a Dsqd point group symmetry, which includes a center of inversion as shown in
Fig. 5.1(d) whereas the Te atoms have a Cav point group symmetry, which lacks a center of

inversion that leads to the existence of equal but opposite asymmetric spin—orbit couplings within

109



the unit cell. This creates a ‘local Rashba effect’ in the system which leads to the existence of a
layer-dependent spin-momentum locking in the system where the spins in the top and bottom

tellurium layers are expected to be oppositely spin-polarized as shown in Fig. 5.1(c) and (e).

(a) 1T-PtTe,
SO, @ D,
SO @ e s s e e %
S
S
SO

‘

Fig. 5.1 Locally broken inversion symmetry in PtTez: (a) shows the structure of five layers of
platinum ditelluride with an octahedral coordination (1T-PtTez). 1T-PtTez is a group-X transition
metal dichalcogenide composed of two-dimensional layers of PtTe2 stacked on top of each other
separated by a Van der Waals gap. Each monolayer of 1T-PtTez is centrosymmetric with a AA-
type stacking that makes it globally centrosymmetric. (b) A monolayer of PtTe2 consists of a sheet
of platinum atoms with sheets of tellurium atoms covering it on the top and bottom. (c)-(e) The
platinum atoms are in an octahedral environment of tellurium atoms giving it a D54 point group
symmetry with a center of inversion, while the tellurium atoms on the top and bottom layers have
a trigonal pyramidal coordination to the platinum atoms that give them a C;, point group
symmetry that lacks a center of inversion. This gives rise to two equal local electric dipoles with
moments pointing out of the plane and away from each other. The electric fields corresponding to
these dipoles give rise to a Rashba type spin-momentum locking that are equal in magnitude but
have opposite helicities for the top and bottom sub-layers of tellurium atoms and hence leading to
a staggered Rashba SOC in a single layer.
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5.3 Electronic Structure

PtTe2 is a type-Il Dirac semimetal, which hosts Dirac fermions that violate Lorentz
invariance. Naturally arising from its locally broken inversion symmetry are also several bands
with strong spin-splitting and topologically protected surface states. Spin- and angle-resolved
photoemission measurements (ARPES) on thin films of PtTez of varying thickness grown by
chemical vapour deposition from literature reveals that it evolves from a 2D metal to a 3D Dirac
semimetal on increasing the thickness from two monolayers to six monolayers, which is evidenced

by the appearance of a VV-shaped conical dispersion in thicker samples.

Of great interest is the nature of spin-momentum locking in the system as revealed from
the spin-dependent ARPES measurements. At the M’ point in momentum space, a pocket with a
gapped Dirac-like dispersion is observed with the Dirac point roughly 200 meV below the Fermi
level. Measuring the spin contrast of the energy distribution curves along the in-plane tangential
direction at four different momentum points of this pocket reveals a strong difference in the spin-
resolved density of states. The lower half of the Dirac cone has an opposite spin polarization
compared to the upper half of the Dirac cone, which lies at the Fermi energy, leading to a non-zero
spin polarization. This non-zero spin polarization with a helical spin-momentum locking can give
rise to a JDE as will be seen later in this chapter. Two other Dirac cones with similar spin dispersion

are also present as shown in the schematic.
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Fig. 5.2 Spin- and angle-resolved photoemission spectroscopy of PtTez: (a) Intensity maps of
PtTe2 thin films measured at -600 meV below the Fermi energy shows three different pockets at
M’ points in momentum space . (b) A gapped Dirac cone-like dispersion is found at each M’ point.
(c)-(F) Measurement of the spin-resolved energy dispersion curves at 4 different points labelled
P1-P4 in (a) reveals the presence of a Rashba-like tangential spin polarization which differs in
sign above and below the Dirac point. (g) Schematic of the gapped Dirac cones with the arrows
pointing to the helicity of spin polarization. At the Fermi energy, the top Dirac cone is partially

filled, leading to a net spin polarization in bulk PtTe2.

5.4 Electrical Transport in PtTe, flakes

Before proceeding to study the properties of PtTez in the superconducting state, the
electrical transport properties of PtTez were studied in the normal state. Few layer thick PtTez
flakes are exfoliated from a commercially purchased single crystal of 1T-PtTez (from

HQgraphene) onto a Si substrate with 300 nm SiO2 coating as described in detail in section 3.2.1.
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Thin flakes are identified with the help of an optical microscope and an atomic force microscope
and a Hall bar device with Ti (2 nm) / Au (40 nm) contacts was fabricated on a 30 nm thick PtTe:
flake using a similar method as described elsewhere in the thesis to measure its electrical properties
in the normal state as shown in Fig. 5.3. The Hall bar was fabricated with help from Yufeng Wu.
Electrical measurements are performed using a current source (Keithley 6221) with a constant
current bias of 10 uA and the voltage measured using a nanovoltmeter (Keithley 2182A). It is
found that PtTe2 remains metallic down to 20 mK temperature and does not turn superconducting.
It can also be seen from the positive magnetoresistance and linear Hall effect that PtTez is non-
magnetic down to the base temperature and hence time-reversal symmetric. The mobility of the
flake as estimated by fitting the obtained magnetoresistance, using the formula MR =
a(1l + u?B?) is uyr = 835 cm?V~1s~1 and the carrier concentration calculated from the Hall

resistance is n = 1.424 x 1028 m~3 indicating that the material is highly metallic.
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Fig. 5.3 Electrical transport in PtTe, Hall bars: (a) Optical image of a Hall bar fabricated on a
40 nm thick PtTe: flake. (b) Electrical resistance of PtTez as a function of temperature measured
from the longitudinal voltage in the Hall bar, in the presence of a constant current bias. The
resistance saturates at lower temperatures but never drops to zero. (c) The magnetoresistance of
the flake measured with a magnetic field perpendicular to the plane of the flake. PtTe2 displays a
parabolic positive magnetoresistance as in a non-magnetic material. (d) Hall resistance of the
PtTe:2 flake shows linear behavior with negative slope indicating hole-type carriers with a large
carrier density and once again confirming the absence of any anomalous Hall behavior due to

time-reversal symmetry breaking in the system.

5.5 Fabrication of Josephson Junctions with PtTe, flakes

Josephson junctions in PtTe2 flakes are fabricated both in lateral and vertical geometries to

study the JDE along different directions and verify the nature of spin-orbit coupling in the system.

5.5.1 Lateral junctions of PtTe, flakes

Lateral junctions of PtTez are fabricated on a 17.5 nm thick flake of PtTe2 (as shown in
Fig. 5.4(a)) exfoliated on a 300 nm SiO2 coated Silicon substrate using a Nitto tape and standard
physical exfoliation technique as described in other parts of the thesis. The thickness of the flake
is measured using AFM (as shown in Fig. 5.4(b)) and the Josephson junctions of varying
separations (L1-L4) were fabricated on this flake using electron-beam lithography. The substrate
containing the flake was spin-coated at 4000 rpm with a positive resist AR-P 669.04 and annealed
at 150 °C for 60 s followed by the same procedure for AR-P 679.03 (purchased from Allresist
GmBH). The substrate was then exposed to the electron beam at 10 kV energy and developed
using AR 600-56 for 90 s. After developing the substrate, it was gently ion milled for 60 s at
100 kV to remove residual resist on the top surface, superconducting electrodes Ti (2nm) / Nb
(40nm) / Au (4nm) substrate was sputtered on the substrate. The lift-off was performed by
immersing the substrate in acetone overnight and removing the underlying resist. An SEM image
of the fabricated devices along with the separations between the different superconducting
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electrodes is shown in Fig. 5.4(c) and an optical image is shown in Fig. 5.4(d). The junction L2 is

shorted by another PtTez flake that lies in parallel and couldn’t be used for measurements.
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Fig. 5.4 Lateral PtTe> Josephson junctions: (a) Image of a 17.5 nm thick PtTez flake on a 300 nm
SiO2 coated Si substrate, measured using atomic force microscopy (AFM). Scale bar corresponds
to 1 um. (b) The thickness of the flake measured from the region marked by blue in (a). (c) Scanning
electron microscopy (SEM) image of the PtTe: flake after fabrication of the lateral Josephson
junctions with the superconducting electrodes Ti (2 nm) / Nb (40 nm) / Au (4 nm) on top and the
varying separations measured. (d) Optical image of the lateral Josephson junction device
fabricated showing the various electrodes. Inset shows a close-up of the junctions labelled from

L1-L4 and the coordinate axes used for the measurements. The scale bar corresponds to 1 um.
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5.5.2 Vertical junction of PtTe,

A vertical junction (V1) of PtTez is fabricated using an exfoliated PtTe2 flake of around
60 nm thickness and NbSe: flakes acting as the superconducting electrodes on the top and bottom
using a dry transfer technique with a polycarbonate (PC) film supported by a polydimethylsiloxane
(PDMS) stamp as described in the literature!!!, to look for a Josephson diode effect (Al.) by
passing supercurrents along the c-axis. The vertical heterostructure formed is then dropped on pre-
sputtered gold electrodes at 200 °C. After dissolving the polymer in chloroform, the
heterostructure is annealed in vacuum at 300 °C for an hour to improve the electrical contact to the
flakes. The optical image of the junction formed is shown in Fig. 5.5. The vertical heterostructure

was fabricated with help from Dr. Jae-Keun Kim.

Fig. 5.5 Vertical PtTe, Josephson junctions: Vertical heterostructure consisting of
NbSe2/PtTe2/NbSe2 sandwich on top of gold electrodes used to probe supercurrent transport in the

vertical direction, along the c-axis of PtTeo.
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5.6 Josephson diode effect in PtTe; junctions

5.6.1 Basic characterization of the lateral PtTe; Josephson junction L1

Of the four lateral junctions fabricated L1-L4 (Fig. 5.4(d)), the junction with the shortest
separation between the niobium electrodes (L1) is around 390 nm, and the device is roughly 5 —
6 um in width with tapering edges. Most of the results and analysis presented in the following
sections focus on this device (referred to as L1 hereafter). The direction of current bias in these
devices is fixed along the x-axis as shown in the inset of Fig. 5.4(d). The resistance of this junction
is measured with a small alternating current of 350 nA at 7.919 Hz as the junction is cooled down
in zero magnetic field (Fig. 5.6(a)). A drop in resistance is observed around 4.5 K corresponding
to the superconducting transition of the niobium electrodes and another drop in resistance to zero

ohm at about 2.7 K (Fig. 5.6(a) inset), below which the junction becomes fully superconducting
(Ty).

The sample is allowed to reach the base temperature of the cryostat (20 mK) and
thermalize before the current voltage characteristics of L1 at zero magnetic field are studied with
a DC bias (Keithley 6221) and a nanovoltmeter (Keithley 2182A). The critical currents on
sweeping the current from zero bias in the positive (I}) and negative (I;) directions are obtained
at zero magnetic field (Fig. 5.6(b)) and a negligible difference in their magnitude
(Al = 1F — |I7]) or JDE is observed. The presence of retrapping currents in the junction different
from the critical currents indicate that it is underdamped according to the RCSJ model. The positive

and negative retrapping currents are also equal in magnitude.

As the in-plane magnetic field perpendicular to the direction of current (By) is increased
and the current-voltage characteristics are measured again, a non-uniform suppression of I} and
Iz and hence the appearance of a non-zero Al, is observed just like in the case of NiTez. The
current-voltage characteristic of L1 at B, = 8 mT is shown in Fig. 5.6(c). /7 is around 56 uA
whereas |I | is around 34 uA. By choosing a magnitude of current between IF and |17 |, one can
obtain non-reciprocal behavior, in which the junction is superconducting along one direction and

resistive along the opposite direction. The non-reciprocal behavior with 37 pA current along both
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directions at B, = 8 mT is shown in Fig. 5.6(d). The switching characteristic of the junction

measured over an hour appears stable and robust.
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Fig. 5.6 Non-reciprocal critical currents in PtTe, Josephson junctions: (a) Resistance-
temperature curve of junction L1 measured while cooling down in zero field. Two transitions at
around 4.5 K and 2.7 K (inset) corresponding to the superconductivity of niobium (T,) and the
junction (T;) are observed. (b) Current-Voltage characteristics of L1 measured in the absence of
any external magnetic field after cooling down to 20 mK in zero magnetic field. The critical
currents in the positive (I}) and negative (I;) directions are the same within the limit of error,
leading to AI. = 0. The retrapping currents in both directions (I} and I-) are also equal. (c)
Current-Voltage characteristics of L1 measured in the presence of an 8 mT magnetic field applied
along y-axis (By). In addition to a suppression of the energy gap of the junction, we also observe
that there is a significant difference in I} and I leading to a AI... (d) The non-reciprocal behavior
of supercurrents or the diode effect measured under 8 mT magnetic field with a 37 uA current
shows that the device is superconducting along one direction but resistive in the opposite direction.

The switching was measured over a period of one hour and showed robust behavior.
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5.6.2 Self-consistent simulations of critical currents in the junction

Throughout this chapter, there are several simulations of the critical currents evolution with
magnetic field presented to support the experimental observations. This is done by considering the
evolution of phase along different directions in the presence of a magnetic field and solving the
resulting differential equations self-consistently. All the simulations presented in this chapter were
done by Dr. Mostafa Tanhayi Ahari from Prof. Matthew Gilbert’s group at University of Illinois

Urbana Champaign (UIUC). More details of the simulation can be found in the appendix.

5.6.3 Josephson diode effect due to extrinsic mechanisms

5.6.3.1 Absence of geometric shape inversion asymmetry in PtTe, junctions

As it can be observed from Fig. 5.4(c), the shape of the PtTe: flake is not exactly
rectangular. It has tapering edges, which gives the junctions the shape of a trapezoid that naturally
breaks the geometric inversion symmetry of the junctions and can be considered as the source for
the observed asymmetry in critical currents in the presence of a magnetic field. To eliminate this
possibility a simple check is performed, wherein the critical currents I} and I of two junctions
(L1 and L3) whose edges taper along the opposite directions are measured in the presence of a
magnetic field along the same direction. In the case that Al, arises from the geometric inversion
asymmetry, this measurement would give opposite signs of Al,. for the two junctions, as their edges
taper in opposite directions. In our measurements, we observe that the Al for both L1 and L3 is
positive when the magnetic field direction is fixed along y direction and the current direction is
fixed along - x direction, suggesting that the geometric inversion asymmetry has a minimal role

to play in the creation of the observed critical current asymmetries.
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Fig. 5.7 Josephson diode effect in PtTe, junctions of different geometry: (a) and (b) Scanning
electron microscope (SEM) image of lateral PtTe2 Josephson junctions L1 and L3 with an outline
of their trapezoidal shapes and a measurement of their dimensions. (c) and (d) A/, for L1 and L3

measured for a positive B, with the same direction of current bias reveals that both L1 and L3

have the same sign of AI. under these conditions indicating the absence of strong geometric
asymmetry effects.

5.6.3.2 Self-field induced extrinsic JDE in wide PtTe, junctions

In a Josephson junction, when the junction width (w) or the length (1) is shorter in
comparison with the Josephson penetration depth (/1]), which is a characteristic length scale in the

junction over which magnetic flux variation can take place, the magnetic field due to the current
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flow across the junction can be neglected. Such a junction is said to be in the ‘short junction limit’.
In contrast to the NiTez junctions discussed in the last chapter, some of the PtTez junctions have
widths (w) that are larger in comparison to 4;. Such Josephson junctions are said to be in the wide
junction limit (w > 4,). In L1, the junction channel is between 5 — 6 um wide while the estimated
A, for the junction is 4; = 3 um (a =~ 2) for B, ~ 0, which makes L1 lie strongly in the wide
junction limit. In such limit, the current bias configuration can play a significant role in the nature
of current distribution across the junction. In a lateral junction such as L1, when the current source
IS connected to leads on the same side of the device and the voltage probes are connected to the
leads on the other side (as in Fig. 5.8(a)), this can lead to a highly non-uniform current distribution
in the junction. This consequently creates local inhomogeneous magnetic fields that can break the
time reversal symmetry of the junction. This is known in the literature as ‘self-field effect
(SFE)’40112113 and is dictated purely by the geometry of the junction and the magnitude of the

critical current.
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Fig. 5.8 Self-field effects in wide PtTe junctions: (a) Measurement schematic for a wide lateral
Josephson junction in which self-field effects were observed in the Fraunhofer pattern. (b) Skewed
Fraunhofer pattern with large Al (inset) measured with the current leads on the same side. This
indicates the current bias across the junction is non-uniform. (c) Simulated Fraunhofer patterns
for same-side biasing with w = 24,. The self-field effects gives rise to skewed Fraunhofer patterns
as in experiments. The calculated Al are shown in the inset. (d) Measurement schematic in which
the current bias is sourced in the “criss-crossed” configuration, wherein the current leads are
located on opposite sides of the superconducting electrodes. (e) The Fraunhofer pattern for IF
and |I-| measured in the criss-cross configuration is symmetric with respect to the magnetic field
with negligible AI. (inset) indicating the near uniform flow of supercurrents. (f) Simulated
Fraunhofer patterns for criss-crossed biasing with w = 24,. In this case, self-field effects are
symmetric and lead to symmetric Fraunhofer patterns where Al. = 0 (inset). In (c) and (f), we plot

the normalized critical currents as a function of normalized magnetic flux @ /®,,.

The critical currents I} and |I| of junction L1 with magnetic field applied along B, and
current applied in the same-side configuration is shown in Fig. 5.8(b). It can be seen that /7 and
|I7] in the Fraunhofer interference pattern are clearly skewed in opposite directions leading to a
significant Al.. Fig. 5.8(c) shows the simulated Fraunhofer pattern considering the boundary
condition (a4, a,) = (0,1) in equations (44) and (A5) in the appendix, which agrees well with the
experimentally observed behavior of the junction. The insets of Fig. 5.8(b) and Fig. 5.8(c) show
Al,. from the measurements and the simulations, respectively. Al. in both cases is quite large,

reaching a maximum value of around 40 uA when the total critical current is around 73 uA leading

Al
1X+1z

to an efficiency (n = ) of about 55 %. This Al with multiple oscillations strongly mimics

that observed in the case of NiTez created by finite momentum Cooper pairing as shown in Fig.
4.12(a). If not analyzed with caution, this observation would lead to the possible erroneous
conclusion that there is a Zeeman-type out-of-plane spin-momentum locking in the system that
leads to a large Al with a magnetic field along the z-axis similar to Ising superconductors such as
2H-NDbSe2%”. However, this is not true in this case and extra careful analysis is required in the long

or wide junction limit. It can be clearly shown from the simulations that the observed Al is from
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self-field effects present in the junction. It is also to be noted that even though the SFE evidently
breaks time-reversal symmetry upon application of a current, there is no spontaneous time-reversal
symmetry breaking that exists in the absence of a current and the inhomogeneous magnetic fields
induced by the currents in positive and negative directions are the same in magnitude. Hence, there

is no Al at zero magnetic field in the presence of SFE-inducing currents.

Another possible measurement configuration in which the critical currents across the
junction can be measured is the ‘criss-crossed’ configuration, in which the current source is
connected to leads on opposite ends of the device and the voltage is measured across the same
leads, as shown in Fig. 5.8(d). Performing measurements in the ‘criss-crossed’ configuration can
help reduce the SFE, help improve the current uniformity across the junction and nullify the
extraneous Al arising from the SFE as seen from both the experimental and simulation results.
The Fraunhofer pattern measured in the criss-crossed configuration is shown in Fig. 5.8(e). The
measured I} and |/ | fall almost on top of each other without any skewing of the curves. The
Fraunhofer pattern arising from a criss-crossed configuration of the current bias is simulated using
the boundary condition in (a;, a,) = (—1/2,1/2) in equations (A4) and (A5) in the appendix and
is shown in Fig. 5.8(f). The insets of Fig. 5.8(e) and Fig. 5.8(f) show Al, from the measurements
and the simulations in the criss-crossed configuration, respectively. In this case, the measured Al,.
is strongly suppressed and almost non-existent compared to the previous case. All measurements
henceforth presented from the lateral junctions in this chapter were done in the criss-crossed
configuration to avoid SFE.

5.6.4 Helical spin-momentum locking in PtTe;, junctions

As we have seen in a previous section on electronic structure of PtTe2 (Section 5.3), PtTe2
hosts a Dirac cone at M’ point with the Dirac point lying around 200 meV below the Fermi level
and this pocket has a non-zero spin-polarization tangential to the momentum at the Fermi level
which directs to the presence of a Rashba or helical spin-momentum locking on this surface. This
Rashba spin-momentum locking can give rise to FMCP and a Al, in the presence of an in-plane

magnetic field perpendicular to the current (By) just as in the case of NiTez. In order to establish

124



the presence of Rashba spin-momentum locking in PtTez, Al is measured in L1 as a function of

the magnetic field magnitude, angle and temperature.
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Fig. 5.9 Analysis of AI. with magnetic field magnitude, angle and temperature for junction L1:
(a) IF and I; measured as a function of the magnetic field B, swept from 150 mT to —150 mT at
20 mK temperature. (b) Al, measured by sweeping B, from 150 mT to —150 mT, shows that it

is maximum around 10 mT. (c) The maximum value of Al_ plotted as a function of temperature.

Inset shows that it follows a quadratic (T - T]-)2 dependence at higher temperatures, as expected
for a finite momentum Cooper pairing scenario. (d) The angular dependence of Al, at various
magnetic fields measured at 20 mK shows that Al. is maximized when the magnetic field is
perpendicular to the direction of current and zero when the magnetic field is parallel to the
direction of current indicating a helical spin-momentum locking in the system. (e) The angular
dependence of Al, with the magnetic field B, = 8 mT measured at various temperatures. (f)
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Fraunhofer oscillations in L1 with a B, magnetic field and zero B,, measured in a criss-crossed

measurement geometry show no JDE.

Fig. 5.9(a) shows I and I as a function of B, with B,, being swept from 150 to —150 mT
and the corresponding Al is shown in Fig. 5.9(b). It can be seen that Al. increases linearly with
B,, at low fields and then starts to decrease non-monotonously. This non-monotonous decrease can
be attributed to the effect of finite thickness of the sample due to which B, also provides an
additional magnetic flux on the sample and creates a phase difference across the superconducting
electrodes as will be discussed in a later section. This effect can be corrected for and the actual
Al at higher values of B), can be obtained from the Fraunhofer pattern as shown in a later section.
In this section, in order to minimize finite thickness flux effects, we stick to low B,, values in our
measurements. It can also be seen that Al has a finite shift from zero at high magnetic fields, in
the positive direction at negative magnetic fields and negative direction at positive magnetic fields.

This can be shown to arise from the geometry of the junction.

The critical currents I} and I of L1 at 20 mK are then measured as a function of the in-
plane magnetic field angle (Fig. 5.9(d)), by controlling the magnitudes of B, and B, on the 2D
superconducting magnetic coils. 0 degrees corresponds to the x-axis, along which the current flows
and 90 degrees corresponds to the y-axis, perpendicular to the direction of current (Refer Fig.
5.4(d)). Al is measured for the magnetic field vector magnitude ranging from 2 — 7 mT. Al is
maximized when the magnetic field is applied perpendicular to the direction of current (By) and
vanishes when the magnetic field is along the direction of current (B,) and is found to increase
with the magnitude of the magnetic field which indicates that there is possibly a tangential spin-
momentum locking scenario. The angular dependence of Al, is measured at various temperatures

from 20 — 1000 mK is shown in Fig. 5.9(e). Al is found to decrease with increasing temperature.

It decays with a quadratic (T — Tj)2 dependence close to T;, as shown in Fig. 5.9(c), and as
expected for a finite momentum Cooper pairing scenario>!**. Though the error in the data points

are large, a better fit can be obtained in the Al vs. T obtained from the Fraunhofer pattern as will
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be discussed later. These results put together indicate the existence of a two-dimensional helical
spin-momentum locking in PtTe.

Furthermore, on measuring Al in the vertical junction V1 (shown in Fig. 5.5) by passing
current in the vertical direction, along the c-axis of the crystal, no apparent Al with an in-plane
magnetic field along perpendicular directions is found, as shown in Fig. 5.10(a) and (b). This
observation is opposed to that in vertical junctions of T¢-WTez, fabricated using a similar technique
where a clear Al is observed when the magnetic field is applied perpendicular to the b-axis of the
crystal'’®. No Al was observed in our case, even though the Josephson energy and the magnitude
of the maximum critical current are quite similar in both the L1 and V1 junctions. This
demonstrates that there is no spin-momentum locking in the bulk of the sample or any other
mechanism that can create FMCP and the observation of a Al.. in the presence of a magnetic field

is confined to current flow only along the two-dimensional ab plane of the sample.
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Fig. 5.10 Absence of Josephson diode effect in a vertical junction of PtTe,: (a) and (b) Critical
currents 17 (black) and I (red) of the vertical junction measured as a function of the in-plane

magnetic field with magnetic field applied along two perpendicular directions show that Al,. (blue)
is almost zero and has no apparent trend.
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5.7 Tunable Current-Phase relationship in PtTe, Josephson junctions

5.7.1 Current-Phase Relationship Model for PtTe, junctions

The appearance of Al, in PtTez can be understood using a simple model starting from a
general current-phase relationship (CPR) written as a Fourier series of sine functions, which
includes higher harmonics and additional phase shifts ¢,, that may be present in the system when

time-reversal symmetry is broken.

I(p) = Xn=1 In sin(ng + ¢y,) (5.1)

Expanding this CPR up to the second order gives us:

I(p) =1;sin (¢ + ¢1) +1,sin 29 + ¢,) (5.2)

This is a very generic CPR from which certain well-known special cases can be derived. For
example, having ¢, = ¢, = 0, gives a CPR that contains only the first and second harmonic terms
without any additional phases corresponding to typical ¢-junctions!'¢!'” with a skewed current-
phase relationship and furthermore setting I, = 0 in equation (5.2) gives us anomalous Josephson
junctions or ¢,-junctions with a sinusoidal current-phase relationship shifted from zero by a phase
¢@,. Such CPRs have been been observed typically in ferromagnetic Josephson junctions and
systems with high spin-orbit coupling'®!2*. Now, without any loss of generality ¢ may be replaced

with (¢ — ¢,) and the CPR can be rewritten as:
I(p) =1 sing +I,sin (2¢ + §) (5.3)

where § = @, — 2¢, is the relative phase between the first and second harmonic terms. This CPR
is quite different from typical ¢ — and ¢, — junction CPRs!'¢12* and Josephson junction with a
CPR as that in equation (5.3) is dubbed as a “second order ¢,-junction”. This CPR is identical to
that derived from the Ginzburg-Landau formalism! in the previous chapter, in which § corresponds
to the phase shift induced by a finite momentum Cooper pairing in the system. This phase §, can
be controlled by an in-plane Zeeman field perpendicular to the direction of current (6 « B,)). It is
to be noted that in addition to NiTe2!, similar CPRs have been used to explain the presence of a

Al in InAs-based superconducting junctions'?*!% and InSb nanowire junctions'?.
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Al can be determined by looking at I} and I from the CPR in equation (5.3). It may be
seen easily that the first harmonic term varies as sin ¢ which is an odd function and hence would

not have any direct contribution to Al in the absence of §. For non-sinusoidal CPRs such as that

in equation (5.3), critical currents may not always occur at ¢ = ig and might need to be solved

numerically to get the exact values of IF and I for different values of &. To this effect, numerical

solutions of the critical current are obtained, which can be achieved by defining an envelope
function f(®,§) = I; + min,, [(11 + 21, cos(¢ + &) cos (7;_q>)) sin (p]. In this case, Al is given
0

by

sin(nd/Pg)

Al = f(®,8)= 27

(5.4)

We note that the envelope function f(®,,, §) vanishes at ®,, = (n + %) ®,, for arbitrary values of

é and I,. Moreover, for 5—2 « 1, we obtain the magnitude of A, as

1

sin(—znd))
)

(%)

Al, = —21,(B,)sin§ (5.5)

N
where Ii(By) = 1;(0) (1 - %) accounts for the suppression in the critical current components
c

due to orbital effects from B,. From equations (5.3) and (5.5), we can infer three important

conclusions on the CPR and Al,..

1. Firstly, we find that the existence of a second harmonic term (I, # 0) and § # nmt,n € Z is
necessary for the existence of a non-zero Al.. So, the presence of a Al, acts as an indicator for
the existence of a second harmonic term in the current-phase relationship while the converse
need not be true.

2. Secondly, the magnitude of Al. is modulated by sin &, which implies that Al. reaches its

maximum magnitude when § = i-g. In a system with FMCP, § can be tuned precisely with
an in-plane magnetic field (B, ) as a handle. The value of B, at which Al reaches its maximum

(minimum) value AI7*** (AI*™) corresponds to & =~ (—>). Using the value of AI"** and
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equation (5.5), it can be seen that the actual magnitude of second harmonic supercurrents

flowing through the junction in the limit of & going to zero is I,(B,) = —

AIax

2 .

3. Thirdly, the unprecedented control over § leads to the interesting possibility of tuning the

relative phase and directionality between first and second harmonic components. For example,

substituting & = m in equation (3) gives:

5.7.2

1(@)s=r =L sing + I, sin (2p + 1) = I, sin ¢ — I, sin 2¢ (5.6)

In this CPR, it can be seen that the first and second harmonic terms are modulated
by sin ¢ and (—sin 2¢) respectively due to the relative 7 phase shift between them. It can
be imagined that the second harmonic supercurrents have a = — character while the first
harmonic supercurrents have a 0 — character. Hence there can be spontaneous second
harmonic supercurrents created in the junction when § = m and the position of § = nm can
be easily inferred from the nodes in Al.. This is an interesting property unique to second
order ¢,-junctions that can be used to control the relative directions of the two
supercurrents and exploited to make novel supercurrent devices. This is especially useful
in the situation that the second harmonic supercurrents originate from the highly

transparent topological states in the system.

Evolution of the Fraunhofer interference pattern under 8 and ¢

Having established the existence of Rashba-spin momentum locking in PtTez, the evolution

of the Fraunhofer pattern in lateral PtTez junctions in the presence of Al is studied in order to gain

insight into the CPR of the system. While superconducting quantum interference devices

(SQUIDs) are the preferred platforms to deduce the current-phase relationship in a system,

Josephson junctions have the advantage that the distribution of supercurrents in the system may

also be obtained by analyzing the Fourier transform of the Fraunhofer pattern. The Fraunhofer

patterns for the critical currents I} and I are measured as the function of the magnetic flux ®

along the z-direction, under various B, is shown in Fig. 5.11(a)-(d) after correcting for flux

focusing effects!?”128 and the finite thickness effect®® of the sample as discussed in detail in the

appendix.
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Fig. 5.11 Evolution of the Fraunhofer pattern in the presence of AI, for junction L1: (a)-(d)
shows the experimentally mea