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This doctoral dissertation aims to explore via high-throughput methodologies
heavy-element-based quantum materials and devices for spintronic and topological
computing applications. It is organized into three parts: (1) the development of spin wave
devices based on magnetic insulators for magnon spintronics, (2) the search for spin-
triplet superconductors based on Bi alloys (Bi—-Ni and Bi—Pd) for superconducting
spintronics, and (3) fabricating Josephson junctions based on topological insulators for

topological quantum computing.

The first part of this dissertation is to develop spin wave devices based on
acoustically driven ferromagnetic resonance (ADFMR) using magnetic materials,
including yttrium iron garnet (YIG). Spintronic devices based on ferromagnetic metals

entail Joule heating and energy loss due to the moving of charge carriers. On the other



hand, spin waves can be used without resistive losses. ADFMR is an efficient platform for
generating and detecting spin waves via magneto-elastic coupling. While numerous
ADFMR studies in ferromagnetic metals have been reported, there is no such report on
magnetic insulators. This is due to (1) thermal degradation of piezoelectric substrates
(e.g., LINbO3) during the film crystallization (T > 800 °C for YIG), (2) reaction between
substrate and film materials, and (3) low ADFMR signals due to intrinsically low
magnetostriction. The first part of this thesis attempts to address these issues to achieve
YIG ADFMR devices by utilizing rapid thermal annealing to minimize thermal damage, a
SiO: buffer layer to avoid unwanted chemical reactions during crystallization, and a time-
gating method for enhanced signal-to-noise ratio. YIG thin films deposited via pulsed
laser deposition and crystallized by rapid thermal annealing show decent ferromagnetic
behavior. YIG devices show exotic angle- and field-dependent absorption features,
indicative of ADFMR. The observed ADFMR pattern is consistent with simulations. This

result indicates the first demonstration of ADFMR in magnetic insulators.

The second part of this work performs combinatorial synthesis of Bi—Ni and Bi—
Pd alloys, which possibly show spin-triplet superconductivity. Such spin-triplet Cooper
pairing would allow field-controllable spin polarization in superconductors, enabling
superconducting spintronic applications. Furthermore, this type of device possibly
provides evidence of superconducting pairing symmetries. In Bi—Ni spread study, BisNi
acts as a superconducting host material, where the superconductivity is identified to be
varied according to two competing mechanisms: carrier doping and impurity scattering.
These results can provide useful guidance in studying superconducting materials with

stoichiometric defects. In the Bi—Pd spread films, two superconducting phases are



identified with maximum T¢ of 3.1 and 3.7 K, corresponding to BiPd and Bi-Pd phases,
respectively. With Bi.Pd thin films, spin injection devices are fabricated and
characterized. The Bi.Pd spin injection device showed unusual pair-breaking behavior
where the superconductivity of Bi-Pd is destroyed significantly by unpolarized current
injection. These superconducting spintronic studies demonstrate prompt device
exploration via combinatorial methods, efficiently providing insight into spin-triplet

superconductivity and its applications.

Lastly, this dissertation aims to fabricate topological Josephson junctions based on
Ybs/SmBe/Ybs trilayers. SmBes is a topological insulator characterized by a robust
insulating bulk state and topological surface states. Superconducting proximity effects on
the topological surface states can generate topological superconductivity, which can be
utilized for fault-tolerant topological quantum computing. This dissertation addresses
challenges in fabricating topological Josephson devices. With statistical analysis, device
failure mechanisms are identified and addressed, allowing for improved design and
fabrication. The improved devices showed Josephson junction-like behavior. The
junction characterization revealed that 100% of measured samples showed Josephson
features with prominent statistical reproducibility, possibly induced by the Klein effect.
The dependence of SmBe¢ dimensions on the junction behavior is also investigated, along

with possible proposed scenarios.

These results demonstrate that the combinatorial approaches allow for efficient
and prompt investigation of novel quantum materials and devices, facilitating phase

diagram studies, materials screening, and stoichiometric controls.
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Chapter 1. Introduction

The word quantum comes from the Latin adjective quantus, or “how much”. For
over a century, this term was in the exclusive domain of physical scientists. Nowadays,
this physical “jargon” has come into our daily lives—Samsung launched the first
quantum-dot displays named QLED TV (quantum-dot light emitting diode television) in
2017, and currently lots of tech giants (e.g., IBM, Google, Microsoft, Intel, etc.) are
investing substantially on the development of quantum computers. What’s more,
considerable research funding and human resources have been focused on taking
technological precedence of novel quantum materials and devices. According to
McKinsey’s third annual Quantum Technology Monitor report published in April
2024 [1], the market size of quantum industries could reach up to $2 trillion by 2035. In
particular, Fortune Business Insights predicts the compound annual growth rate (CAGR)
of the quantum computing market to be 34.8% from 2024 to 2032, rendering it one of the
fastest-growing industries across the world [2]. Remarkably, quantum technologies are
also anticipated to create synergy with advanced industrial fields, including artificial
intelligence, molecular simulations for novel pharmaceuticals, high-performance

computing, and so forth.



As such, it is deemed indispensable to devise efficient methodologies for studying
and developing quantum materials and devices, thereby expediting the establishment of
fundamental physics and the verification of industrial utility. This dissertation explores
quantum materials and devices via high-throughput methodology, called combinatorial
approaches. This chapter introduces the rudimentary concepts of quantum materials and
device applications, followed by the senses of combinatorial methods for rapid materials

exploration.

1.1 Quantum materials

Quantum materials are extensively defined as materials that cannot be described
in classical physics [3]. One significant feature of quantum materials is macroscopic
quantum phenomena manifesting over a broader range of energy and length scales,
hereafter referred to as quantum effects, which can be observed experimentally [4].
Various features signifying quantum effects as proof of quantum materials have been
identified so far. In the following sections, I will briefly introduce the concept of
macroscopic quantum states and phenomena, followed by examples of quantum effects
observed in matter. Then, we will discuss spin-orbit coupling in heavy elements as one

promising factor to design and develop novel quantum materials.



1.1.1 Macroscopic quantum states

The formulation of quantum mechanics (originally termed matrix mechanics) was
proposed by Werner Heisenberg, Max Born, and Pascual Jordan in 1925 to explain the
spectral lines resulting from electronic transitions [5—7]. Soon afterward, a quantum-
mechanical differential equation was established by Erwin Schrodinger [8]. The
Schrodinger equation for a single non-relativistic particle is given as follows:

2 2

9 h
lhaq’(r,t) = —%W+V(r,t) Y(rt) (1.1)

where W(r,t) is a particle’s wave function with position r and time t. # is the reduced

plank constant. i = vV—1 is the imaginary unit. V(r, t) is the electronic potential. m is the

particle mass.

This epoch-making equation is indeed designed to describe the wave-like behavior
and probability distribution of tiny particles like electrons, atoms, and molecules [8]. One
issue with this is that the wave functions and Hamiltonian of total systems become
enormously complicated when the number of particles increases. So, one consensus at
those times was likely that the Schrodinger equation could be solved exactly only in simple
atomic models, such as hydrogen and helium atoms. For this reason, calculating wave
functions of large-scale quantum systems has made it necessary to use approximation
methods, such as superlattice simplifications or the introduction of functionals in density

functional theory.



The idea of macroscopic quantum states was first introduced by Fritz London in
the 1940s [9,10]. In his theory of the macroscopic occupation, the wave function ¥ of N

particles with volume V'is written as
P(¢p) = Poexpig (1.2)

where ¥, and ¢ are the amplitude and phase of the system’s wave function, respectively.
Here, all particles occupy the same coherent state. The normalization of the wave function

leads to
j pyYqy =N (1.3)

which can be treated like a one-state system and examined via the Schrodinger

formulation.

In 1965, Brian Josephson found that superconducting materials with the
Avogadro’s numbers of atoms (~1023 cm3) could show supercurrent tunneling across a
thin insulating barrier, indicative of a macroscopic quantum interference effect [11].
Thanks to this pioneering work, he received the Nobel Prize in Physics in 1973 [12]. In
addition to this, various macroscopic quantum phenomena have been observed in matter
experimentally, such as helium superfluidity (Nobel Prize in 1996) [13], Bose-Einstein
condensation (Nobel Prize in 2001) [14], the integer and fractional quantum Hall effects
(Nobel Prizes in 1985 and 1998, respectively) [15,16], and topological phases of matter
(Nobel Prize in 2016) [17]; interestingly, almost all of these findings were led to the Nobel

Prizes in Physics. A cornucopia of the Nobel prize awards indicates that such discoveries



of macroscopic quantum phenomena are truly significant in contemporary physics. Thus,
such macroscopic quantum phenomena can be a key signature of quantum materials. The
origin, implications, and examples of macroscopic quantum effects observed in matter

are in the following section.

1.1.2 Quantum effects

To understand the origin of macroscopic quantum effects in matter, we first need
to grasp ground states and elementary excitations in quantum systems, such as
fundamental particles (e.g., electron, photon, etc.) and collective behavior of a group of
particles, called quasiparticles excitations (e.g., phonon, plasmons, etc.) [18]. Figure 1.1
introduces five examples of degrees of freedom (spin, charge, orbital, lattice, and topology)
possibly inducing quantum effects [19]. Notably, the combination of these features in
strongly-correlated quantum systems can also show complex quantum behavior, such as
magnon (spin + lattice), polaron (electron + phonon), and exciton (electron + hole) [20].
These macroscopic features of quantum materials are readily influenced and smeared out
by local perturbations like thermal fluctuations and decoherence noises. Thus, detecting
definitive quantum effects generally requires secure noise-less environments, such as low

temperatures or high vacuum.
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Macroscopic quantum effects can be verified by showing the relation between the
observed quantum behavior and elementary physical constants. For instance, a
superconducting quantum interference device (SQUID), undoubtedly a macroscopic
quantum system, shows a quantum effect called flux quantization (i.e., the total magnetic
flux penetrating the SQUID loop is an integer multiplication of magnetic flux quantum).

This can be written as

d=nxd, (1.4)

where @ is the total magnetic flux, n is an integer, and ®, = h/2e = 2.07 X 1071°> Tm? is
called the flux quantum. This quantization behavior can be observed in SQUIDs, such that
no magnetic flux can survive deep inside robust superconducting materials and only an
integer number of flux quanta can go through the loop. As a result, we can get a special
diffraction pattern of supercurrent as a function of external magnetic flux, which
resembles the diffraction pattern of light (photon) in double-split experiments. Figure

1.2 illustrates the principle of SQUID.
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The Quantum Hall effect is another representative macroscopic quantum effect,

where the quantization of the Hall conductance G,, can be described as follows:

1

eZ
Gry = Rey =V (1.5)

R,y is the quantized Hall resistance. v is a coefficient that can take on either integer (v =

Gyp=—2=—"—— (1.6)

Here, G, is a universal constant with the value of G, = 7.748 x 107> s. Figure 1.3
illustrates the quantum Hall effect, and the resistance plateau observed in quantum Hall
devices. This pioneering work has opened a new chapter of quantum materials research—

topological phases of matter.
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Figure 1.3. Schematic view of the quantum Hall effect. (a) Illustration of topological edge states
in the quantum Hall effect. (b) Resistance plateau observed in quantum Hall devices. Adapted

from physics.aps.org.

Several fundamental physical constants related to quantum effects are provided in
Table 1.1. These constants have quantum implications, such as energy quanta (Planck

constant h), charge quanta (elementary charge e), and vortex quanta.

Quantum materials that exhibit quantum effects include superconductors,
graphene, topological insulators, Weyl semimetals, and so forth [3,4,21,22]. These
materials derive macroscopic quantum behaviors from various mechanisms, such as
reduced dimensionality, strong electron—electron correlations, large spin—orbit coupling,
or a combination of these. For instance, two-dimensional materials (e.g., graphene,
transition metal dichalcogenides, and quantum well heterostructures) possess quantized
electronic band structures along the thickness direction, thus exhibiting electronic

confinement to two-dimensional sheets, called the quantum confinement effect [4,22].
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Topological insulators are another type of quantum materials based on non-trivial band
structures induced by the inert-pair effect of outer electrons (band inversion) and strong
spin-orbit coupling (band hybridization) under certain symmetries [23]. Plenty of studies
have been directed to the discovery of novel quantum materials for practical device
applications. In the following sections, we will discuss how to design quantum materials
and quantum effects via a selection of constituent elements based on the concept of spin-

orbit coupling.

Table 1.1. Fundamental physical constants related to quantum effects.

Symbol  Relation Quantity Quantum Implications Value
h Planck constant energy 6.626 X 10734 s
h h/2mr  Reduced Planck constant spin (#/2) 1.055 X 10734 Js
e elementary charge charge 1.602 x 10719 C
m, free electron mass electron mass 9.109 x 10731 kg
Go 2e?/h conductance quantum conductance 7.748 x 107> S
D, h/2e magnetic flux quantum flux 2.067 x 1071° Tm?
K; 2e/h Josephson constant inverse flux 4.836 x 10™* HzV ™!
Ry h/e? von Klitzing constant resistance (Ry/2) 2.581 x 10* Q
o, h/2m, vortex quantum circular motion 3.636 X 107* m?s™!




1.1.3 Spin-orbit coupling

One common strategy to develop novel quantum materials is to utilize a heavy
element with a large spin-orbit coupling [24—27]. Such a spin-orbit coupling is a
relativistic interaction between the spin and orbital momentum of electrons. To grasp
what spin-orbit coupling is, let’s first take a look at a simple case: an electron moving in

an external magnetic field.

When an electron moves in an external magnetic field (B), it experiences a Lorentz

force (F) perpendicular to the motion and field directions as follows:

F=—-epXxB/m (1.7)

where p is the momentum, e = 1.60 X 1071° C is the elementary charge, and m =
9.11 x 10731 kg is the electron mass. Since the electron has a spin magnetic moment, it
also possesses the potential energy due to the spin—field interaction (i.e., Zeeman energy)

with the following Hamiltonian,

where ¢ is the Pauli spin matrix vector, ug = 9.27 X 1072* ] /T is the Bohr magneton [28].

Similarly, spin-orbit coupling can be understood as an effective Zeeman energy in
the rest frame of a loosely bound electron moving around the atomic nucleus. Here, an

effective magnetic field is created by atomic potential due to the reduced screening effect

12



of nucleus charges. The effective magnetic field B¢ due to the electric field E can be

written as
B = E X p/mc? (1.9)

where c is the speed of light. The resulting effective Zeeman Hamiltonian due to spin-

orbit coupling (Hs,) is given in the equation below [28]:

A o
Hso = up0o - Begsr = ug(E X p) m (1.10)

This indicates that an electron takes an increased energy due to the interaction
between the electron’s orbital motion and the spin when loosely bound to an atomic
nucleus. Figure 1.4 shows a schematic view illustrating the spin-orbit interaction of an
electron in a hydrogen atom. The orbital motion makes the electron feel an external
magnetic field due to the movement of the proton, which can be simply explained by
Ampere’s law (i.e., the magnetic field induced by circular current flow). In Figure 1.4(b),
the two spins (blue and black) give rise to a Zeeman-like interaction, resulting in spin-

orbit coupling.

13
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Figure 1.4. Schematic illustration of an electron moving around a proton, related to the concept
of spin-orbit coupling. (a) Proton’s point of view. (b) Electron’s point of view. Black and blue

arrows correspond to the electron’s spin and orbital magnetic moments, respectively.

In solids, the spin—orbit coupling generally acts as a small perturbation, and
proper approximation is required; one useful approximation in calculating effective
Hamiltonians is the Rashba spin-orbit coupling. Considering odd-in-p spin-orbit field
with broken spatial inversion symmetry (which is a necessary condition for Ay, # 0), the

Rashba spin-orbit coupling Hamiltonian (Hy) can be written as follows [28,29]:

Hp = (ag/R)(zxp)- @ (1.11)

Here, ag = ghugE,/2mc is the Rashba parameter, g is the g-factor, E = E,z, and & is the
reduced Planck constant. When the spin-orbit coupling energy becomes larger, the spin
of a charge carrier is locked more easily to its momentum, which is called the Rashba
effect. Further, the momentum-dependent energy band splitting can lead to the

localization of itinerant electrons [30].
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In atomic energy levels, the energy level splitting (or an effective Zeeman splitting)

due to the spin-orbit coupling has the following form [31-33],

Asoc = f Y, Wdr fo (1.12)
where ¥ is the electron’s wavefunction, Z¢ is the effective nuclear charge, and n is the
principal quantum number. This indicates that electrons from the same orbital shell (i.e.,
the same principal quantum number n) would show larger spin-orbit coupling energies
as the elements become heavier. Furthermore, the spin-orbit coupling energy depends
more significantly on Z.¢ than n. Thus, heavy elements with nearly-filled shells are most
likely to have significant spin-orbit coupling energy considering the charge screening
effect. This can be quantitatively seen in a study by F. Herman et al. [34], as shown in
Figure 1.5. Common commercially-available heavy elements with partially-filled orbital
shells include period 5 elements (e.g., In, Sn, Sb, Te, Pd, etc.) period 6 elements (e.g., Bi,

Pt, Hg, Pb, Ir, etc.), and rare-earth elements (e.g., Sm, Gd, Eu, Yb, Y, etc.).

15
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Figure 1.5. Spin-orbit splitting energy Agoc as a function of atomic number Z. Data collected

from [34].
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1.1.4 Quantum materials based on heavy elements

When heavy elements are incorporated into materials, they are likely to show
interesting quantum phenomena. One driving force for this is spin-orbit coupling as
discussed in section 1.1.3. A variety of quantum effects have been identified to be triggered
by or correlated with spin-orbit coupling, as confirmed theoretically and
experimentally [35,36]. Such spin-orbit-coupling-induced quantum effects include Mott
insulation transition [37,38], Bose-Einstein condensation [39], superfluidity [38],
topological insulators [40,41], superconductivity [42—44], spin Hall effects [45,46],
Majorana fermions and topological superconductivity [47-49], Weyl fermions [50], spin
galvanic effect [51], spin-momentum locking [52], and many more. Figure 1.6 illustrates
various macroscopic quantum effects observable in quantum materials realized by spin-
orbit coupling, and this field has been comprehensively termed spin-orbitronics [53]. One
important feature of heavy-element-based quantum materials is that they likely show

relativistic effects [54,55] due to the relativistic nature of spin-orbit coupling.

In this dissertation, three types of quantum materials containing heavy elements
with large spin-orbit coupling are explored in detail: oxide magnetic insulators, Y3Fe5012
(yttrium iron garget; YIG); spin-triplet superconductors based on intermetallic Bi alloys
(Bi—Ni and Bi—Pd), and topological insulators based on rare-earth hexaborides SmBe.

Section 1.2 briefly introduces possible fields of quantum applications of these materials.
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Figure 1.6. Spin-orbit-coupling-induced quantum effects. Adapted from [53].

1.2 Quantum device applications

So far, we have discussed the basics of quantum materials and a strategy to design
them using heavy elements with a large spin-orbit coupling. Then, the follow-up question
would be how we can apply them to practical devices. Below are discussed several possible

platforms that can benefit from emergent properties in quantum materials.
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1.2.1 Quantum spintronics

Spintronics, a combined term of the spin and charge of electrons, has been
extensively studied for the last decades. Various types of spintronic devices have been
being developed, and several have indeed transitioned successfully to commercial
products, such as giant magnetoresistance (GMR) in hard disk technologies [56].
Recently, there have been efforts to integrate spintronic concepts with quantum materials
and devices—e.g., quantum computing processors with spin qubits [57]. Such fields have
been coined as quantum spintronics. In this dissertation, we will cover the following two

types of devices as promising quantum spintronic platforms in the future.

- Spin wave devices: Spin waves, also known as magnons, are a collective motion of

spins and lattices in magnetic materials, as schematically illustrated in Figure 1.7.
Such quantized oscillations retain phase coherence for macroscopic length scales
(e.g., up to microns in metals and mm in insulators). This suggests that we can use
them as quantum processors by encoding information in both phase and
amplitude. Figure 1.8 shows examples of spin-wave-based quantum devices. This

field of study is specifically called quantum magnonics [58,59].

i A=2m/k i
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Figure 1.7. Schematic view of a spin wave and its propagation.
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Figure 1.8. Examples of quantum devices based on spin waves. (a) Information processing

devices based on spin waves in YIG. Adapted from [60]. (b) Nanophotonic devices based on spin

waves in Bi-substituted iron garnet (BiIG). Adapted from [61].

Superconducting spintronic devices: Superconductivity is characterized by

electrical conduction without energy loss. Combined with existing spintronic
device architectures, superconducting spintronics is expected to provide a new
platform for low-energy-loss or even loss-less information processing. A major
challenge to achieve this is the realization of Cooper pairs with spin-triplet pairing
that can be controlled electro-magnetically [62]. Earlier studies about
superconducting spintronics were performed through the creation of spin-triplet
Cooper pairs by engineering interfaces between superconducting and
ferromagnetic layers [63,64]. This was possible owing to spin-dependent

scattering at the interface via spin-flip mechanisms called spin mixing and spin
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rotation [62,65]. Figure 1.9 illustrates these spin-flip mechanisms at the
superconductor—ferromagnet interface and the resulting formation of spin-triplet
Cooper pairs. However, this conventional approach suffers from the intrinsic issue
of superconductors: equal-spin Cooper pairing is inherently unstable in
superconducting materials due to the pair breaking by the orbital effect and
Zeeman interaction [62]. This significantly reduces the coherence length within
which the spin and phase information is preserved, making it less apposite to
spintronic applications. Recently, unconventional superconductors with inherent
spin-triplet  pairing have been reported [66—70]. Such spin-triplet
superconductors are expected to allow stable and reliable control of spin
polarization in superconductors for an extended length scale, possibly opening a

new chapter of superconducting spintronic research.
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triplet pairing at the superconductor—ferromagnet interface. Adapted from [62].
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1.2.2 Topological quantum computing

The idea of information processing using quantum systems was first
conceptualized by Richard Feynman in the 1980s. In his papers [71,72], he proposed that
simulations of physics would be possible with quantum systems themselves. After a
decade, a feasible algorithm to realize practical quantum computing was proposed by
Peter Shor, called Shor’s algorithm [73]. This algorithm was expected to find the prime
factors of a very large integer with super-polynomial computing speed compared to best-
known classical algorithms, demonstrating the usefulness of information processors with
quantum mechanical states. Since then, a lot of pertinent studies have been conducted to
realize it. So far, various hardware platforms have been proposed and developed as
quantum computing units, called qubits (quantum bits). Figure 1.10 shows a few of such

hardware platforms for quantum computing operations.

Although quantum computing technologies have strong potential for their
efficiency and speed in solving complex problems, they have an intrinsic challenge:
quantum systems are too sensitive to noise and decoherence sources, thus hindering the
reliability of qubits [74—77]. The development of topological superconductivity has
opened an alternative quantum computing platform, called fault-tolerant topological
quantum computing. This type of computation allows the qubit gate operation for
information storage and processing in a non-local manner, which is inherently protected
from imperfection and defects as major decoherence sources [74]. Qubit operations via
the braiding and fusion of quasiparticle excitations, called Majorana fermionic modes, are

theoretically proposed, but no experimental demonstration has been made so far.
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Figure 1.10. Representative quantum processor platforms and their features for qubit operation.

Adapted from [78].

23



A variety of studies have attempted to develop experimentally available solid-state
systems, including systems that host elusive Majorana fermions and non-Abelian
quantum Hall states. The proposed topological qubit hardware can roughly be categorized
into the following three: nanowires, topological superconductors, and topological
insulators. One example of a topological qubit made of a semiconductor nanowire is
presented in Figure 1.11. Figure 1.12 shows another type of topological qubit hardware

made using topological insulators.

In this dissertation, we will focus on the last type of topological qubit which is based
on proximity-induced topological superconductivity in topological insulators. The major
device component of a topological qubit is a Josephson junction component with
topologically-nontrivial surface states, called a topological Josephson junction. Chapter 5
introduces technical challenges in developing topological Josephson junctions based on

topological insulators and our approach in more detail.

Figure 1.11. Microscopic image of an InAs topological nanowire qubit. Adapted from [79].
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Figure 1.12. Topological Josephson junctions based on topological insulators. (a) Nb—Bi.Te;—
Nb planar Josephson junction. Adapted from [80]. (b) Al-HgTe—Al planar Josephson junction.
Adapted from [81].
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1.3 Combinatorial materials science

Conventional ways to synthesize and optimize novel materials have been based on
Edisonian approaches, where materials were synthesized and characterized on a one-at-
a-time and point-by-point basis [82]. Such approaches are resource-intensive, meaning
that they are based on expensive and time-consuming trial-and-error methods. This
experimental methodology has worked successfully at least for centuries in developing
novel materials with relatively simple structures and compositions. In most previous
cases, experimentalists synthesized new materials and characterized their properties,
which is followed by theoretical interpretation and formalization of fundamental
principles. By doing so, most concepts of modern materials science have been established.
However, this is expected to be no longer a common case in future materials research. In
other words, the pace of theoretical predictions increasingly exceeds the experimental
throughput owing to the help of advanced simulation techniques and computing
hardware. Especially, the improved performance and precision of artificial intelligence

and machine learning have been widening the gap.

Recently, various computational methodologies have been developed to predict
stable materials. As a result, a substantial number of novel materials, which were
theoretically predicted to be stable but experimentally unexplored, have been reported in
materials databases, such as Materials Project [83], OQMD [84,85], and AFLOW [86,87].
Also, a recent report by a Google DeepMind team revealed that only about 40% of the
48,000 stable crystals predicted by computational methods have been successfully
synthesized and demonstrated so far[88]. This indicates that we have numerous

candidate materials to explore while our resources are limited. This issue of low
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experimental throughput is more significant when we study phase diagrams or optimize
materials’ compositions, as the number of samples to explore is considerable. This has
become a major hurdle in current materials study. Thus, one critical question raised

naturally is how we can expedite the development of novel materials and devices.

One way to address this question is to synthesize thin-film libraries containing
compositional gradients and characterize them with local, microscopic measurement
tools. This approach, called a combinatorial approach, has been widely adapted to
accelerate novel materials discovery. The combinatorial processes involve (1) fabrication
of thin-film libraries with composition spread, (2) high-throughput characterization of
materials (e.g., compositions, crystallographic structures, optical and electromagnetic
properties, etc.), and (3) screening and optimization based on the characteristics
map [89—-91]. Figure 1.13 shows some examples of combinatorial thin-film libraries for

high-throughput materials research.

Figure 1.13. Examples of thin-film libraries made via combinatorial approaches. (a)
Luminescent material library. Adapted from [92]. (b) Ni—-Mn-Al thin-film library for

ferromagnetic shape memory alloys
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Figure 1.14. Illustration of high-throughput experimentation methodology for general

combinatorial materials science. Adapted from [93].

So far, various materials have been studied and developed via the combinatorial
methods successfully: shape memory alloys[94,95], metallic glasses[96],
superconductors [97,98], ferroelectric materials [99,100], thermoelectric materials [101],
phase change memory materials [102], spintronic materials [103], and many other
electronic, magnetic, optical, and energy materials [104—107]. Figure 1.14 illustrates

general high-throughput combinatorial processes for materials discovery.

There are many useful application methods of the combinatorial approach. They
include: (1) study of phase diagram and stoichiometric effects in multi-component alloys,
(2) synthesis and screening of intermetallic compounds, and (3) rapid optimization of
materials properties depending on compositions and process parameters [89,90]. In

addition, many recent combinatorial studies utilize machine learning and data science
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techniques to assist efficient data acquisition and analysis. Furthermore, efforts have
been made to develop fully automated equipment systems for novel materials discovery,
called autonomous lab or self-driving lab, in combination with combinatorial
approaches [108—-113]. In such systems, machines themselves can perform not only
fabrication and measurement of samples but also data analysis and experimental
decision-making for further steps with no or little human intervention. Here,
combinatorial materials science is used as a term inclusive for all such implementations

and advancements.

In this dissertation, this combinatorial approach is employed to synthesize,
characterize, and optimize quantum materials. Also, this work aims to further apply the
screened quantum materials to practical devices. Figure 1.15 shows the processes of
high-throughput combinatorial exploration of quantum materials and devices used in the

present work. The methodological details are provided in Chapter 2.
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Figure 1.15. Process flow of combinatorial approach for the development of quantum materials
and devices employed in this work: (1) fabrication of thin-film compositional libraries, (2) high-

throughput characterization, (3) optimization and screening, and (4) device application.
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1.4 Research objectives

This doctoral dissertation aims to explore novel quantum materials and devices for
spintronic and topological computing applications via high-throughput combinatorial
approaches. This goal can be divided into the following three categories depending on the

types of quantum materials and devices:

(1) Development of spin wave devices based on magneto-strictive metals and

insulators (Chapter 3)

(2) High-throughput searching of unconventional superconductors for spintronic

device applications (Chapter 4)

(3) Exploration of Josephson junctions based on topological insulators and

superconductors (Chapter 5)

Each of these chapters will provide sufficient background and motivation for the
proposed approach, as well as details of experimental conditions, results, and discussion.
This dissertation is also designed to provide useful guidelines and tips in addressing
experimental challenges in high-throughput combinatorial exploration of novel materials
and devices, including securing sample quality (materials, surface, and interface),
optimizing device design, minimizing sample degradation during device fabrication, etc.
Thus, it is expected to demonstrate the applicability and usefulness of the combinatorial

approaches in exploratory quantum materials research.
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1.5 Dissertation outline

The outline of this dissertation is as follows. Chapter 1 began with a general
introduction of heavy-element-based quantum materials and their possible device
applications, followed by a brief description of combinatorial approaches for high-
throughput searching and screening. With these ideas in mind, Chapter 2 details
experimental methods and techniques to implement the combinatorial exploration of
novel quantum materials and devices. The main projects covered in this dissertation are
provided in Chapters 3 to 5: Chapter 3 describes the development of spin wave devices for
magnon spintronics; Chapter 4 depicts high-throughput searching of spin-triplet
superconductors based on Bi alloys and their spintronic device applications; and in
Chapter 5, Josephson junctions based on topological materials are developed and
investigated for a potential hardware platform in topological quantum computing.

Chapter 6 provides a summary of the highlights and prospects of the pertinent studies.
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Chapter 2. Experimental Methods

Chapter 2 introduces various experimental methods employed in this dissertation,
providing a better understanding of working principles and experimental details of the
projects, that is, combinatorial exploration of quantum materials and devices.
Experiments were carried out at facilities at the University of Maryland (UMD), College
Park, including laboratories in Prof. Ichiro Takeuchi’s group, Maryland NanoCenter
(FabLab and AimLab), and Maryland Quantum Materials Center. Part of the experiments
were performed at collaborator institutions, including the SLAC Stanford National
Accelerator Laboratory for synchrotron x-ray diffraction, the Massachusetts Institute of
Technology (MIT) for the growth of high-quality YIG thin films using pulsed laser
deposition), and the National Institute of Standards and Technology (NIST) for device

fabrication.

In this Chapter, section 2.1 elaborates on the methodology of combinatorial
approaches to accelerate material synthesis, optimization, and screening for device
applications. Sections 2.2 and 2.3 explain thin-film growth and device fabrication
techniques. Section 2.4 describes tools to measure various -characteristics of
combinatorial spread samples. Detailed experimental conditions and parameters for
respective projects, including sample fabrication and measurements are provided in

sample preparation sections in Chapters 3 to 5.
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2.1 Combinatorial approach

2.1.1 Synthesis of combinatorial thin-film libraries by co-sputtering

As discussed in Chapter 1, the combinatorial approach enables efficient fabrication
of composition spread libraries via co-deposition methods. In this dissertation, two or
more materials are simultaneously deposited on a substrate via co-sputtering methods
for preparing composition spread films. With this approach, we can deposit thin films
having targeted structural phases promptly, thus accelerating novel materials research.

The purposes of the combinatorial thin-film growth can be sub-divided as follows:

(1) Phase diagram study: composition spreads made via the combinatorial

approach contain thin films with continuously varying compositions. This
helps systematic and reliable analysis of stoichiometric defects or impurity
phases affecting the physical properties of deposited materials, such as
vacancies and inclusions. This concept was adapted in the Bi—Ni composition
spread study in Chapter 4. Figures 2.1(a) and 2.1(b) show a schematic view

and a photo image of a BixNi:-x thin-film library, respectively.

(2) Rapid screening for sample optimization: Combinatorial thin-film library

generally contains a region where a correct stoichiometric phase is formed.
With the help of high-throughput characterizations, we can screen the targeted
phase region rapidly. Figure 2.1(c) shows a schematic view of the Bi—Pd thin-
film library with the screened region marked. Note that this region is used for

device fabrication.
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(3) Control of stoichiometric region: By co-depositing compound target (e.g.,

SmBe) and element target (e.g., boron) materials, we can control the position
of the right stoichiometric region on a substrate. This helps secure the correct
stoichiometric phase on the best crystallinity region (which is generally the

closest region to the SmBe target). Figure 2.1(d) illustrates this concept.

Application Methods of Combinatorial Materials Research

Ni Bi (b) Bi,Ni;_, Library
\) y N

Phase Diagram Study
(Bi,Niy_,)

(a)

Screening of Correct Phase Control of Stoichiometric Region
(BiyPd) (SmBg)

Figure 2.1. Application methods of combinatorial approaches. (a) Phase diagram research
(BixNi;—) (b) Photo image of Bi.Ni,—, thin film library. Phase boundaries are marked with dashed
lines. (c) Rapid screening of the correct stoichiometry phase with optimal physical properties
(BioPd). (d) Control of stoichiometric region (SmBs).
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2.1.2 High-throughput characterization

As discussed above, combinatorial approaches can simultaneously fabricate a large
number of samples with different compositions in the library. Then, the following
question is how to characterize these samples promptly. The answer is to use high-
throughput characterization tools. At UMD, we have apparatuses with programmable and
automated measurements for compositional (wavelength dispersive spectroscopy) and
optical (spectroscopic ellipsometry) property mapping. Also, our group has access to
high-throughput synchrotron x-ray diffraction measurement equipment at SLAC
Synchrotron Lightsource at Stanford University. Our group has previously developed an

automated scan procedure for the phase mapping of a combinatorial library.

High-throughput characterization requires (1) measurement hardware modules,
(2) a stage controller, and (3) an automated mapping program. Some equipment provides
integrated data analysis software, thus making it possible to acquire final processed
mapping data readily. For example, Figure 2.2 shows high-throughput thickness
mapping of the SmBe thin-film library deposited on a 3-inch Si wafer. This equipment can
measure the optical parameters of SmBes thin films for 177 spots in the library with
automated mapping sequences and stage controllers. It also simultaneously performs
data fitting with a pre-defined model, thus providing an optically measured thickness map

as shown in Figure 2.2(b).
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Figure 2.2. High-throughput thickness mapping of SmB¢ thin films. (a) J. A. Woollam

spectroscopic ellipsometer at UMD Fablab (Model: M-2000D). (b) The thickness map of SmBs

thin films obtained by ellipsometry. (c) Software program (Complete EASE) showing optical

parameters of SmBs thin films as a function of wavelength (red: psi, green: delta). Black dotted

lines correspond to model fitting results (General Oscillator model).
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2.1.3 Screening and optimization

Following the characterizations of thin-film libraries, sample screening can be
done based on the properties measured. Figure 2.3 shows an example of sample
screening in a superconducting BixNii-x composition spread. In this case, the screening
criteria is superconducting transition temperature (7c), and we can, for example, set
useful areas for device applications as regions with Tc > 4 K (regions marked with the red
arrow in Figure 2.3). Various measurement data can be used for this screening purpose,
such as x-ray diffraction data (highest crystallinity areas or single-phase regions),
composition mapping data (areas close to correct stoichiometry), or physical property

measurement data with quantitative values (such as figure of merits or T, etc.)
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Figure 2.3. Example of screening and optimization of superconducting thin films on a
combinatorial library. SC refers to the superconducting phase region, and non-SC is non-

superconducting phase region.
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2.1.4 Device application

Once useful areas are identified, the last step is to use them for device fabrication.
This usually includes sample cutting (e.g., silicon wafer cutting) to get a small chip for
device patterning. Of course, it is acceptable to use the whole thin-film library (i.e., silicon
wafer). However, the area of interest in the library is generally pretty small, and thus it is
recommended to cut samples into small pieces for easier device patterning processes.
Typical chip size ranges from 5 X 5 to 10 X 10 mm?, depending on the types of patterning
tools. For example, for the maskless aligner tool (MLA150, Heidelberg) at UMD FabLab,
the minimum available chip size is about 8 X 8 mmz. For e-beam lithography machines
or mask aligner tools, 5 X 5 mm2 or smaller can also be acceptable, but it requires
additional care in handling the samples to protect it from scratches. This also requires us
to avoid fabricating junctions in non-uniform mask areas (e.g., e-beam resist or

photoresist) resulting from spin coating on small chips.

When the chip is cut from the wafer and properly secured, the next step is to make
device patterns on it. Before starting the patterning process, there are two important steps
to note: to make a position marker and to check the stoichiometry line. These will help
identify the direction of the compositional gradient, thus facilitating comparisons
between different junctions on the same chip. After mask patterning processes through
proper methods (e.g., photolithography or e-beam lithography), composition spread films
on the chip need to be etched properly. While wet chemical etching or reactive ion etching
under reactive gas environments (e.g., chlorine-, fluorine-, or sulfur-based gases) can be

used depending on the type of materials, it is commonly best to use physical etching
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techniques, such as ion beam etching (also known as ion milling) under an inert gas

environment (e.g., Ar). Details of such patterning processes are provided in section 2.3.

A lift-off patterning process can be applicable if the thin-film libraries are
deposited under room-temperature conditions. This can be done by making mask
patterns on a wafer substrate prior to the deposition of thin-film spreads. Notably, it is
required to keep the surface of the exposed region (where films are to be deposited) as
clean as possible in order to avoid peel-off of deposited films. If the thin-film-spread
materials need to be deposited at elevated temperatures (i.e., larger than polymer
degradation temperatures, which are typically 50 to 150 °C), such a lift-off patterning
process is not available or at least not recommended. In this case, device patterning via
inert ion etching is generally preferred. Instead of high-temperature growth of thin-film
spreads on a mask-patterned substrate, a post-annealing technique can be employed for
crystallization of the patterned films if a lift-off process is mandatory. Figure 2.4
illustrates these two pathways (ion milling etching and lift-off) to fabricate device patterns
on combinatorial thin-film libraries. Once the device patterning process is done,
additional layer patterning processes can be done. In this case, there is no difference

between devices made via etching-based or lift-off-based processes.

39



(a) Device Etching Patterning for Combinatorial Spreads

Combinatorial Chip Mask Film Etching Mask Removal Additional Layer
Thin-Film Deposition Preparation Patterning (e.g., lon Milling) (Chemical) Patterning
(High Temperature) (Wafer Cutting) (e.g., Photoresist) (e.g., electrode, etc.)

et A 1 o 0l
1 Sl Juf

(b) Lift-off Device Patterning for Combinatorial Spreads

Chip Mask Combinatorial Mask Removal Annealing & Additional Layer
Preparation Patterning Thin-Film Deposition (Chemical) Crystallization Patterning
(e.g., Photoresist) (Room Temperature) (if necessary) (e.g., electrode, etc.)

Substrate 11 :llllt :l‘l[lt
B ' R

Figure 2.4. Combinatorial device patterning processes. (a) Etching-based patterning. (b) Lift-
off-based patterning. It is noted that the polarity of physical masks (e.g., photoresist or e-beam

resist) is opposite between the two approaches.
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One thing to comment on about the combinatorial lift-off process is that this can
be applied to the whole wafer scale; in other words, there is no need to cut the samples.
This allows us to fabricate many different junctions and devices on a single wafer with
only one-step combinatorial deposition and patterning processes. Figure 2.5 shows an
example of sample preparation for the wafer-scale combinatorial lift-off process: a
quarter 3” Si wafer patterned with e-beam resist prepared prior to a combinatorial thin-
film deposition process. Here, the device structures were designed for Josephson
junctions and SQUIDs of Bi—Ni alloys. After film deposition and resist stripping, we can

get many junctions with different stoichiometry of Bi.

I
300 pm

(b) (c)

(d)

Figure 2.5. Example of patterned substrates for combinatorial lift-off processes. (a)
Photographic image of the patterned substrate (a quarter 3” Si wafer). Insets show zoomed-in
microscopic images of the pattern areas. Bridge dimension is 1 ym, and the critical dimension of
the junction areas is about 100 nm. (b)—(d) Types of junction structures used in the sample as an

example.
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2.2 Thin-film deposition methods

This section introduces thin-film deposition methods, including working
principles and related process parameters to be considered. As co-sputtering is a major
method in our combinatorial thin-film growth, we will discuss the sputtering process
much in detail. Other thin-film growth techniques—thermal evaporation, e-beam

evaporation, and pulsed laser deposition—will be briefly discussed.

2.2.1 Sputtering

Sputtering is a kind of physical vacuum deposition method, where atoms are
removed from a target material and deposited onto a substrate via physical bombardment
processes. The bombardment process occurs between target materials and plasma ions
(usually Ar+ ions), where plasma ignition is done via the glow discharge process. Such a
plasma discharge can be generated when satisfying discharge conditions, such as ignition
voltage (usually a few hundred volts) and vacuum level (a few to tens of mTorr). Once
plasma is ignited, Ar+ ions move toward the negatively charged cathode where a target
material is placed. This is similar to the ionic conduction process in a liquid electrolyte.
The schematic view of sputtering chamber and process is presented in Figure 2.6(a). In
Figure 2.6(b), a photographic image of a sputtering chamber for combinatorial

deposition in Professor Takeuchi’s lab is provided.
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Figure 2.6. (a) Schematic of sputtering chamber and process. (b) Sputtering chamber used for
depositing combinatorial thin-film libraries (Kurt J Lesker, Keck laboratory in Professor

Takeuchi’s group).

Since it is a highly energetic plasma process (plasma energy up to a few to tens of
eV), the cathode (i.e., the target material) gets heated during the deposition. Thus, it is
significant to sufficiently cool the target. If cooling water is not sufficiently supplied to the
sputtering gun, or the temperature of cooling water is not cold enough, the magnet in the
sputtering gun can be damaged losing its magnetic strength (called demagnetization).
Also, it is recommended to maintain the cooling water temperature consistently in order

to secure reproducible sputtering conditions.

Once Ar+ ions are bombarded onto the target, it obtain one electron from the
cathode and becomes a neutral Ar atom. As a result, this atomic bombardment process
makes the target surface positively charged. So, one crucial factor in retaining stable

plasma discharge over time for reliable sputtering processes is to provide electrons to the
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surface of target materials continuously. When the bombardment of Ar ions happens,
there is an emission of secondary electrons, which is one of the main electron sources that
ensure stable plasma. The lifetime of such secondary electrons can be much enhanced
when trapped in a magnetic field. This is why magnets are embedded in the cathode (most
i.e., sputtering guns) and the process is called magnetron sputtering. In the Lorentzian
discharge regime, plasma conductivity ¢ is determined by microscopic parameters of

plasma as follows [114,115]:

(2.1)

where e and m, are the charge and mass of electrons, respectively, and v is the collision

frequency. Here, n, refers to the plasma electron density.

As shown in the above equation, the plasma conductivity is proportional to the
electron density, indicating that a lack of itinerant electrons near the surface of the target
can lead to reduced plasma intensity and in turn reduced sputtering rates. So, depositing
insulating materials requires alternating current sources (e.g., RF, pulsed or bipolar DC,
etc.) to avoid surface charging effects and to supply electrons to the plasma circuit
continuously. Even when metallic materials are deposited, plasma failures can happen
due to vacuum levels. The best vacuum level for maximum secondary electron emission
is around 10 mTorr with slight variations depending on the chamber design and volume.
So, it is important to adjust vacuum levels to get stable plasma and reproducible

sputtering deposition.
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In some cases, a small amount of reactive gas (e.g., oxygen or nitrogen gas) is
introduced to the deposition chamber in addition to the inert gas, which is called a
reactive sputtering process. The benefit of such reactive sputtering processes is that we

can get increased deposition rates, up to one order of magnitude higher.

When co-sputtering is done using two (or more) target materials for combinatorial
deposition, it is recommended to check cross-contamination between two target
materials. If the sputtering rate of one is far exceeding the other, it is likely that the latter
is contaminated by the former. In this case, special shielding structures can be used to
prevent contamination of the low-rate target materials, called chimneys. This chimney
can also be used to limit the deposition area, thus enabling control of composition

gradient in combinatorial sputtering processes.

Major process parameters for sputtering deposition are described below:

- Sputtering power: It determines the plasma intensity. Sputtering rates (or

deposition rates) are in general proportional to the power applied within a certain
range. It is usually tens of watts to a few kilowatts: power density is a more
important parameter. Some materials have maximum available power density,
over which the materials can be degraded or evaporated (i.e., meltdown) so that

the deposition rate changes significantly.

- Base pressure: It is related to the impurity gas level (e.g., oxygen and nitrogen in

air, or materials on the inner chamber wall). Generally, the lower, the better.

Typical values range from ~10-9 Torr to ~10¢ Torr.
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Working pressure: As discussed earlier, it determines the density of plasma (as

well as electrons in the plasma circuit). Typically, it ranges from a few mTorr to
tens of mTorr. Some sputtering chambers use baffles or gate valves to attain
targeted working pressure. It affects the mean free path of the sputtered atoms and
the plasma characteristics. Lower pressure can lead to higher energy sputtered
atoms and smoother films, while higher pressure can increase scattering and
create films with more defects or rougher surfaces. If it is too low, the stability of

the plasma deteriorates.

Substrate temperature: Substrate temperature is usually kept high in order to

ensure the rearrangement of deposited atoms on the substrate. This can increase
the crystallinity of deposited films. Also, substrate temperature can be controlled
to form a certain phase of matter. For this purpose, it is recommended to refer to
the phase diagram of the material(s). The typical ramp-up time is about 2 hours,
followed by a stabilizing time of 30 minutes. After deposition, an in-situ post-
annealing process was performed for 1—2 hours at slightly reduced temperatures.
Substrate cooling is performed via natural cooling, which usually takes a few hours

to a day depending on the targeted substrate temperature.

Magnetic field: the magnetic field strength of magnets (i.e., magnetron) embedded

in the sputtering gun affects the confinement of the plasma close to the target
surface. A stronger field usually leads to plasma discharge closer to the target
surface, which is preferred. The strength and configuration of the magnetic field

can influence the uniformity and rate of deposition, and thus it is required to check
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them periodically using a magnetometer (e.g., portable Gauss meters) for reliable

and reproducible sputtering processes.

Target-to-substrate distance: It affects the deposition rate and uniformity. Usually,

a short target-to-substrate distance increases the deposition rate, while decreasing

the uniformity.

Target materials: Sputtering is a physical vaporization process based on plasma

discharge, and thus materials’ electrical conductivity is important as described
earlier. For example, sputtering deposition of insulator materials requires RF
power sources. Other important factors of target materials include the atomic mass
of the material, packing density (or porosity), grains, surface roughness, surface
cracks, etc. For quantum materials research, it is common to use heavy elements
as an ingredient, as we will do. It is noted that several heavy elements have low
melting temperatures and high vapor pressures. Because of this, special care is
required for sputtering them, such as target melt-down failure (usually happens
when cooling efficiency is not insufficient), and sample contamination due to re-
vaporization from the chamber wall (also known as out-gassing contamination).
These low-melting-point heavy elements include In (157 °C), Bi (271 °C), Sn
(232 °C), Se (221 °C), and Pb (328 °C). These elements are notorious for the

difficulty in precisely controlling stoichiometry in co-deposition.

Target-to-substrate angle: Since it is based on a physical collision process between

plasma ions (i.e., Ar) and target material atoms, momentum transfer can be

considered. This momentum transfer depends on the collision angle, and in
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general angle normal to the target surface shows the highest momentum transfer,
thus leading to the most energetic atoms for deposition. Therefore, thin films
deposited on areas with such normal angles typically show better higher effective
growth temperature or higher crystal quality. Due to this, sputtering yield also
maximizes at around such an angle. An empirical equation for angle-dependent

sputtering yield Y can be written as

Y (0) cos*(6)

YO = a5 peos20))

(2.2)

where 0 is a sputtering angle, Y (0) is the sputtering yield at normal incidence (that
is, 8 = 0), a and B are empirical parameters that depend on the material and the

specific sputtering conditions. An approximated equation for low angles is

Y (0)

2.
cos@ (2:3)

Y(0) =

This cosine relation at low angles is a typical feature of physical vaporization
processes based on momentum transfer. Details of the theory of sputtering
processes can be found in [116]. Figure 2.7 shows the normalized sputtering yield

as a function of incident ion angle.
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Figure 2.7. Normalized sputtering yield as a function of incident ion angle. Adapted from [117].

Sputtering yield at low incidence angle match the inverse cosine approximation well.

In this dissertation, we prepared combinatorial thin-film libraries via the
deposition of two or more target materials simultaneously, i.e., co-sputtering. To design
proper co-sputtering processes for the well-distributed compositional deposition of alloys
on a wafer-scale substrate, we need to consider all of these process parameters for
individual target materials. It is noted that some of the sputtering equipment in our lab
has a function to adjust sputtering target angles for co-deposition so that we can choose
different sputtering angles and yields individually. This facilitates the combinatorial

synthesis of thin-film spread libraries with targeted composition ranges.
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2.2.2 Thermal evaporation

Thermal evaporation is a common physical vapor deposition method. The target
material (or source material) in a crucible container is evaporated at an elevated
temperature in a vacuum. The high vacuum allows vaporized particles to reach a substrate,
and they condense back to a solid state. Figure 2.8 shows a schematic of the principle of
the thermal evaporation process. For thickness monitoring, a thickness sensor, called a
quartz crystal microbalance, can be used. In such a case, proper material parameters
(density and Z parameters) need to be used for accurate calibration. Also, a geometric

factor, called the tooling factor, should be experimentally tested and corrected.

Vacuum chamber

\ Substrate holder
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containing >
target material

To pumping system

Figure 2.8. A schematic view of thermal evaporation processes. Adapted from [118].
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In this process, it is important to secure a high vacuum level to ensure a large mean
free path of traveling particles for precise deposition rate control. The atomic mean free
path as a function of vacuum pressure for several molecular gases is provided in Figure
2.9. The possible process pressure is below ~10-5 Torr, but it is recommended to further

increase the vacuum level by one or two orders of magnitude.
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Figure 2.9 Variation of mean free path of various gases as a function of the chamber pressure.

Adapted from Fundamental Physics of Vacuum, Leybold Fundamentals of Vacuum Technology,
Leybold Vacuum.
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Process parameters of thermal evaporation include:

Source materials: Basically, the thermal evaporation process is based on heating

and evaporation. Typical heating temperatures can reach up to 1200 °C (in some
special cases, up to 1500 °C). This means that there are material restrictions based
on their melting temperatures. That is, high-melting-point elements cannot be
used for thermal evaporation. Several important material-related parameters
include types of materials (e.g., elemental materials, compounds, inorganic,
organic, etc.), source material dimensions (granules, large bulk), reactivity of

materials, purity, and packing density (called porosity).

Source temperature: This parameter is related to the type of source materials and

the evaporation (or deposition) rates. Typically, a resistive heater is used to heat
up the crucible container. Thus, we need to properly control the electrical power

(or current) to ensure stable evaporation rates.

Evaporation rate: This is the rate at which the source material evaporates, but in

many cases, it refers to the deposition rate. It is affected by many factors, including
the type of materials, source temperature, and the distance and angle between the
source and the substrate. As discussed earlier, it can be monitored using a
thickness monitor device, called quartz microbalance. It is noted that the initial
monitoring rate might not be correct, depending on the surface states of the quartz
and the substrate (e.g., roughness, polarity, contamination, etc.), which is why the

thickness monitor requires an initial stabilization process.
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- Vacuum pressure: Once it is below a process pressure (105 Torr), vacuum pressure

does not affect the thermal evaporation process significantly, unless the materials’
vapor pressure depends on it much. However, when evaporating highly reactive or
oxidative materials (such as Al, Nb, Mg, etc.), we need to secure a high vacuum
level in order to obtain high-quality thin films. Typically, the higher, the better. It

is not often the case when evaporating noble elements (e.g., Au, Pt, etc.).

Figure 2.10 below shows three thermal evaporation systems used in this work.
As the purpose of thermal evaporation is to deposit common electrodes (e.g., Au and Ag),
they were interchangeably used depending on the chamber schedule and availability of

source materials.

Figure 2.10. Photo images of thermal evaporation apparatuses used in the present dissertation
works. (a) Edwards Thermal Evaporation system (Maryland Quantum Materials Center, UMD),
(b) Metra Thermal Evaporation system (FabLab, UMD), (¢) Denton Ebeam/Thermal Evaporation
system (FabLab, UMD).
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2.2.3 E-beam evaporation

E-beam evaporation is also a physical vapor deposition method, in which a target
anode is bombarded with an electron beam. Typically, a tungsten filament under a high
vacuum is used to generate such electron beam sources via thermal electron emission
mechanisms. Other mechanical or physical features, including process parameters, are
almost identical to the thermal evaporation process. One unique process factor in e-beam
evaporation is to secure uniform heating of target materials with electron beam
illumination. To do this, it is generally recommended to continuously vary the electron
beam illumination areas on the target material surface. Figure 2.11 shows A schematic
view of an e-beam evaporation process. Figure 2.12 shows the photo images of e-beam

evaporators employed in this work.
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Figure 2.11. A schematic diagram of an e-beam evaporation chamber and process. Adapted

from [118].
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One possible issue that often happens in evaporation processes (especially in e-
beam evaporation) is the local focusing of heat on a small spot and the resultant rapid
vaporization of target materials. This in turn can contaminate the sample surface with
thick condensed target materials like stains and spots. This issue is called spitting. To
address this, it is important to secure temperature uniformity around the evaporation

region. It is also advised to have a long stability time and slow deposition rate control.

In this dissertation, evaporation techniques (thermal and e-beam evaporation)
were used to deposit metallic electrodes and normal metal layers for device fabrication.
These electrode materials include Au, Ag, and Pt with thicknesses of 50 to 200 nm. We
also pre-deposited thin, oxidative materials (e.g., Cr and Ti) to ensure good adhesion of
deposited films. It is also noted that thick SiOx films grown via evaporation were tested

for insulation layer performances (but this process was later replaced by RF sputtering.)

Figure 2.12. Photographic images of e-beam evaporation systems (a) Angstrom NexDep Ebeam
evaporation system (FabLab, UMD). (b) Angstrom Ebeam evaporation system (FabLab, UMD).
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2.2.4 Pulsed laser deposition

Pulsed laser deposition is another physical vapor deposition technique that utilizes
a laser source. A high-power pulsed laser beam is focused inside a vacuum chamber, and
target materials are evaporated due to the laser ablation. This laser process generates
vaporized species of target materials called plasma plumes, including atoms, molecules,
electrons, and ions; then the target material species are deposited and grown on a
substrate (Figure 2.13). This is often regarded as an appropriate method in growing
high-crystallinity oxide films thanks to the slow deposition rate (atomic-scale film growth
is possible) and easiness of oxygen stoichiometry control (oxygen gas can be used as a
process gas). However, there are some limitations as well: (1) maximum substrate size is
relatively small (e.g., 1 cm2); (2) the type of available materials depends on the laser
wavelength since the material to deposit should “absorb” the laser energy; (3) precise

optical setting and maintenance is important to obtain strong laser power.
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Figure 2.13. A schematic of pulsed laser deposition. Adapted from [119].
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In addition to the general process parameters of physical vapor deposition
mentioned above (e.g., base pressure, and target-to-substrate distance, etc.), important
process factors in pulsed laser deposition include laser power, laser energy, pulse duration

and cycling rate, and laser spot size.

In this work, high-quality YIG thin films were grown using a pulsed laser
deposition technique at our collaborator’s facility, the Massachusetts Institute of
Technology, by Kensuke Hayashi and Miela J. Gross (Professor Caroline Ross group),
who have expertise in growing high-quality YIG films on non-lattice-matching substrates
such as a Si wafer. Details of YIG film growth using the pulsed laser technique are

provided in Chapter 3.
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2.3 Device fabrication techniques

2.3.1 CAD device design and drawing rules

This dissertation explores various types of quantum devices, including spin wave
devices, spin injection devices, and Josephson junctions. Such devices were designed
using computer-aided design (CAD) tools, such as AutoCAD (Autodesk®) and Klayout
developed by Matthias Kofferlein. Figure 2.14 shows an example of Josephson junction
devices drawn using AutoCAD. Different color codes in the CAD drawing correspond to

different layers.

Chip size (7 mm)
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Figure 2.14. Example of CAD-designed Josephson junction structures.
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General rules and factors of CAD-based designs for the combinatorial development

of quantum devices are listed as follows (see also Figure 2.14):

(1) Chip size: Single chip size cut from the combinatorial library wafer. Typically,
5 % 5to 10 x 10 mma?. If the chip size is small, it is easier to secure higher film
uniformity in the spread (e.g., thickness and composition), but it increases
sample handling difficulties and the risk of a non-uniform mask during spin

coating of photoresist or e-beam resist.

(2) Effective cell area: An area where junctions can be made. This is typically

smaller than the chip size in width and length dimensions by 2 to 3 mm for two
edges (single edge: 1 to 1.5 mm). Lithography alignment marks should also be
included in this region. Figure 2.15 shows the effective area (8 x 8 mm?2) that

was considered for YIG spin wave devices with a chip size of 10 X 10 mm>.
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Figure 2. 15. A schematic view of effective areas considered for high quality junctions and devices.

Non-uniform photoresist (PR) coating due to the small chip size is also schematically provided.
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(3) Alignment mark: A mark that is used to align the device patterns between two

consecutive layer processes.

(4) Fool-proof mark: A mark that is used to assign the device direction as well as

the combinatorial-spread gradient direction.

(5) Contact pad: Structures that are used for external electrical contacts via wiring
(usually wire bonding). Pad size varies depending on the wiring methods. For
Ag paste, the minimum required size is usually 300 x 300 um2, and for wire
bonding, the minimum sizeis 150 X 150 um2. Of course, such pad sizes depend
on the user’s capabilities and the bonding machine’s specifications. Note that
the typical bonding spot size of the wire bonding machine in the Quantum

Materials Center at UMD (Al, 30 um diameter) is 80 to 100 um.

(6) Critical dimensions: a critical (or minimum-available) size varies depending on

the types of lithography machines or the user’s capabilities. This can be, for
example, the width of line patterns or the diameter of circular dots. For a mask
aligner (e.g., MJB-3 Mask Aligners, UMD FabLab), it is recommended to use 3
um as the critical dimension of devices. For a maskless aligner (e.g., Heidelberg
MLA150, UMD FabLab), it is acceptable to design devices down to 1 um
resolution. In this case, UV laser dose tests or developer tests are required to
ensure process reproducibility. In the case of e-beam lithography, we can
technically make patterns with a few to tens of nanometers. With the help of

our collaborator, Sungha Baek (Department of Physics and Laboratory for
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Physical Sciences, UMD), Josephson junction patterns with gaps down to 30

nm were achieved in this work.

(7) Pad spacing: It is also important to optimize the pad spacing so that we can
obtain maximum integration density of junction devices while minimizing the
risk of cross-contact between adjacent pads. It also depends on the type of
wiring methods. For machine-aided wire bonding, 50 to 200 um are useful pad

spacings. For Ag paste bonding, 300 um or more is required in general.

When designing a device structure for a photomask (typically Cr-patterned silica
glass), it is usually recommended to integrate many different devices on one photomask.

Figure 2.16 show an example of an 8” photomask designed for spin wave devices.
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Figure 2.16. A photographic image of a 8” photomask (mask for spin wave devices)
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2.3.2 Photolithography

Photolithography is a technique to make various types of device patterns on flat
substrates. The process flow is presented in Figure 2.17. This process can be repeated
many times so that complex layered device structures can be obtained. For such multi-
layer patterning, accurate alignment processes are required so that all individual layers
are positioned in place as designed. The resolution of patterns is mostly determined by
the photoresist patterning process by UV illumination. A photosensitive organic material
is used as a physical mask on which UV is illuminated with a certain type of device pattern.
This photosensitive material is called photoresist. There are two types of photoresists
depending on the polarity of patterns (i.e., photoresist areas removed from the
photolithography process): positive photoresist (e.g., Shipley 1813) and negative
photoresist (e.g., NR9-1500PY). Figure 2.18 shows different patterning processes based

on photoresists with different polarities.

Photolithography Process 5%
AN =
2

. Deposition Liftoff
........ &&‘% Metallic, semiconducting or Photoresist is removed,

. + ‘ ‘ 1 insulating layers are evaporated  leaving behind precisely
‘ : ‘ ; or sputtered onto the surface deposited features

Silicon wafer Photomask Exposure Development 1111 ‘
We begin with a clean A glass or mylar mask A mask aligner is used to Exposed resist is washed e 1‘ ‘
silicon wafer spincoated coated with an opaque pass UV light through the away while unexposed !

with photoresist film defines the features mask onto the wafer resist remains

Wet or Dry Etch Resist removal
Exposed sections are etched Photoresist is removed,
away while the resist protects leaving behind precisely
the remaining areas etched features

Figure 2.17. Photolithography process flow. Adapted from UC Santa Cruz cleanroom

(cleanroom.soe.ucsc.edu).
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Figure 2.18. Schematic of photolithography patterns based on positive and negative photoresists.

Adapted from Kayaku Advanced Materials (kayakuam.com).

A single iteration of a photolithography process combines multiple unit steps in

sequence. These unit steps include the following:

(1) Substrate preparation: This process involves cutting a small chip from a big

wafer (typically combinatorial spread), substrate cleaning, and drying. If the
surface of a substrate is not clean, this process is generally recommended. A
standard method of substrate cleaning is called RCA (abbreviation of Radio
Corporation of America) cleaning that includes the removal of organic
contaminants, oxide layers, and ionic contamination on the surface (See [120]
for the details of RCA cleaning). If the substrate is clean, this cleaning process

can be omitted.

(2) Spin coating of photoresist: The substrate is coated with photoresist liquid by

spin coating. Typical spin coating parameters include rotation speed (3000 to
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5000 RPM), the amount of liquid photoresist (a few droplets), and spin coating
time (30 to 60 seconds). It should be noted that the substrate is tightly vacuum-
chucked so that it is not blown away during the spinning step. Also, during the
photoresist dropping, bubbles should be avoided so that we can get a dense and
uniform photoresist coating. Spin-coated thickness varies depending on the
type of photoresist. Generally, photoresist companies provide a guideline
condition for spin coating to attain a specific target thickness. It is also
recommended to optimize and keep track of photoresist coating thickness and
profiles to ensure reliable device fabrication. If the surface of the substrate is
not flat enough (e.g., making patterns on a patterned sample) or if the
photoresist to coat is not sticky to the surface of the sample, it is recommended
to use “adhesion promoter”, such as hexa-methyl-disilazane (HMDS), to
increase the photoresist adhesion before the application of photoresist. A

photographic image of a spin coating system is provided in Figure 2.19.

Figure 2.19. Photographic image of a photoresist spin coating system (FabLab, UMD).
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(3) Pre-baking: Pre-baking is a step to make the coated photoresist hard and solid.
This baking step is also called soft-baking or post-apply baking. Typical pre-
baking times and temperatures range from 30 to 5 mins and 80 to 120 °C,
respectively. In this dissertation, pre-baking at 100 °C for 1 minute was

performed for Shipley 1813 positive photoresist.

(4) UV exposure: After pre-baking, the photoresist-coated samples are exposed to
a pattern of intense UV light. This UV illumination leads to a chemical change
in the photoresist (e.g., breaking polymeric chain, etc.) so that the patterned
photoresist can be made. Typical UV exposure times are a few to tens of seconds.
For the photoresist patterning process using a mask aligner, it is critical to
ensure the sample is in tight contact with the patterned photomask. For UV
laser writing using a maskless aligner tool, other exposure parameters (e.g.,
laser power, dose, scanning speed, etc.) should also be optimized. Figure 2.20
shows UV patterning tools for photolithography processes used in this work.
According to the Rayleigh theory of optical diffraction, the pattern resolution R

is determined by the wavelength of the light, as written in

R o — (2.4)

where A is the wavelength of UV light and NA is an equipment-related
parameter, called numerical aperture, related to the optical projection. This
equation indicates that light with shorter wavelengths is useful to get a better

pattern resolution (i.e., low R).
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Figure 2.20. Photographic images of aligner systems for UV illumination and device patterning.
(a) Mask aligner equipment (MJB-3 Mask Aligner, UMD FabLab). (b) Maskless aligner
equipment (Heidelberg MLA150, UMD FabLab).

(5) Post-exposure baking: Post-exposure baking is an optional step for better

patterning resolution by reducing a side-effect of UV illumination patterning,
called the standing wave effect. This standing wave effect occurs when the
surface of the sample is very smooth and reflective like a mirror. Due to this
effect, the photoresist areas unexposed to UV light are also degraded and
become non-resistive against development, thus making it hard to obtain clean
device patterns. While this is usually the case when making a pattern on
atomically flat Si wafers, our samples with thin films of quantum materials are

not perfectly reflective. Therefore, this step is not necessary in our projects.

(6) Development: The photoresist layer should be developed after the UV exposure
step. In this step, the sample is soaked in a chemical called developer. This
chemical selectively removes patterned photoresists with different removal

rates. For developing Shipley 1813, a CD-26 developer was used in this work. It
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is noted that the removal rate of the un-exposed region (in the case of positive
photoresists, such as Shipley1813) is not zero, meaning that the remaining

photoresist pattern continuously loses its volume when kept in the developer.

(7) Post-baking: Post-baking, also known as hard-baking, is a step to bake the
developed photoresist pattern at temperatures slightly higher than pre-baking
(typically 120 to 150 °C). The purpose of this step is to make the photoresist
pattern far harder so that it will withstand the harsh environments of etching.
While it can make photoresists more robust, this process can induce an issue of
sample degradation due to thermal damage. This is indeed the case when the
thin film material is heavy-element-based quantum materials (e.g., Bi—Pd

superconductors).

(8) Pattern transfer: When the device patterns are lithographically printed in a

photoresist, they should be transferred into thin films. As previously seen in
Figure 2.17, there are two ways to achieve this: lift-off and etching. Lift-off is
a process where a substrate is first patterned with a photoresist, followed by
deposition and stripping steps. This process is relatively simple and requires
fewer steps. However, it has several limitations. For example, a deposited film
should be so thin that the stripper can penetrate through the film and remove
the underlying photoresist layer. Also, there is a risk of the formation of so-
called lift-off ears when making patterns with metallic films. The other process
(i.e., etching) is used to fabricate high-resolution patterns. However, etching-

based lithography approaches generally require us to get a very precise etching
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rate in order to remove the thin film region selectively and obtain well-defined
device patterns. While etching via wet chemical processes, called wet etching,
has advantages in fast etching rates, dry etching (i.e., etching without chemicals)
is generally preferred due to its anisotropy in etching profiles. To avoid any
possible chemical reactions or sample degradation, it is recommended to use
inert ion beams (e.g., Ar ions) for dry etching, which is called ion milling (or ion
beam etching). In this dissertation, we employed ion milling to fabricate device

patterns for high precision and controllability without sample degradation.

(9) Photoresist strip: The last step for photolithography is photoresist stripping.

For this, a dedicated photoresist stripper can be used, but it is also acceptable
to use high-purity acetone as a stripping agent. The stripping process also
includes the final sample cleaning steps, such as cleaning with distilled water
followed by isopropyl alcohol (IPA). Depending on the type of samples and the
process, sonication can be used. In the case of the lift-off of a metallic film, for
example, a sonication process in acetone is typically required so as to ensure

the stripping agent can penetrate into the covered film.

All photolithography processes require careful handling of samples to avoid
scratches. If scratches or contaminations are made, then the whole process can be
performed from scratch again, after erasing the defective photoresist pattern using a
chemical called photoresist stripper (acetone also works for this purpose). Also, it is

important to ensure that the photoresist is not exposed to unwanted white light, including
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incandescent light, during (mandatory) or after (recommended) the photolithography

process. This is why the photolithography room has yellow light.

In this dissertation, we employed both mask aligners and a maskless aligner for
making device patterns of several quantum materials. Examples include acoustically-
driven ferromagnetic devices of YIG magnetic insulators, spin injection devices of Bi-Pd

superconductors, and Josephson junctions of SmBe.
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2.3.3 Ion milling

Ion milling (or ion beam etching) is simply a method to etch films under inert gas
environments (usually Ar). This is a physical etching process used to remove material
from a substrate by bombarding it with a beam of high-energy Ar ions. This technique is
widely used in the fabrication of microelectronic devices. Figure 2.21 shows a schematic
view of an ion milling process. Once the plasma is ignited, the ionized species (Ar) are
extracted from the plasma chamber, pass through to the grids (there are two or three grids
depending on the systems), and bombard onto the samples in an etch chamber. A
neutralizer (W filaments that emit thermal electrons) is used to avoid charge

accumulation on the sample surface which can deteriorate etching rates.
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Figure 2.21. A schematic view showing ion milling processes. This schematic corresponds to an
ion beam etcher which is commercially available (Veeco Nexus IBE350). Adapted from EPFL
(www.epfl.ch)
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In some cases, a little reactive gas can be added to the chamber, but in this case, it
is not for film removal (i.e., etching) but for impurity implantations. The resultant etching
profiles (i.e., surface thickness profile) are highly anisotropic, meaning that the film
thickness is continuously removed only along one direction. Some of the key process
parameters for ion milling include ion beam energy (determined by the difference
between ion-beam voltage and acceleration voltage), ion current density (which depends
on the plasma density, beam current, and accelerator current), the type of ions, incidence
beam angle, vacuum pressure distribution, substrate temperature (including cooling), Ar
gas flow rate, etc. Figure 2.22 shows the photo images of a newly installed ion mill
system (NanoQuest, IntlVac) installed in QMC (UMD). This system was used for device

fabrication in this dissertation.

Figure 2.22. Photographic images of ion milling equipment (QMC UMD) used for dry etching of

various devices. (a) Equipment image. (b) Control panel image. (c) Ion gun image.
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Several performance metrics of ion milling that need to be checked before device

fabrication are described below. Performance test results for our new ion mill system are

also provided.

Etching rate: This refers to the etch rate of a certain material (films) under the
same etching condition. It is usually a few to tens of nanometers per minute (~10
nm/min), depending on the etching performance and conditions of machines as
well as the type of materials to be etched. Since ion milling is based on a purely
physical etching process, etch rate depends on the mechanical hardness of the
materials to be etched. In some cases where sample cooling is not efficient, ion
milling can heat up the samples significantly. This heat-up can accelerate the etch
rate of film materials, and thus it is important to minimize the heat-up via efficient
sample cooling, etc. Etch rate can also be reduced when the ion beam becomes
weaker due to the aging of plasma and circuit components, such as a neutralizer
filament that emits thermal electrons. For this reason, it is significant to do
periodic maintenance of consumable parts (cathode filaments, neutralizer
filaments, etc.). The etch rate also depends strongly on the incidence beam angle,
and thus it is important to optimize it. Figure 2.23 shows the rate of SmBe thin
films depending on the beam angle. While no significant difference is observed in
the tested angle range (0 to 45 degrees), the 15-degree condition shows the best
etching performance (i.e., fastest etch rate). This angle condition was used for the

fabrication of all types of devices in this dissertation.
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Figure 2.23. Etching rate of SmBs thin films as a function of incidence beam angle.

Etching uniformity: This metric refers to the consistency of the etch rate across

the entire substrate surface. Higher uniformity is required when we etch a large
sample (e.g., wafer-scale) or etch many samples simultaneously (i.e., chips
mounted together on the same stage). There are various metrics to quantify the
etching uniformity. The following factor, called max-min non-uniformity (Aqicp),

is one such parameter that is commonly used to describe etching uniformity:

A — Admax - Admin
eteh Admax + Admin

(2.5)

where Ad,,,, and Ad,,;, are the maximum and minimum etched thickness over a
specified area. Typical non-uniformity values are A, < 5%, and a “good” ion mill
system shows Agi, < 3%. This non-uniformity should be considered as a marginal

etching depth (i.e., slight over-etching should be done.) in order to completely
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remove the films uncovered with a mask and thus to avoid any issues of leftover
films. Figure 2.24 shows the etching uniformity test setup and results performed
with the new ion mill system at QMC (UMD). This test was performed with SmBs
and YBe single-layer thin films with 20- and 50-micron pattern widths (i.e., critical
dimensions). From the test, the non-uniformity values were identified to be Ag¢o, =

1% (within a chip) and < 3% (over the effective area).
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Figure 2.24 Etch uniformity test of the QMC ion mill (NanoQuest, IntlVac). (a) Test samples for
optical measurements. Color difference is clearly observed. (b) Etch uniformity tests using
patterned samples (SmBs and YBs). The size of Si the wafer in (a) and (b) is 3”. (¢) Etch uniformity
test results of 20 um SmBg¢ patterns. Four different profiles are exactly overlapping, indicating
high etching uniformity in one sample area. It is noted that the background levels were not
completely calibrated. (d) A microscopic image of the cross-mark patterns of SmBg¢ thin films
made using the ion mill (pattern width: 20 and 50 um). (e) CAD drawing image of the cross-bar

pattern. These patterns were designed for an alignment mark of SmB¢-related devices
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- Etching profile: Etching profile can be an important parameter of the ion milling

process when we fabricate micro- or nano-scale devices. Two features that need to
be considered in describing etching profiles are: an angled sidewall profile and
sidewall ears. The former usually happens due to back-sputtering depositions from
the film area, etc.). We can clearly see these two features in the etched profiles of
SmBes device patterns shown in Figure 2.24(c). They are schematically drawn in
Figure 2.25(a). We defined two quantitative parameters to describe them:
squareness and flatness, as shown in Figure 2.25(b). Figure 2.25(c) shows
these metrics as a function of incidence angle. It turns out that our optimized beam

angle (15 degrees) also shows good squareness and flatness values.
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Figure 2.25. (a) A schematic of sidewall ear and sidewall angle mechanisms. (b) Squareness and

flatness definitions. (c) Test results for these parameters.
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Etching selectivity: The ratio of the etch rate of the target material to the etch rate

of the mask (photoresist mask or e-beam resist mask). Generally, higher selectivity
is preferred. This metric can be used to select proper photoresist (or e-beam resist)
materials to etch target materials efficiently. This also can be used to determine
the maximum thickness available for etching when the maximum mask thickness
is known. In our device fabrication, for example, the etch rate of a photoresist
(Shipley 1813) is about 100 nm/min with the optimal condition and the etch rate
of SmBs thickness is about 20 nm/min. In this case, the selectivity is 20/100 = 0.2.
Considering a typical photoresist thickness made using spin coating is about 1.5
um, the maximum available SmBe thickness for device fabrication is 300 nm (i.e.,
15 mins of ion milling will remove all the photoresist mask) when only one
photoresist layer is used. Things get more difficult when fabricating devices with
1—2 micrometers of critical dimensions. In such cases, the photoresist mask
thickness (say, 500 nm) is much lower than the spin-coated layer thickness (1.5
um). Thus, the thin photoresist mask cannot withstand the required milling
duration. One approach to possibly tackle this problem is to use multiple layers of

resist masks, but lithography patterning processes should be further optimized.

- Thermal damage: Thermal damage is another important factor to consider

when making devices with quantum materials that contain thermally vulnerable,
heavy elements (e.g., Bi, Sn, Se, etc.). Since the ion mill process is highly energetic,
there is always heat generation on the sample surface. Once this is not cooled
sufficiently, samples can be affected by thermal damage. Two possible issues have

been identified in previous ion mill equipment. One is the degradation (e.g.,
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burning) of polymer masks (photoresist or e-beam resist), and the other is the
degradation (e.g., microstructural change, phase evolution, etc.) of thin films.
Figure 2.26 illustrates the photo images of degraded samples (a: degraded e-
beam resist, polydimethylsiloxane (PDMS); b: degraded photoresist, Shipley 1813;
c: degraded Bi—Pd combinatorial spread films). In particular, it is not possible to
remove the physical masks chemically when the mask degradation occurs, while it
can be removed physically (See the scratches on the sample surface in Figure 2.26)
To address this thermal degradation issue, etch temperature tests have been
performed using a tape, called thermo-label, which shows the maximum
temperature reached during the ion milling process. Figure 2.27 shows the
temperature test setup and results, and the test parameters are provided in Table
2.1. It turns out that the maximum sample temperature can be controlled below
60 °C (which is a safe temperature for both e-beam resist and photoresist polymers)

when stage cooling parameters are optimized properly.

Figure 2.26. Photo images of degraded samples due to the thermal damage of an ion milling
process. (a) Degraded e-beam resist, polydimethylsiloxane (PDMS). The degraded resist was not
removable chemically even with strong strippers like acetone. Scratch was made intentionally to
remove the e-beam resist mask physically, which was possible. (b) degraded photoresist, Shipley
1813. (¢) Degraded Bi—Pd combinatorial spread films.
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- Etching repeatability: Etch repeatability is a parameter that describes how the

etch performance metrics are reproduced when ion milling processes are
performed separately. This process-to-process reproducibility is in general good
when the ion milling system has stable plasma and ion beam extraction. This, in
other words, means that the system’s hardware parts are not stable when an
etching process is done, thus requiring hardware maintenance. Typical
maintenance parts for an ion milling system include plasma filaments, neutralizer

filaments, ion gun grid, and back-deposition shield parts.

Table 2.1. Ion milling temperature test conditions and results

Stage cooling condition Temperature results
Test Milling time
No. Time Temperature (min) Bottom plate Top plate
(min) (°C)
1 10 5 10 38 54
2 10 5 60 54 54
3 10 20 60 > 66 66
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(a) Test Schematic

Thermo-label Si Substrate

Bottom Plate (Si)

Figure 2.27. Ion milling temperature test. (a) Test schematic. Two thermos labels were mounted
on a bottom plate and on a substrate (or a top plate). (b)—(e) show the photo images of

temperature test results
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2.4 Characterization methods

In this section, we will talk about characterization methods employed in this

dissertation, including the working principles and equipment systems.

2.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a method to characterize the crystal structure of samples.
Such samples can be thin films, powders, single crystals, and many others. It is based on
elastic scattering between the incident X-rays and atoms in matter. This interaction
between X-rays and atoms results in reflected X-rays, which show a special type of
diffraction pattern due to constructive and destructive interference of the reflected waves,
depending on the arrangement of atoms, or crystal structures. Bragg’s law is a simple
formula that can be used to analyze the diffraction pattern, where peaks can be observed
under the diffraction conditions are satisfied (Figure 2.28). The Bragg equation is

written simply as

nl = 2dsin @ (2.6)

where n is an integer, d is the interplanar spacing, and 6 is the incident angle of X-ray
beam. Figure 2.29 shows the XRD measurement systems used in this dissertation (XCC,

UMD).
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Figure 2.28. A schematic view of x-ray diffraction. When two incident x-ray waves satisfy
diffraction conditions (i.e., constructive and destructive interference), the reflected x-ray waves
show diffraction patterns that depend on the crystal structure of materials. Adapted from

Britannica (www.britannica.com).

Figure 2.29. XRD measurement systems. (a) XRD machine with 6-26 measurement geometry
(Bruker D8, XCC UMD). (b) XRD machine with four-circle measurement geometry (PANalytical
Xpert Pro, XCC UMD)
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The theory of XRD stems from the elastic scattering of atoms. When an x-ray beam
is scattered by an atom, the resulting dispersion of x-ray can be expressed in terms of a
factor called atomic form factor f;. This factor depends on the type of elements, depending
on the electron shell distribution and the number of electrons. When such atoms are
composed of matter, usually in the form of crystals, the resulting scattering x-ray

intensities can be written as
F(h, k, l) — Z fiezm(hxi+kyi+lzi) (2.7)
i

where h, k, and [ are the reciprocal lattice vectors; x;, y;, and z; are the coordinates
of the i-th atom in the real space. This factor F(h, k, ) is called the structure factor of the
crystal and is used in estimating the resulting scattering (or diffraction) intensities. When

F = 0, it indicates that the resulting x-ray beam has a destructive interference condition.

82



2.4.2 Wavelength dispersive spectroscopy (WDS)

Wavelength dispersive x-ray spectroscopy is an analysis technique used to
characterize chemical compositions of materials by using characteristic x-rays. When an
energetic electron beam is illuminated onto a sample, it produces x-rays. The x-ray is
composed of two parts: bremsstrahlung (braking radiation) and characteristic x-rays
(Figure 2.30). While the braking radiation usually depends on the incident electron
beam, the characteristic x-rays rely on the specimen elements. In the latter, a sharp peak
can be observed, and the energy corresponds to the difference in the electronic energy
levels of the specimen atoms. Thus, it can be used for identifying the type of chemical
species. Such a characteristic x-ray beam has a strong intensity as well as well-defined
energy (and wavelength). By using a crystal with known crystal structure and lattice

spacings, we can selectively detect the amount of chemical elements in the specimen.
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Figure 2.30. (a) Components of an x-ray beam. Adapted from Open University (open.edu). (b)
Principle of WDS. Adapted from JEOL (www.jeol.com)
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2.4.3 Spectroscopic ellipsometry (SE)

Ellipsometry is a measurement technique that utilizes polarized light (linearly and
elliptically). It measures a change in the degree of polarization as light reflects or
transmits at the surface or interface of matter. Figure 2.31 shows a schematic view of
the principle of ellipsometry. Initially, a linearly polarized light is incident onto a sample,
and the light-matter interaction depends on the sample’s optical parameters, such as
optical thickness, refractive index, and extinction coefficient. The reflected light usually
has a change in the polarization as well as the intensity of light. The change in polarization

p can be written as
p = tan(y) e (2.8)

where ¥ is the intensity change and A is the phase shift. With regard to these optical

parameters, the optical constants of a material can be written as
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Figure 2.31. Principle of ellipsometry. Adapted from J. A. Woollam (jawoollam.com).
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(€) = sin% 6 [1 + tan? 0 (i%p)zl (2.9)
where 6 is the incident angle of polarized light. This equation indicates that the optical
constants of materials can be measured by obtaining information about the change in
polarization. In common cases, samples to characterize are thin films deposited on
substrates. By applying proper theoretical models of each layer, we can fit the
measurement data and thus extract sample information, including thickness, refractive

index, and extinction coefficient.

Such optical responses depend on the wavelength of light. Thus, spectroscopic
ellipsometry utilizes polarized light with different wavelengths to characterize the optical
parameters of materials (thin films, etc.). Figure 2.32 shows the picture of a
spectroscopic ellipsometry system used in this dissertation (J. A. Woollam M-2000D,

FabLab UMD).

Figure 2.32. J. A. Woollam spectroscopic ellipsometer (FabLab UMD)
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2.4.4 Physical property measurement system (PPMS)

A physical property measurement system (PPMS) is a versatile instrument used
for measuring various properties of materials, such as electrical, magnetic, thermal, and
mechanical properties. The measurement can be performed over a wide range of
temperatures, magnetic fields, and pressures. As materials generally show quantum
effects (e.g., superconductivity) at low temperatures, where there is no thermal
fluctuation, it is one of the essential equipment for quantum materials research. At UMD
QMD, four PPMS systems are installed and operational. Figure 2.33 shows pictures of
a PPMS system as well as sample preparation for device measurements (Bi—Pd spin
injection device). Typical measurement conditions include temperature (1.8 to 400 K),
pressure (mTorr to 1 atm), and magnetic field (9 T or 14 T). Accessories can be used to

give additional functionality.

Figure 2.33. PPMS measurement system and sample preparation. (a) a PPMS system (14T
Dynacool, QMC & LPS, UMD). (b) A patterned device sample (Bi—Pd) wire-bonded on a PPMS
puck. (¢) PPMS puck installed in a rotatable probe.
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2.4.5 Vibrating sample magnetometer (VSM)

A vibrating sample magnetometer (VSM) is an instrument to measure magnetic
properties of materials. When an external magnetic field is applied to a vibrating sample,
the sample’s response can be made toward or against the field depending on the materials’
magnetic properties. The induced magnetic field of the sample is generated and measured
at pick-up coils, which can be recorded as a function of external magnetic fields. Magnetic

fields in a material can be written as
B =uy(H+M) = po(1+ x)H (2.10)

where B is the macroscopic magnetic field strength (or magnetic flux density), H is
magnetic field intensity, p, = 1.25X 107® NA™2 is a constant called the vacuum
permeability, and y is the magnetic susceptibility of the material. Depending on the
magnetic response (that is, y or M) as a function of H, the types of samples can be

experimentally identified. Figure 2.34 shows a schematic view of VSM.

Vibration unit
Pick-up colls e Sarmple holder

\\ - Hlectiomagnet
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Hall sensor

Figure 2.34. Schematic of VSM. Adapted from CET Scientific.
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2.4.6 Ferromagnetic resonance (FMR)

Ferromagnetic resonance (FMR) is a spectroscopic technique to measure the
magnetic properties of ferromagnetic materials. It involves the resonant absorption of
microwave radiation by a ferromagnetic material when an external magnetic field is
applied. Such an electromagnetic resonance signal can be used to characterize the
dynamic behavior of magnetism, including spin waves. This technique also provides
materials parameters related to ferromagnetism, such as magnetic anisotropy and
damping. The condition for FMR can be described by the Larmor precession with the

angular frequency w written as

@ = YH s (2.11)

where y ~ 2.8 x 101° rad s'T- is the gyromagnetic ratio and H . is the effective magnetic
field acting on the magnetization. H¢ can be varied and simplified depending on the
magnetic field and sample geometry. For example, when an external field is applied

perpendicular to a magnetic thin film, the ferromagnetic resonance frequency is given

w =y(B — 4ntM) (2.12)

Thus, for FMR studies, it is important to measure or estimate H ¢ in order to characterize

the dynamic magnetic behavior of samples.
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In this dissertation, we have built a customized setup for the FMR measurements,
as shown in Figure 2.35. When a sample is magnetized by DC magnetic field, the
dynamic oscillation of the magnetic behavior is resonant with applied RF fields passing
through an RF antenna, called a coplanar waveguide. A detector diode is placed at the end
of the RF circuit, which can pick up the modulated signals. A lock-in amplification
technique is used to detect the small AC signal variations, which can be recorded as a

function of external fields (at fixed RF frequency) or as a function of RF frequency (at

fixed fields).
RF source Diode detector
reference signal (OUT)
Amplifier | AC modulation
coils
GPIB
Lock-in « N i
DC
Magnet
« 9
Magnet PIS }———
Sample
Gaussmeter |« \
Coplanar
waveguide
PC
Hall probe

Figure 2.35. Custom-built FMR measurement setup
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Figure 2.36 shows the photographic images of our custom-built FMR
measurement setup. In the inset image, a thin-film sample (Fe-Ga—B combinatorial

spread) and the RF waveguide antenna can be observed.

Figure 2.36. Picture of custom-built FMR measurement setup (Prof. Takeuchi lab, UMD). Inset

shows the RF waveguide on which a magnetic thin-film sample is placed.
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Chapter 3. Spin Wave Devices

3.1 Backgrounds

The enhanced density of conventional Si-based transistors for high-performance
computing increases power loss during device operation. Such circumstances have
instigated the need to develop low-energy-loss computing technologies. One promising
platform for this is magnonic spintronics where information can be stored and processed
via magnons, also known as spin waves, which are collective oscillations of spin
lattices [121-125]. Such precession motions of magnetization M in ferromagnetic

materials can be described by the Landau-Lifshitz—Gilbert (LLG) equation [126,127]:

dM dM
P _V<MXHeff_nMxE> (3.1)

where H . is an effective magnetic field, y is the electron gyromagnetic ratio, and n is the
damping parameter. Spin waves can be excited when the frequency of spin wave
oscillations resonates with the external RF field. For practical spintronic applications
based on magnonic devices, spin waves should be generated efficiently. However, spin
wave excitation via conventional ferromagnetic resonance (FMR) is less appropriate due
to the low efficiency of the RF power transmitter (e.g., RF antenna) by large free space

path loss.

One efficient way to generate spin waves is acoustically driven ferromagnetic
resonance (ADFMR) via magnetoelastic coupling based on surface acoustic waves

(SAWs) [127-129]. The ADFMR processes include RF voltage-controlled excitation of
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SAWs in a piezoelectric substrate by the first interdigitated transducer (IDT1),
propagation of SAWs through the ferromagnetic material, and detection of transmitted
SAW signals at the second IDT (IDT2). When the resonance condition between SAW and
FMR is satisfied by the applied magnetic field, the SAW signal is absorbed in the
ferromagnetic material, thereby reducing the transmitted SAW signal at IDT2 (Figure
3.1). This can be identified with scattering parameter S,; [dB] = 20 X log(V,,:/Vin) »
where V;, and V,,, are input and output voltages measured at IDT1 and IDT2,
respectively. As a result of ADFMR, unique angle- and field-dependent SAW absorption

patterns can be observed. This transmitted power (AP) can be written as follows [127]:

Wl _(hy
AP = ——— h:, ks ( )dV,
5 ']1‘/0( vha)x h, (3.2)

where w is the angular frequency, p, is the vacuum permeability, ¥ is the Polder
susceptibility tensor, h; and h, are the components of the effective driving field
perpendicular to the magnetization, dV is the volume of the film. The imaginary part of
AP is the absorption due to magneto-elastic coupling, corresponding to ADFMR. These
spin-wave excitations in ADFMR devices feature low power consumption due to the use

of voltage-controlled IDTs for SAW generation and detection [130,131].
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Figure 3.1 Working principle of ADFMR devices.

This type of spin wave device is efficient in generating and detecting spin waves.
For ultimate applications of magnonics or quantum magnonic devices, it is useful to
develop a device that encompasses propagating spin wave components. One such
platform is an inverse spin Hall device [132]. Figure 3.2 shows a schematic view of the
inverse spin Hall device. Propagation of spin waves can crease voltage difference between
two terminal ends which can be detected by the principle of the inverse spin Hall effect.
This chapter will explore spin wave devices based on magnetic metals and insulators to

achieve these devices.
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Figure 3.2. Inverse spin Hall effect devices. (a) A schematic view of the device. (b) Cross-section

view of the device with voltage measurement configurations.
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3.2 Synthesis and characterization of Fe—Ga—B thin-film library

3.2.1 Motivation

Since early reports on SAW-driven FMR, or ADFMR, in Ni thin films a decade ago,
many follow-up studies have been conducted. However, they usually focused on
engineering device structures, such as the IDT patterns, film thickness, etc. There have
been few reports on materials tailoring in ADFMR devices; what is more, most of them
are based on simple, elemental ferromagnetic metals, such as Co, Ni, and Fe [127,133,134].
As ADFMR is based on magneto-elastic coupling, one can expect that ADFMR signals can
be largely enhanced if materials with large magneto-strictive coefficients are used. Table
3.1 shows several magnetic alloys and their magnetostrictive strain along the (100)

crystallographic direction.

Table 3.1. Magnetostrictive strain of different metallic alloys and organic materials.

Material Magnetostrictive strain, 4,40

(ppm)
Fe 21
Ni -46
Feo.8Alo.19 (bulk) 142
Feo.5Coo.; (bulk) 140
Feo.3C00.; (film) 300
Feo.,Gao 3 (film) 100
Feo.;Gao 3 (bulk) 270
CoFe.O, -500
NiFe,O, -100
Terfenol-D 1,600
(Feo.8Gao.2)0.88Bo.12 70
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Although magnetostrictive coefficients are one important factor that determines
the performance of spin wave devices based on magnetoelastic coupling like ADFMR,
there is another device parameter that needs to be considered for decent device
performance: magnetic coercivity (Hc). Low Hc materials can change the direction of
magnetization easily, so they are reasonably suitable for magnetic switching devices. It
was previously reported that soft magnetism (e.g., low coercivity) can be achieved when
Fe—Ga alloys are doped with B [135—137]. However, as can be seen in Table 3.1, B-doped
Feo.sGao.2 alloys showed reduced magnetostriction strain, which is not appropriate for
spin wave device applications. Since low Hc and high magnetostriction strain are both
required for ideal ADFMR devices, B doping into Fe—Ga alloys entails a trade-off issue.
Thus, it is important to optimize the doping ratios of B for ADFMR applications in a

systematic way.

In this dissertation, a combinatorial spread approach was employed to
systematically optimize the B doping ratios in Fe—Ga—B alloys, thus allowing us to rapidly

fabricate ADFMR devices based on the ternary material system.
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3.2.2 Sample preparation

Combinatorial libraries of Fe—Ga—B alloys were fabricated using a combinatorial
sputtering method. A 3” SiO/Si wafer was used as a substrate. A Feo.sGao.» target and a
B target were used for the co-deposition. The base pressure of the chamber was ~1 x 1077
Torr. The deposition was performed at room temperature with an Ar working pressure of
4 x 1073 Torr. The power of 30 to 60 W was used for the sputtering process. The thickness

of the alloy films varied from 20 to 100 nm depending on the measurement methods.

With the Fe—-Ga—B spread films, ADFMR devices have been fabricated. Figure
3.3 shows a schematic view and a photographic image of FeGaB ADFMR devices. This
measurement was performed using a vector network analyzer (83752A, Hewlett Packard)
by evaluating changes in SAW propagation signal intensities (S-:) as an external magnetic

field is applied.
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Figure 3.3. (a) A schematic view of FeGaB ADFMR devices. (b) Measurement configuration of a
vector network analyzer. (¢) Photo image of FeGaB ADFMR device fabricated by Dr. Xinjun Wang.
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3.2.3 Results and discussion

Figure 3.4 shows the magnetization—magnetic field curves of Fe—-Ga-B
combinatorial ternary spread measured using VSM. It was confirmed that the
spontaneous magnetization of the films decreases as the boron doping ratio increases,
which is in good agreement with previous reports [135]. The inset shows the low-field
region where ferromagnetic hysteresis can be clearly observed. This combinatorial
investigation successfully shows a systematic variation in the magnetic properties of Fe—

Ga-B alloy films depending on the B stoichiometry
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Figure 3.4. M—H curves of Fe—Ga—B combinatorial ternary spread.
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The saturation magnetization and coercive field of Fe—Ga—B alloy films were
extracted from the M—H curves, which is presented in Figure 3.5. As the amount of B
increases, the saturation magnetization decreases from about 2.4 T to 1.6 T. The coercive
field of the Fe—Ga—B spread film also showed a similar dependence on the boron
stoichiometry. In particular, the coercive field of the alloy films changes from 50 to 25 Oe
according to the B doping. This indicates that the coercivity of Fe—Ga can be effectively

tuned following B doping.

T T 1 T T ] I 1 T 100

80

I
Q)

2.2

60

1.8}

1.6 F

Saturation Magnetization, Mg (T)
N
Coercive Field, H~ (Oe)

1

40 30 20 10 0 10 20 30 40

Sample position (mm)

Figure 3.5. Saturation magnetization and coercive field of Fe—Ga—B combinatorial alloy films.

o8



We found that the Fe—Ga-B alloy films do not contain the region where no B is
doped in FeGa. Thus, Feo.sGao.» binary alloy and (Fe, sGao.»)o.s3Bo.1» ternary alloy films were
additionally synthesized using single compound targets with the same stoichiometry in
order to compare the magnetic hysteresis of the films with that of Fe—Ga—B spread films.
Figure 3.6 shows the VSM measurement data of binary Feo.sGao.. and ternary
(Feo.sGao)ossBos» alloy films. The coercive fields of Feo.sGao.2 and (Feo.sGao.»)o.s8Bo.1- films are
168 Oe and 31 Oe, respectively. It turns out that slight B doping in Feo.8Gao.- thin films
can reduce the coercive field by more than 5 times. This result implies that the coercive
field can be significantly controlled by the B doping, which is consistent with the

combinatorial spread library results.
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Figure 3.6. The magnetic hysteresis of Fe, sGao.. and (Feo.sGao.»)o.8sBo.12 alloy films. These samples

were prepared using a single alloy target.
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Then, the FMR of the FeGaB films was measured. Figure 3.7 shows the FMR
curves of the FeGaB thin film with the optimal composition (Fe,sGao.»)o.ssBo... The FeGaB
sample clearly shows FMR resonance features, and the resonance fields appear to
increase proportionally to the microwave frequency. The width of FMR, AHg),z was about
85 Oe. Based on the principle of FMR and dynamic spin switching, AHgyz~2 H, is

typically obtained, which is the case of FeGaB thin films.
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Figure 3.7. The FMR curves of a FeGaB alloy film. The data was measured by Dr. Xinjun Wang.
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Following the ferromagnetic characterization of FeGaB thin films, ADFMR devices
have been measured using a vector network analyzer. Figure 3.8 shows the angle- and
field-dependent SAW absorption pattern (S21) of a FeGaB ADFMR device. Note that this
measurement data was obtained by Dr. Xinjun Wang in Prof. Takeuchi’s lab at UMD.
Maximum ADFMR signal absorption is observed at around 45 degrees, which is a typical
ADFMR feature of a thin metallic film [127]. The external magnetic field that induces the
maximum SAW absorption is identified to be around 25 Oe, which is in good agreement
with the VSM measurement and FMR measurement. These results indicate that ADFMR

devices based on FeGaB were successfully demonstrated.
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Figure 3.8. The ADFMR map of a FeGaB alloy film. The data was measured by Dr. Xinjun Wang.
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While FeGaB was demonstrated to show a significant ADFMR feature. We noticed
that observing the spin wave propagation of such materials is not reasonable in our
microelectronic devices. This is because the spin wave coherence length is expected to be
short, ranging from a few nanometers to a few microns at most. This means that the
FeGaB material is not an ideal platform for further magnonic applications due to this
challenge, such as an inverse spin Hall effect device. During a collaborative project
meeting, one of our collaborators, Prof. Caroline Ross at MIT, suggested developing spin
wave devices based on a magnetic insulator, YIG, since it has an intrinsically long spin
wave coherence length thanks to its negligible damping behavior. This approach is
expected to possibly tackle the short coherence length challenge underlying the
development of spin wave devices based on ferromagnetic metals. We continued the
exploration of spin wave devices with magnetic insulator YIG films which were supplied
by our collaborators. In the following section, the fabrication and characterization of YIG
ADFMR devices are discussed as an alternative material platform for magnonic

applications.
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3.3 Acoustically-driven ferromagnetic resonance in YIG thin

films

3.3.1 Motivation

During the last decade, ADFMR in various ferromagnetic metals have been
reported, including Ni, Fe, and FeCo [127,129,133,134]. While these materials show large
magnetostriction coefficients ( —20to — 100 x 107¢ ), they suffer from significant
damping factors leading to large efficiency losses and short spin-wave propagation
length [138,139]. This is due to conduction-electron spin currents that can disappear
within a short distance, typically hundreds of nanometers [140,141]. On the other hand,
spin waves can propagate over a relatively long distance in magnetic insulators, such as
Y3Fes012 (yttrium iron garnet; YIG) [140]. The spin-wave decay length in YIG can be
orders of magnitude longer than ferromagnetic metals, up to several
centimeters [140,142]. Furthermore, YIG has the best physical properties for magnonic
applications, such as the lowest observed Gilbert damping, narrowest FMR linewidth, and
longest spin wave propagation length [124]. Therefore, it is desirable to develop ADFMR
devices based on YIG thin films; there have been no such reports so far due to several

challenges in materials growth and device fabrication.

The first challenge is the thermal degradation of piezoelectric substrates at
elevated temperatures. For the generation and detection of SAWs, ADFMR devices
employ piezoelectric substrates, including LiNbOs;. Such oxide substrates can readily
degrade at high temperatures required for YIG crystal growth (> 800 °C) due to the

formation of stoichiometric defects, such as oxygen vacancies or secondary phases [143—
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147]. Thus, there is a tradeoff between the crystal quality of YIG and the SAW performance
of piezoelectric substrates. Secondly, the crystallization process at high temperatures
possibly induces chemical reactions between YIG thin films and substrates. Furthermore,
YIG has magnetostriction (—2.1 x 107°) much lower than ferromagnetic metals, thus
leading to relatively low ADFMR signals due to poor magneto-elastic coupling by

SAWs [148]. These issues need to be addressed to develop ADFMR devices based on YIG.

Our approach to tackling the challenges mentioned above is twofold:

(1) Growing high-quality YIG thin films on a piezoelectric substrate (LiNbOj3) via

rapid thermal annealing to minimize thermal degradation of the substrate.

(2) Optimizing YIG ADFMR device parameters and measurement conditions via

various experimental tools and techniques.

The following sections describe details of sample preparation, measurement data,

and discussion.
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3.3.2 Sample preparation

YIG film growth

The YIG film growth was done in collaboration with Prof. Caroline Ross's group at
MIT. Firstly, to prevent chemical reaction between YIG films and LiNbOs substrate during
crystallization, we deposited 5 nm-thick SiO- buffer layers on Y-cut LiNbOj3 substrates
using rf sputtering [149]. This thin buffer layer was found to suppress the formation of
perovskite phases due to chemical reactions. The buffer layer process is followed by a
pulsed laser deposition (PLD, Neocera) process with a YIG target (99.9% purity) to
deposit amorphous YIG-composition films at room temperature. The base pressure of the
PLD chamber was about 1 mPa, and the process oxygen partial pressure was 2.7 Pa. We
used a 248 nm KrF laser (COMPex Pro 205, Coherent) with a fluence of 2.1 J/cmz2. Then,
we performed rapid thermal annealing (RTA; MILA-5000 Advance Riko) for YIG film
crystallization at 800 °C for 200 seconds. This process enabled us to obtain high-quality

YIG films while minimizing thermal damage to the LiNbOj5 substrates.

The thickness of crystallized YIG films was about 180 nm. The crystal structure of
the YIG film was analyzed using X-ray diffraction (X'pert Pro MPD, Malvern Panalytical).
The surface morphology of YIG films was investigated using atomic force microscopy.
VSM was used to characterize the field-dependent magnetization of YIG films. The field-
dependent FMR of the samples was measured using a coplanar waveguide, a locking
amplifier (SR830, Stanford Research Systems), and a radio frequency generator (83752A,

Hewlett Packard).
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YIG ADFMR device fabrication

YIG ADFMR devices with IDT down to 1 um resolution were fabricated using a
maskless photolithography system (MLA150, Heidelberg Instruments), as shown in
Figure 3.9. Ion beam etching with Ar gas was used to pattern the YIG films. IDTs were
patterned via lift-off of 70 nm thick aluminum films deposited by electron beam
evaporation (Nexdep, Angstrom Engineering). The IDT design allows SAW excitation
along the LiNnOj z-axis, which corresponds to the transmission direction for Rayleigh-
type SAW waves in a Y-cut LiNnOj3 [150]. Split-finger IDT design (inset of Figure 3.9)
was used for lower signal loss [150] with a finger width of 1.7 pm, periodicity A = 10 um,
and 50 finger pairs. The flow diagram of YIG ADFMR fabrication is provided in Figure

3.10.
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Figure 3.9. Schematic of YIG ADFMR device. Inset shows a microscope image of IDT patterns.
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Figure 3.10. Flow diagram of YIG ADFMR device fabrication

As the YIG ADFMR signal is expected to be inherently small, an instrumental
measurement setup has been improved to increase detectable signal-to-noise ratios. We
used a custom-built printed circuit board (designed by Thomas Wong at UMD) for sample
mounting to reduce SAW insertion loss and maximize the ADFMR signal. We used an
automated rotating stage equipped with an electromagnet, which was developed for field-
and angle-dependent ADFMR measurements (developed by Thomas Wong and Ryan Kim
at UMD). Figure 3.11 shows photographic images of the experimental setup used for YIG
ADFMR measurement. The signal transmission between the two IDTs (S2:) was initially
measured in the frequency domain using a vector network analyzer (83752A, Hewlett

Packard) to characterize the SAW resonance peaks and the odd harmonics.
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Figure 3.11. Instrumental setup for YIG ADFMR devices (a) Custom-built PCB board

Time-gating method

The vector network analyzer measurement does not separate the SAW signal from
the electromagnetic wave signal. This can be problematic when we try to detect YIG
ADFMR. Thus, we performed time-gated measurements to improve the ADFMR signal
by isolating the SAW transmission signal from electromagnetic interference. This time
window measurement was carried out at fixed excitation frequencies using an arbitrary
waveform generator (AWG7000, Tektronix) and an oscilloscope (Infiniium 54845a,
Agilent). Figure 3.12 schematically shows the principle of the time-gating method.
When an input RF wave arrives at one of the IDT patterns (IDT1), it creates SAWs in the
LiNbOj; substrate, which is detected in the other IDT (IDT2). Such signal transportation
of SAWs can be measured as a function of external magnetic fields, thus providing
ADFMR features of YIG films. However, there is a direct propagation of electromagnetic
wave signals from IDT1 to IDT2 through other mediums, such as air. This electromagnetic

wave can be comparable or even larger when we attempt to detect a small ADFMR signal
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from YIG thin films. Thus, this electromagnetic interference could be a major challenge
in characterizing YIG ADFMR devices. By using a proper time window, such

electromagnetic wave signals can be filtered out [130,131].
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Figure 3.12. A schematic illustration of time-gating method for YIG ADFMR characterization.

(a) Device schematic. (b) An example of time-gating measurements with a 800 ns input pulse.
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3.3.3 Results and discussion

YIG film characterizations

Firstly, we performed basic characterization of YIG films. The crystal structure of
YIG thin films before and after the RTA process has been characterized. Figure 3.13
shows the XRD pattern of a YIG thin film deposited on an LiNbOj substrate. The XRD
data shows the amorphous nature of YIG-composition films. After annealing at 800 °C,
we can observe XRD patterns corresponding to polycrystalline YIG (space group Ia3d).
The YIG crystallite size (D) has been obtained using the Debye-Scherrer formula, D =
Kw/pB cos 8, where K = 0.9 is a shape factor, w = 0.15418 nm is the X-ray wavelength, g is
the full width at half maximum, and 6 is the Bragg diffraction angle. The estimated

crystallite size was about 150 nm, which is in good agreement with the film thickness.
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Figure 3.13. XRD pattern of YIG films before and after annealing.
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We also measured the AFM image of the crystallized YIG film (Figure 3.14(a)).
The surface roughness of the film is about 2 nm. This means the film surface remains
smooth regardless of the crystallization of YIG films. From the AFM image, grains and
grain boundaries are observable, where the in-plane grain size is ~1 um, which is much
larger than the film thickness. This indicates the annealing condition used for YIG film

crystallization was well-optimized.

Field-dependent magnetization curves of the YIG film were measured, which is
shown in Figure 3.14(b). There was a significant magnetic anisotropy in the YIG films
grown on LiNbOs. The coercive field and saturation field of the YIG film were 15 mT and
150 mT along the z-axis, respectively; those in the x direction were 17 mT and 20 mT. The
saturation magnetization of the polycrystalline YIG film was about 110 kA/m regardless
of the applied field directions. This is consistent with previous studies of polycrystalline

YIG films [152,153].
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Figure 3.14. (a) AFM image of YIG film. (b) VSM data of YIG film along the x and z directions.
The crystallographic axes of the LiNbO; substrate are provided.
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The observed magnetic anisotropy is due to the difference in the coefficients of
thermal expansion (CTEs) between YIG and LiNbOs;. The CTEs of YIG film at room
temperature are 11x10°6 K- along the x and z axes [154]. On the other hand, those of the
LiNbO;3 substrate are 15x10¢ Kt and 2 to 7 x10¢ K in the x and z directions,
respectively [155]. In addition, such a mismatch in CTEs between the LiNbO3 substrate
and the YIG film becomes more pronounced at the crystallization temperature of 800 °C.
The total amount of lattice expansions along the X and Z axes of LiNbO; are Aa = 1.8 %,
Ac = 0.17 %, while those of YIG are Aa = Ac = 0.8 %. The film stress anisotropy induced
by the difference in thermal expansion is schematically illustrated in Figure 3.15. The
negative magnetostriction of YIG film leads to an easy axis in the direction of compressive
stress (X-axis) and a hard axis in the direction of tensile stress (Z-axis), which is in good

agreement with VSM data (Figure 3.14(b)).
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Figure 3.15. Schematic view of thermal expansion-induced film stress anisotropy in YIG/LiNbOs.
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The YIG films showed systematic changes in the FMR behavior. The field-
dependent FMR spectra of YIG at frequencies from 2 GHz to 7 GHz are shown in Figure
3.16. The RF input power of 1 mW was used for the FMR measurement. At 7 GHz, the
observed FMR linewidth is about 50 mT. This value is broader than that of single crystals
or epitaxial films of YIG [123]. This is likely because of the polycrystalline nature of the
YIG film, as well as the stress and strain of the film. Also, we were able to observe satellite
peaks in the FMR spectra, which is consistent with the resonance modes of polycrystalline
YIG films [156]. We also performed FMR simulations for the polycrystalline YIG, which

explained the observed frequency dependence well.
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Figure 3.16. FMR spectra of YIG film depending on an external magnetic field and microwave

frequency.
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SAW performance and time-gating in YIG ADFMR devices

Then, we characterized the SAW performance of YIG ADFMR devices. Figure
3.17 shows the scattering parameter S.: of the YIG ADFMR device measured via VNA.
Two SAW resonance modes can be observed, which correspond to Rayleigh waves (fi =
340 MHz, f; = 1020 MHz) and longitudinal waves (f: = 740 MHz, f; = 2220 MHz) of Y-
cut LiNbOs. These SAW resonance peaks are in good agreement with the SAW velocities
of the two excitation modes, 3400 m/s and 7400 m/s [150,157]. In the VNA measurement
data, significant oscillations around the SAW resonance peaks were observed. This is due

to the interference between SAWs and electromagnetic radiation in IDTs.
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Figure 3.17. Scattering parameter S.; of the YIG ADFMR device.
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Such interference deteriorates the ADFMR signal detection, thus increasing the
signal-to-noise ratio. To address this issue, we employed a time-gating method [130,131].
Figure 3.18 shows the time gating measurement data for the YIG ADFMR device, where
signals corresponding to electromagnetic waves (EMW) and SAWs can be differentiated
in the time domain. This isolation is due to the difference between the velocities of EMWSs
and SAWs, where the former is the speed of light (vgy,, = 3 X 108 m/s) and the latter is
the speed of sound (Rayleigh waves) in LiNbO; in the propagation direction discussed

earlier (vSAW = 34’ X 103 m/S).
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Figure 3.18. Time gating measurement of the YIG ADFMR device. (a) Time-domain
measurement of SAW signal voltage for the 3" harmonic at about 1 GHz. (b) and (¢) Two-

dimensional spectrogram for SAW signal as functions of frequency and time after SAW isolation.
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After optimizing the time-gating measurement conditions at the 34 harmonic
frequency, we measured the ADFMR of YIG/LiNbO; devices. Figure 3.19 shows the
angle and field-dependent ADFMR absorption signals. We were able to observe two
absorption features (A and B) in our YIG ADFMR devices. The maximum ADFMR signal
absorptions of A and B were AS,;= 0.07 dB and 0.02 dB, respectively. These signals were
larger than the background noise levels of 0.005 dB. This reveals that the ADFMR of our
YIG/LiNbO; devices is detectable in spite of the inherently low magnetostriction of YIG.
Interestingly, feature A shows sharp angle dependence, while B is less susceptible to

variations in the applied field angle, as shown in Figure 3.19(b).
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Figure 3.19. (a) Field-dependent S., at different field angles. Two absorption features are
marked with A and B. (b) Angle-dependent absorption signals for A and B.
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We fabricated and characterized the ADFMR of Ni/LiNbO; devices as a reference
sample. Ni is one of the ferromagnetic metals that haven been studied widely for ADFMR
studies. The thickness of Ni thin film was about 20 nm. Figure 3.20 shows the SAW
absorption peaks of the Ni ADFMR device. Similar SAW absorption peaks can be
observed in the Ni ADFMR device due to the comparable IDT design. It is notable that
the S.; intensities of Ni ADFMR devices are larger than those of YIG ADFMR devices.
Also, the 5th SAW harmonic absorption was identified in the Ni ADFMR device at f5 = 1712
MHz. We used this 5t harmonic peak to study the ADFMR of Ni/LiNbO3 devices. Figure
3.21 shows field and angle-dependent ADFMR data of YIG and Ni thin films. The
YIG/LiNbO3; device shows ADFMR absorption patterns different from Ni/LiNbOj

devices. One significant difference is the S.: absorption intensity.
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Figure 3.20. SAW performance of Ni ADFMR device. The IDT patterns are identical to those of

YIG devices. Coupon cell sizes are designed differently.
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The YIG and Ni ADFMR devices show normalized maximum absorption intensities
per unit length of 0.014 dB/mm and = 5.9 dB/mm. This is reasonable because lower
ADFMR signals are expected in the YIG/LiNbO; device considering the magnetostriction
constant of YIG (-2.1x100) [148] much smaller than that of Ni (-40x10-) [139]. Other
possible reasons for lower ADFMR absorption in YIG ADFMR devices include lower
operating frequency (f3 = 1031 MHz) than the Ni ADFMR device (f; = 1712 MHz) and the
possible degradation of the LiNbO3 substrate due to annealing at 800°C. These factors
can also be attributed to different ADFMR patterns in the two-dimensional S2: mapping
results. Lower operating frequencies are known to shift the ADFMR peaks toward
0°[158]. Furthermore, stress-induced magnetic anisotropy identified by the VSM
measurements might be related to the narrow ADFMR features around 0° in the

YIG/LiNbO; device. [44]

(b) S, (dB)
90 0
60
-3
30
o
) 0 6
-
-30
-9
-60
-80 -12
0 20 40 60 80 100

H (kOe)

H (mT)

Figure 3.21. Field and angle-dependent ADFMR absorption of (a) YIG/LiNbO; and (b)
Ni/LiNbO; devices.
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To explain this difference, theoretical modeling has been performed. Since
ADFMR is based on the principle of FMR, the effective field of magnetization needs to be
considered. A simplified model describing an effective magnetic field in ADFMR devices
was proposed for thin metallic films. Figure 3.22 shows effective field pattern depending
on the external magnetic field direction and the SAW strain in ferromagnetic materials,
along with the theoretical expression to describe it [127]. Based on this simple model, we
have developed a theoretical model for our YIG ADFMR devices. Several different
properties of YIG and Ni devices include the thickness of the film, magnetostriction strain,
and the grain boundary distribution observed in microscopic analysis. Based on this, we

have established a more generalized model describing our YIG ADFMR pattern as follows:

(h1>= B (( 2&,,,c0s () ) (3.3)

hz MOMS zz gxx) Sin(2¢0) - ZSxZCOS (2¢0)

where ¢;;are the strain tensor components of the SAW, and B is the magnetoelastic

coupling constant.
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Figure 3.22 Effective magnetic field calculations depending on the magnetic field direction and
SAW strain.
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We performed ADFMR simulations with the developed theoretical model and were
able to reproduce the ADFMR pattern of the YIG devices (the simulation was performed
by Thomas Wong at UMD). Figure 3.23 shows the simulated ADFMR patterns of YIG
devices. The ADFMR patterns were reasonably reproduced well with the model. This
consistency reveals that our YIG films are indeed composed of many different grains with
random orientations, which could lead to randomized scattering. Also, film thickness is
about 10 times thicker in YIG devices than in Ni devices, making it not a trivial factor in

inducing ADFMR in YIG. These features are possible causes of the observed single-lobe

ADFMR pattern.
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Figure 3.23. Simulated ADFMR patterns of YIG devices. (a) Line scan data. (b) 2D map data.
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3.4 Chapter summary and conclusion

In this Chapter, spin wave devices were investigated with two different magnetic
materials: (1) Fe—Ga—B metallic alloy films made via a combinatorial approach and (2)
YIG thin films supplied by our collaborators (Prof. Caroline Ross at MIT). While the
former shows large magnetostriction strains, it suffers from an intrinsically short spin-
wave coherence length. To tackle this issue, this work attempted to develop ADFMR
devices in YIG which has been successfully demonstrated theoretically and
experimentally. The growth of high-quality YIG was available thanks to the use of a rapid
thermal annealing method, time gating method, custom-built PCB board, and many other
troubleshooting tasks. The ADFMR signal in our YIG devices is still fairly low, which
might be due to the low magnetostriction coefficient and partial substrate degradation
occurring due to the rapid thermal annealing. Also, it is noted that our experimental
observations is in good agreement with a theoretical prediction based on the existing
models (which was mostly done by Thomas Wong at UMD). A synergetic combination of

experiment and theory enabled the confirmation of ADFMR.

Our results indicate the first demonstration of ADFMR behavior in YIG thin films,
and it could open a new chapter of spin wave device research based on magnetic
insulators. Further work suggestions include the development of advanced magnonic
devices, such as inverse spin Hall effect devices, for exploring and realizing spin wave
propagation in such devices. It is also interesting to improve the magnetoelastic
properties of YIG thin films by using better-matching substrates or doping impurities into

the YIG films (e.g., Bi:YIG).
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3.5 Chapter supplementary information
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Figure S3.1. Magnetic properties of YIG thin films. (a) angle dependence (in plane). (b) out of

plane. (c) angle dependence (in plane). (d) simulation result.
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Figure S3.2. Background level investigation of Ni ADFMR patterns. (a) 2D map. (b) line scan

Table S3.1. Summary of parameters of YIG and Ni ADFMR devices and thin films

Device YIG Ni
Parameters
Magnetostriction -2.1 -40
constant, As
(ppm)
Length, [ (mm) 5 1.2
Width, w (mm) 0.75 1.2
Thickness, d 180 20
(nm)
Frequency, f 1031 1712
(MHz)
Spontaneous 120 650
Magnetization,
M; (kA/m)
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Chapter 4. Superconducting Spintronics

This chapter aims to explore superconducting spintronic devices based on spin-
triplet superconductors. In section 4.1, a brief introduction to the history of spintronic
devices based on superconductors is provided. In sections 4.2 and 4.3, combinatorial

exploration of Bi-based superconductors, Bi—Ni and Bi—Pd are investigated.

4.1 Backgrounds

Conventional superconductors are characterized by dissipation-less supercurrent
due to the formation of electron-electron pairs with anti-parallel spins and momenta,
called Cooper pairs. Such s-wave pairing, explainable with Bardeen-Cooper-Schrieffer
(BCS) theory, is unstable against external magnetic fields or magnetic impurities due to
pair breaking resulting from the orbital effect or Zeeman interaction [159]. For this
reason, it is impossible to control the spin orientation of Cooper pairs. On the other hand,
superconductors with spin-triplet pairings can allow for the spin polarization of Cooper
pairs, thus potentially enabling the realization of zero energy-loss spintronic devices
based on superconductors [159—164]. Previous studies have focused on fabricating
superconductor/ferromagnet heterostructures to create spin-triplet pairing in
superconductors [159,163—166]. However, this approach relies on the magnetic proximity
effect (or the inverse proximity effect) in a superconductor [166]. Thus, the effective
length (i.e., spin diffusion length) within which the triplet pairing remains is very short,

typically in the nanometer scales [161,164].
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Recent discoveries of unconventional superconductors having inherent spin-
triplet pairing symmetry are expected to enable a paradigm shift in superconducting
spintronics [164,167—175]. Such superconducting materials can host inherent spin-triplet
pairing with parallel spin orientations, called equal-spin Cooper pairs. This would allow
us to observe spin-related phenomena (e.g., spin injection, spin pumping, and spin
valves) over a macroscopic length scale[164,176,177]. Some of the spin-triplet
superconductor candidates include UTe.[167-170], Bi-Pd [173,174,178,179], Bi/Ni
bilayers [172,180,181], and K:Cr3As;[175]. Numerous studies have been directed at
uncovering novel spin-triplet superconductors and understanding unconventional

superconductivity.

In the following sections, we will explore such novel superconductors based on Bi
compounds (Bi—Ni and Bi—Pd alloys) and discuss how combinatorial approaches can be

applied to accelerate the study of these materials.
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4.2 Superconducting phase diagram in Bi:Ni... thin films

4.2.1 Motivation

Bismuth (Bi) is a heavy element with strong spin-orbit coupling, and its pure phase
and compounds have shown various exotic superconducting behaviors, including high-
temperature, high-pressure, and topological superconductivity [180,182—186]. One alloy
system that contains Bi is the Bi—Ni binary system, where two intermetallic
superconductors (BiNi and BizNi) can be obtained [186—189]. The Bi—Ni system is
particularly interesting because Ni is a strong ferromagnetic phase that is known to be
incompatible with superconductivity [190,191]. Possible signatures of unconventional
superconductivity have been observed in the binary system, such as chiral
superconductivity in Bi/Ni bilayers [180,181,192,193] and the coexistence of
superconductivity and ferromagnetism in the BizNi phase [190,194—198]. These reports
indicate that one might get a spin-triplet superconducting phase in the Bi—Ni binary alloy

system.

In such material systems, Ni acts as a magnetic element with an unpair electron.
However, the role of spin-orbit coupling element Bi in superconductivity has yet to be
understood. Previous Bi;zNi studies revealed that the coexistence of superconductivity and
ferromagnetism might be attributed to stoichiometric defects, such as Ni inclusions [190].
The Bi—Ni alloy system is susceptible to the formation of such stoichiometric defects due
to the low melting point and high diffusivity of Bi [171,186,199,200]. Notably, most BizNi
samples from previous reports contained Bi inclusions as an impurity phase. The Bi

impurity phase was identified in various types of BisNi samples, such as single
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crystals [190], polycrystals [197], nanocrystals [196,200], thin films[201], and Bi-
deficient BisNi crystals [198]. Nonetheless, the effects of the Bi inclusions on

superconductivity have remained unexplored and thus deserve to be studied in detail.

For the stoichiometric study, it is necessary to secure BisNi samples with
systematic variations in Bi compositions. However, to ensure reliable and reproducible
control of Bi stoichiometry, one needs to tackle the thermal instability issue due to the
high diffusivity of Bi and the resulting phase evolutions. This means that the Bi—Ni alloy
system can be a proper playground where our combinatorial approaches can be applied
to the study of stoichiometric effects. Therefore, this dissertation employs a composition-
spread approach to systematically investigate the superconducting properties of BixNi;—x

thin films.

4.2.2 Sample preparation

Synthesis of Bi—Ni composition spread

Our proposed approach is to fabricate Bi—Ni combinatorial libraries for a
systematic study of the role of Bi stoichiometry in superconductivity. The composition-
spread libraries of BixNii-x thin films were deposited on 3-inch SiO-/Si substrates using a
co-sputtering method, where Bi and Ni target materials were used. The base pressure of
the sputtering chamber was about 1 x 107 Torr, and the sputtering process was carried
out under an Ar pressure of 10 mTorr. The sputtering gun angles were controlled to obtain

a wide range of Bi compositions.
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Thin film characterization

High-throughput film characterization techniques were used for rapid analysis of
film compositions, optical properties, and crystal structures. The Bi composition x of the
BixNii—x film was measured via WDS using an electron probe microanalyzer (EPMA; JXA
8900R Microprobe, JEOL) at UMD. The optical parameters of BixNii—x films were
measured to identify optical phase boundaries using high-throughput spectroscopic
ellipsometry (M-2000D, J. A. Woollam). High-throughput synchrotron XRD
experiments were performed at Stanford Synchrotron Radiation Laboratory Beamline 1—
5 at SLAC to identify structural phase distribution in the Bi—Ni library. To minimize the
substrate diffraction peaks, a grazing incidence angle technique was used with angles
from 1° to 2° [202]. The XRD intensities of the Bi—Ni spread samples were recorded as a
function of scattering vector Q = 4w sinf /w, where 0 is the Bragg angle and w is the X-
ray wavelength. A standard four-probe method was used to measure electrical and
magneto-transport characteristics of BixNii—x thin films using a Physical Property
Measurement System (Quantum Design) at QMC. The thickness of BixNii-x thin films was
measured using cross-sectional scanning electron microscopy. The surface morphology

was characterized by AFM.
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4.2.3 Results and discussion

Firstly, the compositional and optical properties of BixNii—x thin films were
characterized. Figure 4.1(a) shows a photograph image of the library. The range of Bi
compositions in the BixNii-x composition-spread libraries was x = 0.5 to 0.9, which was
measured using WDS (Figure 4.1(b)). The BixNiix thin film library shows a
discontinuous color spectrum depending on the Bi composition. This represents the
optical phase boundary. To analyze these boundaries, optical characterization was
performed using SE. Figures 4.1(c) and 4.1(d) show two-dimensional maps of
refractive index (n) and extinction coefficient (k) as functions of wavelength and the Bi
composition. These optical constant maps show a continuous distribution of contours
where sharp boundaries are observed at specific Bi compositions, as indicated by black
arrows. These boundaries correspond to phase boundaries determined by optical

properties.

=y
o
o
(=]

Wavelength (nm)

T 0670690720760.79 0.86 089 kS 500-
- —_— L 1 L

- -30 0 30
Ni-rich X Bi-rich

055 0.6 065 0.7 075 0.8 0.85 0.9
Position (mm) X

Figure 4.1. (a) Photograph image of Bi.Ni,_, thin-film library. (b) Bi compositions of the library
measured by WDS. (c¢) The refractive index and (d) extinction coefficient of Bi.Ni,_, thin films

measured via SE.
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The crystal structure of samples was analyzed to investigate the phase diagram of
the library using XRD. Figure 4.2(a) shows a schematic view of the Bi—Ni thin-film
library. A synchrotron XRD pattern of thin film is shown in the waterfall plot in Figure
4.2(b). Diffraction patterns for Bi, BizNi, and BiNi crystal structures are also provided.
Three phases are identified in the library: BiNi (space group 8, Cimz1), BisNi (space group
61, Pnma), and Bi (space group 166, R3m). Additional quantitative analysis based on XRD
peak fitting and Rietveld refinement was performed to identify the structural phase
boundaries of the library. Structural phase boundaries for the Bi—Ni library can be
observed at x = 0.67, 0.73, 0.74, and 0.92, which are reasonably consistent with the phase
boundaries identified by optical characterization using SE. This phase boundary
information is included in Figure 4.2(a). Regions A (BiNi), C (Bi3Ni), and E (Bi)
represent single-phase regions, and Regions B (BiNi + BisNi) and D (BisNi + Bi)
correspond to mixed-phase regions. Compared with the Bi—Ni phase diagram of bulk
crystals, our thin-film library shows extended regions of the three pure phase regions
(Regions A, C, and E). This is likely due to the energetic plasma process and subsequent
quenching (i.e., rapid cooling) on the substrates, which can lead to the deposition of

materials in non-equilibrium environments.

We further analyzed the structural properties of the off-stoichiometric regions in
BixNi:x thin films. We attempted to refine the XRD pattern of the Bi-rich region in the
spread (x > 0.92) to confirm that Region E is composed of single-phase Bi. Figure 4.2(c)
shows the Rietveld improvement result for the Bio.g3Nio.o; thin film. The XRD pattern of
this sample was well refined with a single Bi phase. The R-factors based on weight profile

(Rwp) and pattern intensity (R1) were obtained to be 0.09 and 0.12, respectively. It follows
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that no phases other than the pure Bi phase can be detected in the Bio.g3Nio.o; thin film
within the resolution limits of synchrotron XRD. Figures 4.2(d) and 1(e) show the
lattice parameters (a and c) of the Bi phase as a function of the Bi composition extracted
from the BixNiix thin-film library. The lattice parameters of Bi for x < 0.9 are similar to
those of Bi single crystals, while significant lattice broadening can be seen when x > 0.9.
Since the increases in the lattice parameters are accompanied by the suppression of BizNi
formation, we can speculate that Ni atoms prefer to be consumed through doping into the
Bi crystal rather than generating the BisNi phase. This result is consistent with a previous
report where up to 10% of Ni doping can be identified in rhombohedral Bi crystals as a

solid solution [203].
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Figure 4.2. (a) Schematic view of the combinatorial library of Bi.Ni,— thin films. The phase
diagram of the thin-film library and bulk crystals are provided for comparison. (b) Synchrotron
XRD diffraction patterns of the library. (c) Rietveld refinement result of the Bio.g3Nio.o; thin film.

(d) and (e) show the lattice parameters, a and c, of the Bi phase in Bi,Ni,_, thin films.
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Figure 4.3 shows the fractions of Bi;Ni and Bi phases in the library as a function
of Bi composition identified using the XRD pattern analysis. The dashed lines in Figure
4.3 correspond to the phase compositions obtained from theoretical calculations based
on the lever rule. It turns out that there is a slight difference between the Bi compositions

in the spread films and the theoretical values corresponding to the bulk phase diagram.
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Figure 4.3. Fractions of Bi;Ni and Bi phases in Bi,Ni,_, thin films obtained from the quantitative
analysis of XRD patterns.
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Figure 4.4(a) exhibits the electrical resistance as a function of temperature (R—
T) for the BixNii-x thin-film library. The inset shows low-temperature regions (T < 5 K).
To exclude geometric effects (e.g., thickness and film dimensions), the electrical
resistance of the samples was normalized to the room-temperature resistance (R3o0k). The
R-T curve of a pure Bi thin film is presented as a reference sample. A two-dimensional
superconducting phase diagram was obtained from the electrical resistance
measurement, as shown in Figure 4.4(b). In the superconducting phase diagram, “SC”
refers to the superconducting phase region (R=0), while “non-SC” indicates regions
corresponding to normal state or non-superconducting regions (R>0). The
superconducting phase transition of BixNii-x thin films can be observed at T = 1.8 K in
Regions B, C, and D, where the BisNi phase is contained in the films (0.67 < x < 0.92).
This indicates the superconductivity in our Bi—Ni library is attributed to the BisNi phase.
No superconducting transitions are observed in the BiNi phase region (Region A) and
single-phase Bi (Region E). This can rule out the spurious origin of superconductivity in

this binary system, such as the amorphous Bi phase [204].

Intriguingly, the superconducting behaviors of the two regions (Regions B and D)
appear to be different. The superconducting transition temperatures (7c) in Region B
decrease relatively rapidly from 3.4 K (x = 0.73) to 1.8 K (x = 0.69), whereas BixNi:—x thin
films in Region D remain high (7t > 3.4 K). What is more, the Bio.g1Nio.o9 sample shows
Tc = 3.4 K with only 2% of BisNi included in the film. To further analyze this unusual
superconducting behavior, we performed correlation analysis based on field-dependent

electrical characterizations and magneto-transport measurements.
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Figure 4.4. (a) Normalized resistance of Bi.Ni,_, thin films as a function of temperature. A pure

Bi film is provided as reference. Inset shows low-temperature region. (b) Superconducting phase

diagram of Bi.Ni,-, thin films. (c) Field-dependent resistance data of the Bis.goNio.o0 thin film as a

function of temperature. (d) The upper critical fields (uyH.;) of Bi.Ni,— thin films as a function

of temperature obtained from the field dependence measurements.
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Field-dependent R—T curves of the Bio.soNio.2o thin film are presented in Figure
4.4(c). Systematic reduction in 7. can be observed, which is due to the Meissner effect.
From the field-dependent transport measurements, we extracted the upper critical fields
(uoH,,) of BixNiix thin films and plotted them as a function of temperature (Figure
4.4(d)). Here, u, is the vacuum magnetic permeability. The Werthamer—Helfand—
Hohenberg (WHH) formula in the dirty limit has been used to fit the temperature-

dependent uy,H,, data [205,206]:

dH
HoHeaV(0) = —0.693T, (—22) (4.1)
ar /s,
For temperature-dependent fitting (1.8 K < T'< T¢), we employed an approximation
method described in Ref. [207]. We obtained R2 > 0.99 from the fitting results for all
BixNi:x samples. This WHH fitting gave us upper critical fields (uyH,.,) of the samples at

1.8 K, and we calculated the Ginzburg—Landau coherence length (¢;;) as follows [205].

fGL(T) = ’m (4.2)

where ®, = h/2e ~ 2.07 x 101> Tm? is the magnetic flux quantum.

We also measured the normal-state magnetoresistance (MR) of our samples, MR =
[R(H) — R(0)]/R(0). The MR measurement was performed at 4.5 K for all samples,
slightly above the maximum T¢ of the superconducting films in our library (= 4.2 K). The

field-dependent MR behavior of BixNiix thin films is shown in Figure 4.5. For x < 0.74
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(Regions A and B), no significant MR was observed. On the other hand, positive MR
behavior can be seen in BixNiix thin films with x > 0.74, where the Bi phase is contained.
It turned out that the positive MR is due to the field-dependent scattering of the single-
phase Bi crystals. The curvature of positive MR in our samples is in good agreement with
previous MR studies on Bi crystals [208,209]. This result indicates that the Bi inclusion
in BixNi:x thin films acts as an impurity for electrical transport. We also calculated the
residual resistance ratio (RRR) of our samples, which is defined as RRR = R300x/R5sx. We
observed a systematic change according to the increase in the Bi compositions, where the

maximum RRR was identified in Bio.7oNio.2: thin films.

12

10

MR (%)

Figure 4.5. Magnetoresistance of Bi.Ni,_, thin films as a function of external magnetic fields.
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We performed the correlation analysis of transport behavior in our spread library.

Figure 4.6 shows Tc, RRR, and MR of BixNiix thin films as a function of the Bi

compositions. The corresponding phases of the Bi—Ni thin-film spread are also provided.
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Figure 4.6. (a) Critical temperatures (7o),

magnetoresistance (MR) at 9T of Bi.Ni,—, thin films.
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As mentioned above, two mixed-phase regions (Regions B and D) show different
changing trends in T¢; in Region B (x<0.73), significant suppression in Tc can be observed
as more impurity phases (BiNi) are added to BisNi crystals, as marked with arrow “a” in
Figure 4.6(a). On the other side, T remains relatively high in Region D (arrows “b” and
“c”), which corresponds to the mixed phase region of BisNi and Bi. In particular, an
enhancement in T¢ can be seen when x increases from 0.74 to 0.79 (arrow “b”). This trend
is in good agreement with RRR shown in Figure 4.6(b). Notably, a drastic increase in
MR is observed for samples with x > 0.79, showing the opposite trend with Tc and RRR

(arrow “c”). This implies that the reduced RRR and Tc are due to the Bi inclusion as an

impurity phase, which becomes significant at x > 0.79.

Thus, the correlation analysis indicates that the decrease in 7c and RRR results
from the impurity scattering effects, which become more pronounced as more impurity
phases are added to the superconducting BisNi crystals (corresponding to arrows “a” and
“c”). Still, it is questionable as to why Tc and RRR increase from x =0.74 to 0.79 (arrow

“b”) .

To address this, we calculated the mean free path and crystallite size of BisNi
crystals. The crystallite size was obtained using the Scherrer equation [210], D =
Kw/p cos 8, where K = 0.9 is a shape factor, w is the synchrotron X-ray wavelength, g is
the full width at half-maximum of the diffraction peaks, and 8 is the Bragg angle. The
carrier mean free path Ivrr was calculated using the following Ginzburg-Landau

relation [211]:
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&1 = 0.739(65% + 0.882(Eolyrp) ™)™ 2(1 = T/T,) Y2 (4.3)

where ¢, = hvp/mA is the Bardeen-Cooper-Schrieffer (BCS) coherence length of BisNi
crystals, vy is the Fermi velocity, and A is the superconducting energy gap. We estimated
Ilvrr by employing the materials parameters of BisNi crystals from previous

literature [212,213].

Figure 4.7(a) shows the estimated D and Iurp values of BixNiix thin films as a
function of the Bi compositions. Firstly, the crystallite sizes (D) of BisNi crystals in our
spread are about 17 nm, and they do not change significantly regardless of variations in
the Bi concentration. On the contrary, Imrp decreases significantly from x = 0.74 to 0.79,
and then the decreasing slope becomes less steep. This indicates that the observed
increase in Tc and RRR (arrow “b” in Figure 4.6(a); x = 0.74 to 0.79) is not due to the
enhancement in the film crystallinity, because the improved crystallinity would be

accompanied by an increase in both D and lvre.

We also calculated the normal-state carrier concentration of BizNi crystals in
BixNiix thin films using the transport equation, n = m*s/e?t = m*vpo/e?lypp, where o
is the conductivity, m* is the effective mass, and 7 is the relaxation time [212,213]. We
assume the electrical conduction through the Bi crystals is much less than through the
Bi;3Ni crystals because the electrical resistivity of Bi thin films is two orders of magnitude
larger than that of BisNi crystals. This is also consistent with our MR results, where the
positive MR values are less than that of bulk Bi crystals by more than an order of

magnitude even for samples with x = 0.9. Figure 4.7(b) shows the estimated carrier
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concentration (n) of our films in the normal state. We observed a systematic increase in
n from=~ 6 x 10%2° cm=3 (x = 0.73) to = 2 X 102! em~3 (x = 0.79). When x > 0.79, n starts
to decrease down to ~ 4 x 102° (x = 0.9). The carrier concentration of the pure Bi thin
film at 5 K was estimated to be n ~ 4 x 1017 cm-3. These results are in good agreement

with previous reports [214,215].
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Figure 4.7. (a) Carrier mean free path and crystallite size of Bi;Ni crystals in Bi.Ni,-, thin films.

(b) normal-state carrier concentration of BizNi crystals in Bi.Ni,-, thin films
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Figure 4.7(b) also includes the difference between the bulk and thin-film Bi

phase fractions, defined as Ayg; = Xgi(thin film) — XBibulk) - Here, we can estimate the

possible types of impurity doping based on the sign of Ayg;. That is, if Ayg; <0, an
insufficient amount of the Bi phase exists in the thin-film spread, which in turn likely
induces the doping of Bi in the BisNi phase. On the other hand, when Ayg; > 0, loss of the
Bi3Ni phase is expected due to the formation of the Ni-doped Bi phase. Interestingly, the
changing trend of Ayg; is opposed to that of carrier concentration with maximum Bi
doping at x = 0.81. as shown in Figure 4.7(b). Also, the sign change at x = 0.88 is
observed in the Ayg; plot, which is consistent with the Ni-doped Bi phase identified with

the lattice parameter analysis in Figures 4.2(d) and 4.2(e).

Generally, superconductivity is robust against scattering with non-magnetic
impurities according to Anderson’s theorem [216,217]. A significant amount of impurity
doping in metallic superconductors can decrease RRR and 7. via carrier scattering
mechanisms [217—219]. In contrast to such conventional superconductors, things can be
different when it comes to superconductors with poor metallicity. Experimental
observations suggest that doping impurities into poor-metal superconductors can
increase RRR and/or T¢ by enhancing carrier concentrations due to changes in energy
band filling and overlapping [220—224], which is often seen in strongly correlated
materials, such as the high-Tc cuprates and iron-based superconductors [225—227].
Furthermore, carrier doping in such systems not only increases RRR and T¢ but also
induces metal-insulator-like transitions, where the RRR values are close to unity [58].

These previous observations are in good agreement with our results about BixNi:-x thin
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films. Thus, the carrier doping scenario can explain the change in RRR and 7. (arrow “b”)

in Figures 4.6(a) and (b).

It is noted that the valency of Ni (+2) and Bi (+3 or +5) is different. This means
substituting Ni with Bi in BizNi can add itinerant carriers to the system. This can change
the filling and overlapping of the electronic band structure of BisNi. This is because BizNi
lies in the bad metallic regime with n ~102° cm=3 and RRR of about 1. Thus, Bi impurity
can induce carrier doping in BisNi and thus increase the 7. and RRR of BixNi;-x thin films
in the mild doping level (0.74 < x < 0.79), rather than Bi inclusions acting as scattering
centers. On the other side, BixNi:—x thin films with excessive Bi inclusions (x > 0.79) can
significantly reduce n, RRR, and T.. This is due to the impurity scattering effects becoming
more dominant than the doping effect, suggesting the competing roles of Bi in BisNi

crystals as an impurity phase or carrier dopant.

It is interesting to say the Bi impurity doping has been reported to increase 7. in
other superconducting materials, including Pb [211], AgSnSe> [228], Pb-Pd [229], and
BaPbO3; [230—232]. Most of these materials possess poor metallicity, low RRRs (about
unity), and low carrier concentrations, compared to metallic superconductors. Our results
may provide mechanisms underlying impurity-doped superconductors and their exotic

behavior.
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We also explored the magnetic properties of the Bi—Ni combinatorial spread.
Figure 4.8 shows the superconducting phase diagram of the Bi—Ni thin-film spread. The
superconducting phase diagram of the spread films obtained from the electrical (Figure
4.8(a)) and magnetic (Figures 4.8(b) and (c¢)) show reasonably similar dependence
on the Bi composition. It is noticeable that the magnetization of Bi—Ni film contains a
positive magnetization region in the intermediate regime, where superconductivity can
be observed without strong Cooper pairing interaction. This positive magnetization
region might be a key to understanding non-trivial, proximity-induced spin-triplet
pairing or the coexistence of ferromagnetism and superconductivity [233]. Other
possibilities include superconductivity signals observable in trivial superconductors,
including trapped flux or memory effect of magnetization [234]. To further detail this,

additional evidence and theoretical description might be required.
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Figure 4.8. Superconducting phase diagram of Bi—Ni thin-film spread. (a) Superconducting
phase diagram obtained from electrical characterizations (reproduced form Figure 4.4(b)). (b)
and (c) superconducting phase diagram obtained from magnetic characterizations. Zero-field
cooling (ZFC) conditions under different magnetic fields were used for temperature-dependent

magnetization measurements.
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Figure 4.9 shows the temperature-dependent magnetization plot of the Bi—Ni
combinatorial spread. It is clear that positive magnetization signals are observed
consistently and systematically from different Bi—Ni thin films when the temperature is
between the superconducting transition region (onset) and the lowest temperature

region.
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Figure 4.9. Temperature-dependent magnetization of Bi—Ni thin-film spread.
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Figure 4.10 shows temperature-dependent magnetization of Nb thin film which
was used as a reference superconducting material. Negative magnetization was observed
for almost all regions when T < T¢. Interestingly, it seems that there is a slight kink upward
at temperatures right below onset T¢ although the signal is less pronounced than that of
Bi—Ni thin films. Again, this feature might be due to trivial effects or a non-trivial signal
indicative of unconventional spin pairing in superconducting materials. Since many
reports observed spin-triplet pairing-like behavior in Nb superconductors in proximity to
magnetic materials [235-238], the type-II superconductivity of Nb might not fully
exclude the field-induced spin-flip and the resultant breaking of Cooper pairing states in
superconducting phase at least for a limited time and length scale. It is noted that Nb is

also a kind of quasi-heavy element with Z = 41.
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Figure 4.10. Temperature-dependent magnetization of Nb thin film as a reference

superconducting material.
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Figure 4.11(a) and (b) show the magnetization of the Bi—Ni spread as a function
of external magnetic fields depending on the Bi composition (x). Clear transitions in the
magnetization sign are systematically observed in the magnetic field around 0.2 to 0.3 T
for samples with 0.77 < x < 0.86. For samples with x > 0.88, only positive magnetizations

are observed, which is consistent with the temperature-dependent magnetization

measurements (Figure 4.9).
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Figure 4.11. Magnetic hysteresis of the Bi—Ni combinatorial spread. (a) and (b) magnetization
depending on the Bi composition. (¢) Magnetic hysteresis of Bi,(Nio, thin film for different

temperatures. (d) Magnetic hysteresis of Nb thin film for different temperatures.
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The difference in the magnetic field responses of Bi—Ni thin-film spread and Nb
thin films become more prominent when we compare their magnetic hysteresis behavior.
Figures 4.11 (¢) and (d) show the field-dependent magnetization of the Bio.gNio.: spread
and Nb thin films measured at different temperatures. We selected several temperatures
for this characterization such that the reduced temperature of superconducting
transitions are similar for the two materials. One noticeable difference between the two
samples is their response to the external field. Bio.9Nio.: showed positive magnetization as
a result of positive field application, and the hysteresis with a clockwise loop was
observed. On the other hand, the Nb sample shows the opposite behavior: it initially
showed a negative magnetization as a response to positive external fields and then a
counter-clockwise hysteresis loop was observed. It is noted that the measurement
sequences (i.e., field sweep) are identical for the characterization of the Bio.9Nio.: spread
and Nb thin films. It is premature to say that this is related to a feature of unconventional
superconductivity in the Bi—Ni alloy. However, this result might provide evidence of
exotic behavior in the Bi—Ni binary system, such as chiral superconductivity in Bi/Ni
bilayers [180,181,192,193] and the coexistence of superconductivity and ferromagnetism

in the BizNi phase [190,194—-198].

One thing to comment on experimental details about our BiNi combinatorial
device research is the material is too sensitive to heat and thus is easily degraded at an
elevated temperature. We found that there is a significant degradation even at around 100
°C, at which device patterns can be made via photolithography or e-beam lithography. We
attempted to fabricate superconducting devices using the Bi—Ni thin-film spread (for

example, see Figure 2.5), which was challenged by the thermal instability issue.
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4.3 Combinatorial exploration of Bi—Pd superconductor alloys

4.3.1 Motivation

While it still remains debated the superconducting mechanism in the Bi—Ni system
(i.e., intrinsic spin-triplet superconductivity or proximity-induced superconductivity),
there is another spin-triplet superconductor candidate system that contains heavy Bi
element: Bi—Pd family. Many studies have reported that f-Bi-Pd might be an intrinsic
spin-triplet superconductor (and a topological superconductor) [174,178,179,239,240].
This material was identified to have a large superconducting gap with topological surface
states [239]. Plus, there was a report on a possible signature of topological
superconductivity and elusive Majorana zero modes in $-Bi-Pd thin films [241]. Further,
another phase in the Bi—Pd binary system, a-BiPd, has been reported to show topological
behavior due to the broken inversion symmetry of the crystal structure [174,242,243].
What is more, possible topological superconductivity of the y -BiPd phase with Pt
impurity doping was also observed recently [244]. Figure 4.12 shows the phase diagram
of the Bi—Pd alloy system [245]. In the phase diagram, four superconducting phases have

been identified so far: a-Bi-Pd, f-Bi-Pd, a-BiPd, and y-Bio.cPd.
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Figure 4.12. Phase diagram of Bi—Pd alloy system. Adapted from [245].

One milestone achievement in topological superconductivity research in the Bi—
Pd system is the observation of half-flux quantum in Bi-Pd ring devices [179]. Figure
4.13 shows the principle of half-flux quantum observation via the Little-Parks effect
experiments in Bi-Pd ring devices. Such a half-flux quantum effect was also observed in
ring devices made of the a-BiPd phase [246]. In addition to these results, many other

reports have provided evidence of unconventional superconductivity observed in the Bi—
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Pd system. These results indicate the Bi—Pd alloy system would be an ideal platform for
combinatorial materials research, allowing for the further exploration of superconducting

spintronic devices.

In this Chapter, we will talk about the combinatorial synthesis of Bi—Pd alloy films
in searching for superconducting phases, especially Bi.Pd, which are deemed to be

topological superconductors.
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Figure 4.13. Superconducting ring device of (-Bi.Pd showing half-flux quantum. Adapted
from [179].
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4.3.2 Sample preparation

Synthesis of Bi—Pd composition spread

The composition-spread libraries of Bi—Pd thin films were grown on 3-inch
SiO-/Si substrates using a co-sputtering method. Bi and Pd elemental target materials
were used. The base pressure of the sputtering chamber was about 1 x 107 Torr, and the
sputtering process was carried out under an Ar pressure of 10 mTorr. To control the
desired composition range, the sputtering gun angles were adjusted. Since the
temperature of phase formation is above 300 °C, we prepared the samples in two different
crystallization pathways: high-temperature growth and in-situ post-annealing. After
investigations of several spread samples, we found that the latter shows better layer
adhesion stability (i.e., no peel-off), which is a mandatory feature for device applications,
while it also shows fairly good superconducting behavior as well as phase purity. Thus,
the in-situ post-annealed samples were mostly characterized. We used the same
combinatorial characterization methods described in section 4.2.2. Figure 4.14 shows
the photographic image and WDS composition map of the Bi element. After composition
optimization test depositions, the Bi composition range of 20% to 70% was finally
obtained. The growth of Bi—Pd films was done by Dr. Rohit Pant (UMD). After high-
throughput characterizations using WDS and synchrotron XRD, electrical

characterization was performed using PPMS.

151



Bi (at.%)

(b) 71.60
30
20 61.28
= 10
E 50.96
>~ 0
4064
-10
-20 30.32
-30
20.00

o (=] o
v -

o o
*? o

X (mm)

Figure 4.14. (a) Photographic image of Bi—Pd combinatorial spread film. (b) WDS composition
map data of the spread.

It is important to secure phase uniformity on a sample for electrical measurement,
which requires a minimum sample size as it has a compositional gradient. The estimated
gradient of the Bi composition was about 1%/mm, which means that the sample should
be prepared with 1 mm width along the gradient direction in order to secure a tolerance
factor of Bi composition of + 0.5% for each measurement. Thus, we prepare 74 cells with
1 mm width on a 3” Si wafer along the composition gradient direction. Figure 4.15 shows
the sample preparation for Bi—Pd combinatorial spread films for reliable electrical
characterizations. A tolerance factor from sample cutting was approximately equal to
+ 0.3 mm along the gradient direction. We estimated the Bi composition of each cell by
linearly interpolating the WDS composition data, which was confirmed to be reasonable

as shown in Figure 4.15 (c).
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Figure 4.15. Bi—Pd spread sample preparation. (a) sample cutting. (b) dimensions and

tolerances of cutting. (c¢) estimation of Bi compositions for 74 cells from WDS measurements

4.3.3 Results and discussion

Figure 4.16 shows the electrical properties of the Bi—Pd spread films as a function
of Bi compositions. It turns out that two superconducting transition temperatures were
identified: 3.1 K (Bi at.% from 44% to 58%) and 3.5—3.7 K (from 58% to 68%). When the
Bi content is about 70%, an abrupt transition from bulk-like superconductivity to
filamentary superconductivity was observed from 66 to 72%. Above 72%, no
superconductivity was observed. This region might be a mixed-phase region of pure Bi
and Bi-Pd. As shown in Figure 4.14(a), this region shows totally different morphologies

and visual features, likely resulting from the vaporization of Bi during the film formation.
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It is expected that the maximum transition temperature of the second phase was
observed at the Bi composition of 66% with zero-resistance Tc = 3.7 K. The transition was
pretty abrupt with the transition temperature width of AT, = T,.(onset) —T.(zero) < 0.1 K.
This critical temperature is consistent with the transition temperature (onset) of 8-Bi-Pd
thin films used in the half-flux quantum ring devices [179]. This implies that we have
successfully fabricated samples containing the correct §-Bi-Pd phase. This was also
confirmed by XRD analysis. It is noted that our film is a combinatorial spread with a steep
compositional gradient. Future Bi—Pd combinatorial studies are recommended with a

zoom-in region of Bi compositions (e.g., 60—70%) so that one can get more useful areas.

(a) 1600 ] (b) [ T T T T _]

1400 t J
' 08}

1200
Bi (at.%)

1000 06|

<
[
©
&
7

- 216%
Je227%

s 256%
28.6%
02l 31.9%

33.9%
> 352%
. 36.7%
or 1+ 382%
. 436%

g
8
R/R3g0x

04}

Temperature / °C

1 L 1 1
2 3 4 5 6

Temperature (K)

(c) ' ' ' ‘ (d) o2
041 s 463%
. 48.6% 015 |-
A 50.2%
22 5% e Ty
5 54.0% . «
8 o2 Ok e - s » vt
X “I > 59.9% - 1 @ ]
~ o
E s 61.4% H | E )
0.05 - =—65.0%
| > 4 L *—66.4%
A ) »68.4%
O emmesmemmasssnbitos 4 ; 70.3%
0 el 722%
-0.05 L
2 3 4 5 6 2 3 4 5 6
Temperature (K) Temperature (K)

Figure 4.16. Electrical properties of Bi—Pd spread films. (a) Phase diagram with a marked area
corresponding to our Bi—Pd spread. Adapted from [245] with modifications. (b)—(d) Normalized

electrical resistance as a function of temperature for spread films with different compositions.
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To further investigate the superconductivity of the spread films, we performed
field-dependent resistance—temperature measurements. Figure 4.17(a) shows the
resistance of the Bio.ssPdos4 film as a function of temperature for different applied
magnetic fields. It clearly shows the reduction of Tc as the magnetic field increases,
indicative of superconductivity. We used the following formula to fit the observed data,

a

Heao(T) = Hep(0) (1 - TZ) (4.4)

where H.,(0) is the upper critical field at zero temperature. The data fitting was
reasonable, showing a goodness of fit (R-square) of 0.999. Based on the fitting, we

estimated H.,(0) and calculated coherence length with the following Ginzburg-Landau

equation:
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Figure 4.17. Superconducting properties of the Bios6Pdo s, film. (a) R(T,H) graph. (b) Critical

field and temperature plot. The red line represents a fitting curve.
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The estimated Ginzburg-Landau coherence length was 30 nm, and considering
lower temperature uncertainty, the possible range of the Bio.ssPdo.34in our combinatorial
spread film was estimated to be 25 to 35 nm. Figure 4.18 shows the superconducting
properties of the Bi—Pd combinatorial spread films with different compositions. They
show continuous transitions as the Bi compositions change. One interesting feature is

observed in Figure 4.18 (b), where two-step transitions are observable. This could be

indicative of a mixture of two superconducting phases.
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Figure 4.18. Superconducting properties of the Bi—Pd film with different compositions.
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4.4 Development of spin injection devices based on Bi.Pd

4.4.1 Motivation

Spintronic device exploration based on spin-triplet superconductors is not only
able to pioneer a new field of superconducting applications but is also expected to be
synergetic with the existing spin-triplet superconductivity research, such as Joseph
junction devices and point-contact spectroscopy, in revealing the nature of pairing
symmetry and unconventional superconductivity. This is because the spintronic
mechanism is basically the transport of charge carriers with spins, which would be
differentiated when the host material becomes superconducting (or the charge carriers
are Cooper pairs). This process might provide quantitative, or at least qualitative
information on the preservation or breaking of superconducting order parameters in

response to the spintronic device operations.

Since we successfully fabricated superconducting Bi-Pd films with combinatorial
methods, the following step would be transferring the films to practical devices. One type
of spintronic device we attempted to explore is a spin injection device, where polarized
spins are generated in a ferromagnetic layer and then injected into a superconductor
layer. Decades ago, this device type was originally called a quasiparticle injection device
as quasiparticles were considered most likely particles that could be injected into
superconductors with spin polarization [247—250]; these spintronic superconductor

devices were mostly studied in high-T. superconductors, such as cuprate oxides.
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With the development of theory and experimental advancements in spin-triplet
superconductors (or topological superconductors), spin-triplet Cooper pairs have been
involved as possible candidates for the injection of spin-polarized current. Such Cooper
pairs have an equal-spin configuration so that a Cooper pair can provide net spin
components [166,251]. Thus, in this dissertation, such devices will be referred to as spin

injection devices.

A schematic view and an example of such spin injection devices are provided in
Figure 4.19. The working principle of superconducting spin injection devices is similar
to that of bipolar junction transistors made of p-type and n-type semiconductors, where
two electrical circuit paths can be used to individually control the flow of electrons and
holes (See Figure 4.19(d)). In the bipolar junction transistor, the smaller circuit made
of a diode acts as a base-emitter component which can tune the electrical behavior of the
larger circuit composed of a p-n-p or n-p-n transistor (i.e., collector-emitter circuit
component). This type of semiconductor transistor has been widely used as an amplifier
of electrical components (i.e., current or voltage) of the device. With such transistors, one

can calculate the amplification ratio of the transistor, which is defined as gain.
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Figure 4.19. Spin injection devices. (a) and (b) an example of spin injection device (or a spin-
polarized quasiparticle injection device) with top and cross-sectional view. (a) and (b) adapted
from [252]. (c) A schematic view of the spin injection device. (d) A p-n-p type semiconductor

bipolar junction transistor. Adapted from All About Circuits (allaboutcircuits.com)

Similarly, in spin injection devices, the two circuit components can be used to
individually control the electrical current flow of the device and the resultant breaking of
superconductivity, as shown in Figure 4.19(c). In other words, the critical current of the
superconductor (corresponding to the “I” component in Figure 4.19(c)) can be affected
by the spin-polarized current injection (corresponding to the “Is” component in Figure

4.19(c)) via the mechanisms of Cooper pair breaking. As a result, different Is vs Ic plots
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can be obtained based on the type of injection current (e.g., the degree of spin polarization,

etc.) and the pair-breaking effect (related to the superconducting material).

Figure 4.20 shows one example of the result of spin injection device operation in
the case of two different current injection methods in a high-Tc superconductor,
YBa:>Cu30O; (YBCO): spin-polarized and unpolarized currents. A ferromagnetic layer is
used for spin-polarized current injection into a superconducting layer, while a normal-
metal layer is used as an injection layer of unpolarized current. As shown in Figure 4.20,
the critical current (Ic) of the superconducting material, which was measured through the
“I component path” in Figure 4.19(c), varies depending on the injection current Iin;.
Such a pair-breaking effect (or the slope of the data in Figure 4.20(c)) becomes more

significant when a spin-polarized current is injected into a conventional superconductor.

The slope, called gain, can be defined as

Gain = — (4.6)

Note that this term might be a misleading term since it is related to the suppression of
superconductivity due to the pair breaking effect of conventional superconductors, not to

an amplification of it.

The proximity effect of the superconductor—-normal metal junction or the
superconductor—ferromagnet can be different, and also other material parameters can be

different when different superconductors or injection layers are used. Thus, the
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comparison of gain values is usually conducted at the same “reduced” temperature (i.e.,
T/Tc). The amount of current injection can be calculated using the following equation:

I+ 1
Iinj = —Ignife = ———— > < (4.7)

where I.; and I, denote two superconducting critical currents that can be experimentally
measured from the current-voltage curves (See Figure 4.20(a)). Is;f, is the amount of
shift of current-voltage curves due to current injection through the normal metal or the
ferromagnetic layer, as shown in Figure 4.20(a). Such a shift is due to the conservation
law of current (or Kirchhoff's current law) as we measure the total current in the circuit
(Itota: in Figure 4.19(c)) for current-voltage measurements. Another factor to consider
in measuring spin injection devices is a voltage cutoff window which is used to define

accurate values of I (usually in the order of microvolts).

From this measurement, we can obtain the gains of spin injection device with
different types of superconductors (spin-singlet or spin-triplet) and injection layers
(normal metal or ferromagnetic material). In this dissertation, we will discuss the current
injection properties of four types of devices: Py/Bi-Pd, Ag/Bi-Pd, Py/Nb, and Ag/Nb.
Here. Py (permalloy) refers to a ferromagnetic metal alloy with a composition of Nio.sFeo.2,
which was used for spin-polarized current injection. Ag was used as a normal metal (NM)
layer that was used to inject unpolarized currents into the superconducting materials. Nb
is used as a reference material which has type-II s-wave superconductivity. It is expected
that the pair-breaking effect resulting from spin-polarized current injection in spin-triplet

superconductors will not be as significant as that in spin-singlet superconductors. Thus,
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this spin injection device experiment could provide clear evidence of spin-triplet

superconductivity.
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Figure 4.20. (a) Current-voltage measurement data of Injection of (b) unpolarized (LaNiOs,
LNO; a normal metal layer) and (c) spin-polarized currents (Ndo,SrosMnO;, NSMO; a

ferromagnetic layer) into YBCO superconductors. Adapted from [252] with partial modifications.
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4.4.2 Sample preparation

Fabrication of macro-scale spin injection devices

We first fabricated spin injection devices using a Bi—Pd combinatorial spread film
with Bi-Pd stoichiometry (i.e., Bi 66%). These devices have critical dimensions of sub-
millimeters (0.1 to 0.5 mm) and thus will be referred to as macro-scale spin injection
devices. Figure 4.21 illustrates the fabrication of the devices. The device fabrication was

performed using photolithography and a mask aligner (MJB-3, UMD FabLab).

(b)

FM (Py)
SC (Bi-Pd)

Si Substrate

Cross-Section View

Bi-Pd Spread Bi—Pd line patterning NiFe (Py) lift-off
via lon milling

Figure 4.21. Fabrication of macro-scale spin injection devices using a Bi,Pd combinatorial
spread film. (a) Device structure. Each line pattern contains three , and the total number of
junctions per chip is nine. (b) Cross-sectional schematic of the macro-scale spin injection device.

(c) Fabrication sequence of spin injection devices.
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It is noted that, for the combinatorial device exploration, the junctions should be
made along the stoichiometric lines in order for reliable comparison between different
junctions on the same chip (See Figure 4.21(c)). The device measurement was
conducted using a PPMS. For the spin polarization of Py, magnetic fields need to be
applied along the in-plane direction, which is the easy axis of Py thin films. This can be
done using a rotatable probe. Figure 4.22 shows the experimental details of spin
injection device measurements, including measurement geometry and sample

preparation using a rotatable probe.

Current Source 2

(KEITHLEY 2401)
PPMS
J:- I Rotation Probe
(—\
Nano-Voltmeter 7
(KEITHLEY 2182A) @

V.

100 — 500 I -

—

100um  NiFe (Py)

Current Source 1

(KEITHLEY 2400) A\
\/ BiPd SID-#02

Spin Injection Device
Sample & Measurement Geometry

Figure 4.22. Sample preparation and measurement configuration of spin injection device
experiment. Two current sources were used for I and I, and the voltage was measured using a

nano-voltmeter.
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Fabrication of micro-scale spin injection devices

To improve the device performance, we fabricated spin injection devices with
critical dimensions (i.e., line width) of 1—2 pm using a maskless aligner (MLA150,
Heidelberg, UMD FabLab). These devices will be referred to as micro-scale spin injection
devices. To achieve 1-um pattern resolution, we precisely controlled development
processes (time, uniform agitation, etc.) as well as the UV laser illumination process (dose,
power, etc.). The development time was 25 to 35 seconds, and the UV illumination was
done with 100% laser power and 150—-250 mJ/cm?2 laser dose. Figure 4.23 shows the

structure of the micro-scale spin injection device.

Figure 4.23. Structure of micro-scale spin injection device. (a) Chip architecture. (b) Junction

structure.

165



As shown in Figure 4.23(a), the device (chip) is composed of 8 sub-devices,
where 4 sub-devices correspond to Py/superconductor junction and the other 4 sub-
devices are NM /superconductor junction. Here, NM refers to the normal metal layer (Ag)
with a thickness of approximately 100 nm. To increase the layer adhesion, a thin Cr layer
(5 nm) was deposited in situ prior to the NM layer deposition. Each sub-device contains
three junctions with nominal critical dimensions (i.e., line width) of 1, 1.5, and 2 um, as
shown in Figure 4.23(b). Figure 4.24 shows the microscopic images of micro-scale
spin injection devices. Note that the measurement geometry of these devices is the same

as that of macroscale devices.

Spin Polarized Current (l,)

Si substrate

Py/Bi,Pd NM/Bi,Pd

Figure 4.24. Microscopic images of micro-scale spin injection devices. (a) Zoom-in view of the
Py/Bi.Pd spin injection device. (b)—(e) Zoom-out view of the four types of spin injection devices

fabricated using the maskless aligner and photolithography techniques.
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4.4.3 Results and discussion

Characterization of macro-scale spin injection devices

Figure 4.25 shows the current-voltage curves of Py/Bi-Pd macroscale spin
injection devices. It is noted that the measurement temperatures (7 = 3.2 to 3.4 K) were
chosen such that the pair-breaking effect is clearly observed. The reduced temperatures
(T/Te) of 3.2 K and 3.4 K were about 0.86 and 0.92, respectively. At 3.2 K, no clear
signature of pair breaking was observed, while the shift of the current-voltage curves can
be definitely seen (Figure 4.25(a)). On the other hand, the pair-breaking effect can be

clearly observed at T = 3.4 K, which is closer to the T¢ of Bi-Pd (3.7 K), as shown in Figure

4.25(b).
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Figure 4.25. Current-voltage measurement of a Py/Bi.Pd macroscale spin injection device

depending on the spin polarized current injection.
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At 3.4 K, not only the shift of the current-voltage curves but also the change in the
curvatures following increased current injection was observed. This indicates that the pair
breaking effect is more likely observed under conditions where superconductivity is
weakly correlated (e.g., when the temperature is close to T¢). Thus, we observed the pair
breaking effect in Bi-Pd caused by spin-polarized current injection, and the follow-up step

is to measure the reference device (Py/Nb) for comparison.

However, when we measured the spin injection properties of the macroscale Nb
reference devices, we encountered an issue: Joule heating. Figure 4.26 shows the
current-voltage curves of a Py/Nb spin injection device at different temperatures without
spin-polarized current injection. A significant difference between Ic: and Ic- is observed,

which is due to the Joule heating.
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Figure 4.26. Current-voltage characteristic of the Py/Nb spin injection device
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Joule heating occurs when the electrons flow through a conducting material due to
the collision between charge carriers and resistive sources (e.g., ionic potential, defect,
etc.). The Joule heating can be simply considered as the resistive power loss (P) due to a

current flow in conductive materials with the following formula, called Ohm’s law:

P=1IV=IR=— (4.8)

where I, V, and R are the current, voltage, and resistance of materials in the electrical
circuit. This Joule heating occurs differently when we measure the current-voltage curves
of spin injection devices. When we characterize the current-voltage curves of a
superconducting device by scanning current from one end to the other end, the resistive
loss environment changes significantly. This results in two different Ics depending on the
current scanning direction: the lower I. is caused by additional resistive heat (i.e. Joule

heating), while the larger I. is the intrinsic critical current value of the superconductor.

The Joule heating issue is schematically shown in Figure 4.27. This hysteretic behavior
needs to be separated from the pair-breaking effect induced by spin-polarized current
injection. To tackle this issue, we need to minimize the current density of the spin
injection devices. This means the critical dimensions (i.e., the width of the line patterns;
100 to 500 um) should be reduced by orders of magnitude (e.g., down to 1 um or more).
This can be analytically demonstrated below. First, the electrical resistance R of thin films
can be written as

R:'DE
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where p is the material parameter, called resistivity; [, w, and t correspond to the length,
width, and thickness of the film in the device. Note that w X t corresponds to the cross-
section area of the electrical current flow. We can write the amount of heat generation at
I = I., which is related to the increase of temperature and the pair-breaking effect due to

the Joule heating at the superconducting transition as
l
P. = I2R = (J.wt)? (p E) = J2wtl (4.9)

where J. = ﬁ is a material parameter of the superconductor (which is considered to be a

constant). Therefore, the width of the line pattern in the device (i.e., the critical dimension)
needs to be reduced to decrease the Joule heating and thus to minimize the hysteresis of
superconducting critical current. This indicates the device dimensions (or volume) should

be reduced to tackle the Joule heating issue.

Figure 4.27. A schematic view of hysteresis in current-voltage characteristics due to the Joule

heating effect. (a) Scanning from negative to positive. (b) Scanning from positive to negative.

170



Characterization of micro-scale spin injection devices

To tackle the Joule heating issue, we fabricated microscale spin injection devices
and measured their current-voltage characteristics. The details of the device structures

are provided in section 4.4.2.

Before characterizing the microscale spin injection devices, we first characterized
the hysteresis behavior of Nb line patterns with reduced widths and volumes in order to
demonstrate that the superconducting hysteresis artifact induced by the Joule heating
effect can be suppressed. Figure 4.28 shows the photographic and microscopic images
of the Nb test sample with line patterns used for measuring the hysteresis effect. Figure
4.29 exhibits the current-voltage curves of the line-pattern devices (width: 2 and 3 um).
We can clearly see the hysteresis effect is reduced significantly in these devices, compared
to the macroscale Py/Nb spin injection device (Figure 4.26). Based on these test data,

we designed the critical dimensions of microscale spin injection devices.

0.5 mm

Figure 4.28. Photographic and microscopic images of the Nb test sample with line patterns.
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Figure 4.29. Current-voltage curves of Nb line patterns. (a) 2 um and (b) 3 um.

It is also noted that the length of the junctions in the new spin injection device
design is smaller by an order of magnitude than the test Nb sample, in order to further
ensure no unintentional heat generation due to Joule heating. It turns out that the new
device design (i.e., microscale spin injection devices) allows us to observe the pair-
breaking effect due to the current injection clearly without significant hysteresis even at
lower temperatures. We characterized the superconducting transition temperatures of Nb
and Bi-Pd layers and confirmed no degradation after device fabrication (Bi-Pd: T. = 3.75
K; Nb: T. = 8.6 K). Based on the measured T¢cs, we set the reduced temperature conditions
for comparison under identical conditions. Table 4.1 shows the measurement

temperature conditions for comparison.

172



Figure 4.30 shows the current-voltage curves of four microscale devices
(Py/Bi2Pd, Ag/Bi-Pd, Py/Nb, and Ag/Nb). The device measurements were performed at
the reduced temperatures of 0.64. The results indicate that the pair-breaking effect due
to the current injection is reduced significantly, which is due to the low reduced
temperature (as mentioned earlier, the pair-breaking effect becomes more pronounced at
higher reduced temperatures). However, this is not the case when the Ag/Bi-Pd device is
investigated. It turns out that even a slight unpolarized current injection (I = 0.1 mA)can
destroy the superconductivity of Bi.Pd completely. This is only observable in the
Ag/Bi-Pd device. This is interesting because the opposite scenario is expected to occur.
Unexpectedly, pair-breaking due to unpolarized current injection was larger than the

spin-polarized current in both Nb and Bi-Pd superconductors.

Table 4.1. Measurement temperatures for microscale Bi.Pd and Nb spin injection devices

Bi,Pd Nb
(Te = 3.75K) (T = 8.6 K)
T (K) T/T. T (K) T/T.

3.4 0.907 7.8 0.907
3.2 0.853 7.3 0.849

3 0.800 6.9 0.802
2.8 0.747 6.4 0.744
2.6 0.693 5.9 0.686
2.4 0.640 5.5 0.640
2.2 0.587 5.1 0.593

2 0.533 4.6 0.535
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This trend can be observed clearly in the differential resistance (dV/dI) map in
Figure 4.31. The superconductivity of Bi-Pd and Nb are less affected by current injection
in Py/Bi-Pd, Py/Nb, and Ag/Nb devices, securing blue areas (corresponding to

superconducting states) extending over left-top and right-bottom directions.

() o (b)*
@2.4K Is _-0.5mA | @2.4K
5 5
[ Py/Bi,Pd ] [ NM/Bi,Pd ]
S >
é ot é 0
> >
I, +0.5 mA
5 B 5+
T/T,= 0.64 T/T,= 0.64
10 1 1 1 L 1 10 L
A -05 0 05 1 -1 05 0 05 1
I (mA) I (mA)
[T o] 120f "
(C) = @5.5K (d) @5.5K
80
4L
[ Py/Nb ] ol [NM/Nb ]
S S
E of E o
> >
-40
40 |
-80
-80 |- . . . . . 20 . . . .
A 05 0 05 1 1 05 0 05 1
I (mA) I (mA)

Figure 4.30. Current-voltage curves of four microscale devices (Py/Bi.Pd, Ag/Bi.Pd, Py/Nb, and
Ag/NDb). Injection current ranges from -0.5 to 0.5 mA. The reduced temperatures for device

measurements were 0.64. NM refers to a normal metal layer, which is Ag.
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However, in the case of the Ag/Bi-Pd device, the blue area shows a small pocket-
like shape, meaning that the superconducting state of Bi-Pd is significantly affected by
unpolarized current injection through the Ag normal metal layers. This implies that the
superconductivity of Bi-Pd does not favor unpolarized current injection. Detailed

measurement results are provided in the supplemental information section (Section 5.5).
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400 600

I, (mA) LA
Figure 4.31. Two-dimensional difference resistance map of four microscale devices (Py/Bi.Pd,

Ag/Bi,Pd, Py/Nb, and Ag/Nb) as functions of measurement current (I) and injection current ().

The reduced temperatures for device measurements were 0.64.
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To quantify these features, we have extracted the critical current (I; and I.2) values
using +10 puV voltage windows. Then, we obtained using the formula, Ic = |Ic1 — Ic2| /2. The
I versus Is plots of four microscale devices show the Ic versus Is plots of four microscale
devices. From the plot, gain values of the spin injection devices were calculated at the
lowest reduced temperature, 7/Tc = 0.53, where the observed pair-breaking features are
most differentiated: Py/Bi-Pd (0.6), Ag/Bi-Pd (5.8), Py/Nb (0.1), and Ag/Nb (0.4). The
gain of Ag/Bi-Pd is larger by more than an order of magnitude than that of other devices.
This clearly demonstrates the exotic behavior of superconductivity in Bi-Pd and may be

evinced by further experimental investigations and theoretical descriptions.
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Figure 4.32. I. versus I plots of four microscale devices (Py/Bi.Pd, Ag/Bi.Pd, Py/Nb, and Ag/Nb)

at different temperatures.
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4.5 Chapter summary and conclusion

In this Chapter, we explored various characteristics of spin-triplet superconductor
candidates, Bi—Ni and Bi—Pd alloys, and examined their applicability for superconducting
spintronic devices. These continuous compositional spreads were synthesized via
combinatorial sputtering and were characterized using high-throughput equipment. In
both experiments, we successfully fabricated superconducting films with transition

temperatures consistent with the previous literature.

The ultimate goal of combining spin-triplet superconductor research and

spintronic applications is threefold:

(1) Pioneering a new field: Existing studies about superconducting spintronics

have barely focused on spin-triplet pairing induced by the ferromagnetic
proximity effect, and few reports have been made in the research of spintronics
based on intrinsic spin-triplet superconductors. If confirmed practical or at
least feasible, such interdisciplinary research would open a new opportunity in
superconducting applications. If our prediction—i.e., stable control of
polarized Cooper pair spins—is confirmed to be valid, a new chapter of

superconductivity research might be added.

(2) Evidence of pairing symmetry: Spintronic devices, such as spin injection

devices, are based on electrical and magnetic transport of charge carriers. Spin-
single and spin-triplet superconductors have their unique pairing symmetries,
which can be interactive with spintronic components like injection of polarized

or unpolarized currents. Through detailed experimental investigations, or in
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conjunction with theoretical assistance, spintronic device operations and
characterizations likely provide smoking gun evidence of Cooper-pairing

symmetry.

(3) Synergy with existing superconductivity research: It might not be easy to

interpret the spintronic device measurement data alone. Thus, by combining
with the existing methods for pairing symmetry investigations, such as an
NMR Knight shift or phase-sensitive measurements, a more comprehensive

and conclusive analysis would be possible.

For Bi—Ni spread thin films, we were not able to apply the superconducting films
to spintronic devices due to the thermal instability of the films. That is, the Bi—Ni spread
samples were easily degraded during the device patterning processes that involve heating
at mild temperatures (e.g., around 100 °C). Thus, photolithography and e-beam
lithography techniques were not applicable to this Bi—Ni binary material system. Instead
of device applications, we focused on the stoichiometry study of the Bi—Ni alloy phases
and identified the two competing mechanisms that give rise to the change in the Tt of
BisNi: carrier doping and impurity scattering. The observed trend was reasonably
consistent with previous reports. These results are expected to provide useful information
for the studies of superconductors that contain stoichiometric defects and mixed phases.
This experiment also demonstrated the utility of a superconducting phase diagram
obtained using the combinatorial thin-film growth and high-throughput characterization

techniques.
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Combinatorial investigation of the Bi—Pd alloy system revealed that there are two
superconducting phases with T¢ of 3.1 and 3.7 K. They correspond to the BiPd and Bi.Pd
phases, respectively. While the former (BiPd) is also a possible unconventional
superconductor having inversion symmetry breaking and topological order parameters,
we considered the latter (Bi-Pd) a stronger candidate for spin-triplet superconductivity
and thus attempted to fabricate spin injection devices with superconducting Bi-Pd thin
films. We initially started spin injection experiments with macroscale devices and then

found that the Joule heating issue is a major challenge.

Employing new patterning equipment, including the QMC ion mill and the
Heidelberg maskless aligner tools, we were able to successfully fabricate the microscale
spin injection devices with a pattern resolution of 1—2 um. These devices include Py/Bi-Pd,
Ag/Bi-Pd, Py/Nb, and Ag/Nb junctions. With these improved devices, we were able to
demonstrate the pair-breaking effect induced by spin-polarized or unpolarized current
injection, even at temperatures much lower than the Tcs of superconducting Bi.Pd and
Nb. Furthermore, we found that the pair-breaking effect is particularly pronounced in
Ag/Bi.Pd spin injection devices, implying that the superconducting Bi-Pd phase does not
favor unpolarized current injection. It is noted that the observed gain of the Ag/Bi-Pd
device is an order of magnitude larger than other devices. A host of further spintronic
devices, including spin valves and spin pump, can be made and explored based on our

bilayer spin injection studies.

These results demonstrate the usefulness and effectiveness of combinatorial

approaches in promptly exploring novel superconducting materials and devices.
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4.6 Chapter supplementary information

BiNi combinatorial thin films
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Figure S4.1. Phase fractions depending on the Bi compositions in the Bi—Ni spread calculated

using the lever rule.
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Figure S4.2. Upper critical fields and Ginzburg-Landau coherence length of Bi—Ni thin film

spread.
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Bi-Pd spin injection devices
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Figure S4.3. Temperature-dependent resistance of Nb thin films. The critical temperature is
about 8.5 K. This Nb film was used for fabrication of reference spin injection devices. A, B, and C

refers to different areas on 3” Si wafers.
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Figure S4.4. I. vs Iy plot of macroscale Py/Bi.Pd spin injection devices.
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Figure S4.5. Microscopic images of microscale spin injection devices.
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Figure S4.6. Resistance of Py/Bi.Pd microscale injection device as a function of temperatures
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Figure S4.7. Current-voltage curves of Py/Bi.Pd devices at different temperatures.
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Figure S4.9. Current-voltage curves of Py/Nb devices at different temperatures.
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Figure S4.10. Current-voltage curves of Ag/Nb devices at different temperatures.
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Figure S4.11. Differential resistance map of Py/Bi,Pd devices at different temperatures.
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Figure S4.12. Differential resistance map of Ag/Bi,Pd devices at different temperatures.
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Figure S4.13. Differential resistance map of Py/Nb devices at different temperatures.
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Chapter 5. Topological Josephson Junctions

In this Chapter, we will discuss Josephson junctions based on topological
insulators, referred to as topological Josephson junctions, which have been proposed as
a promising hardware platform enabling topological quantum computing. In section 5.1,
basic physics and backgrounds to understand topological Josephson junctions will be
briefly introduced. In the following sections, our experimental approach to realizing such

topological Josephson junctions will be described.

5.1 Backgrounds

Topological qubits

A wide variety of quantum computing hardware, or qubits, have been developed
including coupled spins, superconducting transmons, cold atoms, and trapped ions; in
order to apply them for useful information data processing, several issues related to the
intrinsic nature of macroscopic quantum systems have been resolved, such as minimizing
phase decoherence and securing long qubit lifetime [74—77]. Topological qubit is one
device platform that might be free from such hardware issues, thus allowing for fault-
tolerant quantum computing. The topological qubits can be operated via the creation,
braiding, and fusion of quasiparticles, called anyons that follow non-Abelian
statistics [48,49,253,254]. These anyons can remember the sequence of braiding
operation (i.e., particle-to-particle exchange) which can be used for processing

information without influence by local disturbance, such as defect scattering and thermal
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fluctuations [255—257]. The particle exchange operation (which is related to the braiding

operation) can be written as

[Y12) = eiehpll/)z) (5.1)

where 1, and iy, are the wave functions of two particles and 6 is the phase factor.
Depending on the type of quantum mechanical particles, this phase factor has a unique
form: For Bosonic particles, 6 is always zero, and for Fermionic particles, 8 = w. Here,
anyons can be regarded as an outlier of this category: 0 < 8 < w. In quantum systems,
such exchange operations between two particles should not change any physical
observable (|A|p), which can be thought of as a projection of a quantum mechanical
state (where A is an operator). However, the wavefunction could accrue a phase without

changing the observable during the particle exchange process:

W12 A1) = (W |e 0 Ae |yypy) (5.2)

If the particles are either bosons or fermions, this equal relation always holds true. On the
other hand, there remains a non-zero phase factor when the exchanged particles are
anyons (because 0 < 6 < m ). Therefore, exchanging anyon particles can contain
information, such as braiding direction (either clockwise or counter-clockwise). When
multiple anyons are present, there are multiple ways to braid two anyons and the braiding
process can be repeated with different anyons. This braiding sequence of multiple anyons
can be used to perform complicated computations, which is the main idea of topological

computing. Figure 5.1 shows an example of anyon braiding.
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Figure 5.1. An example of anyon braiding. Braiding of anyons based on Majorana Kramers pairs.
It is noted that to differentiate the braiding routes (i.e., clockwise or counter-clockwise), three

terminals are generally required for two particles. Adapted from [258]

One kind of quasiparticle that can be considered as such a non-Abelian anyon is a
Majorana fermion. Majorana fermion is considered a particle that is identical to its
antiparticle. Due to this identity, the creation and annihilation operators are Hermitian

as follows:

Yi = YJ-T (5.3)

Here, y; is called the Majorana operator. This hypothetical particle, originally proposed

by Ettore Majorana in 1937 [259,260], has been proposed to be realized in topological
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superconductors: quasiparticle excitation in relativistic regime with massless and spinless

features (i.e., to be its own antiparticles). Such “topological” quasiparticles can be found,

for example, in a trapped vortex or each terminal of a 1-dimensional superconducting

chain, which are called Majorana zero modes [49,261]. Promising devices to realize such

quasiparticle excitation modes can be broadly categorized into three as follows:

Topological nanowire qubit: Semiconductor nanowires made of strong spin-orbit-

coupling elements are expected to exhibit localized Majorana bound states (called
Majorana zero modes) at both ends, when in conjunction with conventional s-wave
superconductors and under strong external magnetic fields. Such examples
include InAs[79,262] and InSb [263]. This type of topological qubit has an
intrinsic challenge: nanowire materials are not robust enough for topological qubit

operations due to native defects, and thus the observed data could be misleading.

Topological superconductor qubit: Josephson junctions composed of topological

superconductors are also a possible topological qubit platform. This type of
topological qubit might be the most promising and reasonable device, but the
development of ingredient materials, or intrinsic topological superconductors, is

still in its early stages.

Topological insulator qubit: This hardware platform is made of Josephson

junctions based on topological insulators in proximity with s-wave

superconductors. Since topological insulators are fairly robust against phase
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decoherence from defects and imperfections, this type of topological qubit might
be the most feasible platform. Examples of topological insulators include Bi»(Se,

Te); [80] and HgTe [81].

In the following sections, we will discuss how to experimentally realize topological
Josephson junctions based on topological insulators. Section 5.2 describes the
combinatorial growth of epitaxial SmBe thin films as bulk-robust topological insulators.

In section 5.3, the fabrication of Josephson junctions will be discussed.
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5.2 Growth of high-quality SmBs thin films via combinatorial

approaches

5.2.1 Motivation

As discussed in section 5.1, a topological qubit is a promising hardware platform
that can be used for fault-tolerant quantum computing. One promising approach to
realize it is to utilize topological insulators with superconducting proximity
effects [80,264—268]. As a basic building block of the topological qubits, topological
Josephson junctions have been demonstrated in several topological insulators, including
Bi-Te3 [80], Bi=Se;[269,270], (BixSbox)Ses[271], HgTe[272], and CdHgTe [81].
However, these topological materials suffer from an inherent challenge: their topological
surface states are inseparable from the bulk states. Figure 5.2 shows the concept of
topological qubits based on a topological insulator in proximity to two superconducting
terminals, i.e., the planar-type topological Josephson junction. Figures 5.2(c) and
5.2(d) show the Josephson supercurrent components through the surface states and the
bulk state. It is noted that the trivial term (sine) corresponding to the conducting bulk
state is expected to show 27 periodicity, while the non-trivial term corresponding to the

surface-state supercurrent would induce 47 periodicity in the current-phase relationship.
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Figure 5.2. Topological Josephson junctions. (a) Planar Josephson junctions based on
topological insulators (TI). S refers to the superconducting layer. Red dots correspond to the
Josephson vortex core where Majorana bound states (MBS) are expected to be localized. (b)
Josephson trijunctions designed for braiding operations of two Majorana quasiparticles. The
braiding principle is similar to the one in Figure 5.1. (¢) A schematic view of supercurrent flow,
indicative of Josephson tunneling, where two current paths are marked (bulk and surface). (d)
Current phase relationship (CPR) of topological Josephson junctions with the non-trivial surface
state (MBS(¢) term) and the trivial bulk state (sin(¢)). CPR(¢) is the total sum of current phase

relation resulting from the two components. (a), (b), and (d) adapted from [253]

This issue of conducting bulk states could lead to two different Josephson current
paths: through the surface state and the bulk state. This results from the fact that the bulk
states are not completely insulating. To tackle this issue completely, it is important to

develop topological insulators with true insulating bulk.
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Samarium hexaboride, SmBe, is a promising topological insulator for topological
Josephson junctions due to its robust insulating bulk state. The crystal structure of SmBe
is cubic with Sm atoms residing in the lattice points and the B¢ cage is located at the center
of the unit cell, as shown in Figure 5.3(a). Samarium is a rare-earth heavy element that
is known to have two possible valence states in SmBs (Sm2+ and Sm3+), which is why it is
called a mixed-valance insulator [273]. While Sm2* is a non-magnetic ion, Sm3+ shows
strong magnetism with m ~ 0.65 us [274]. Since SmBs is a mixed-valence material, the
lattice of Sm could be either Sm2+ or Sm3+. At low temperatures, magnetic Sms3+ ions
become strongly affecting itinerant electrons, increasing carrier scattering. This in turn
increases the effective mass of conduction electrons and the resistance of bulk states

significantly.

Strong coupling
(scattering)

(a) | (b) TN

Figure 5.3. (a) Crystal structure of SmBe. (b) Kondo lattice with strong Kondo coupling.
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This lattice system, called the Kondo lattice, is the driving force that induces the
topological phase transformation of SmBs. Figure 5.3(b) shows a schematic view of the
Kondo lattice system. With the strong band hybridization, SmBs becomes topologically
non-trivial, thus exhibiting a resistance plateau at T < 10K [275]. Figure 5.4 shows the
electrical properties of SmBs. In Figure 5.4(a), a resistance plateau is observed at low
temperatures. This plateau is indicative of the conducting surface state, which is
considered topologically non-trivial. Since the bulk state is insulating, we can use the
Arrhenius relation to extract the insulating bulk-state information (such as the band gap)

as follows [276]:

Eq
Rguie = RoeksT (5.4)

where E, is the activation energy of the insulating bulk, Ry, is the resistance of the bulk

states, kg = 8.62 x 107> eV/K is the Boltzmann constant, and T is the temperature.

(a) (b) 45~
Surface
1500 Bulk |
{changing thickness) 4_0 L 5-9-1 4 nm 10
2 | o
1000 SmB, g
8 ’ 2 35
< E -
o« = [3.120.1 meV_ g {1 3
I 500 w 30l © o °© = é}’
0.0325° mm
a)
0 = - 25 v il 0,1
0 2 4 6 8 10 20 40 60 80 100

Temperature (K)
Film Thickness (nm)

Figure 5.4. Electrical properties of SmBe. (a) Resistance plateau observed at low temperatures.
Adapted from [275]. (b) Robust bulk state with activation energy of about 3 meV. Adapted
from [276].
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Using this equation for fitting temperature dependence, we can extract the
activation energy (corresponding to the energy gap) of the bulk states. From the parallel
conduction model, the total conductance (G), surface-state conductance (Ggypace), and

bulk-state conductance (Gy ;) of SmBe thin films can be estimated to be [276]:

G = Gsurface T Goulk (5-5)
w
Gsurface = T Gsheet,ZK (5.6)
w - tb 1k E E
Gpuik = I —. Obulk,300K €XP <— kBaT + BOOakb> (5.7)

where Ggpeet 2 1S the sheet conductance at 2 K, ty,, is the thickness of the bulk states, w
and [ are the width and the length of the film, oy, 300k 1S the conductivity of the bulk state

at 300 K. It turns out that the two-channel model fits the experimental data well [276],

thus proving the robustness of the insulating bulk states.

In the following sections, we will discuss the epitaxial growth of SmBe thin films as

a topological insulator with insulating bulk states using a combinatorial approach.
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5.2.2 Sample preparation

Epitaxial growth of SmBe thin films

Epitaxial SmBe thin films were grown on an intrinsic Si wafer via combinatorial
sputtering with SmBe and B targets. The B (boron) target was co-sputtered to control the
B stoichiometry, thus allowing for the growth of stoichiometric SmBe thin films with high
crystallinity. Details of the stoichiometry control using the co-sputtering approach are
provided in Chapter 2. The chamber base pressure was about 1 x 108 Torr, and the
sputtering process was performed at T'= 860 °C under an Ar pressure of about 10 mTorr.
The thickness of SmBe thin films was about 20 to 300 nm. XRD measurements with Bragg
Brentano geometry (6-20; D8 Advance, Bruker) and four circle geometry for ¢ scan
(X’pert Pro, Malvern Panalytical) were employed to analyze the epitaxial crystal structure
of the films. Temperature-dependent resistance measurement was performed using
PPMS to characterize the resistance plateau of SmBe thin films, indicative of conducting

surface states.
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5.2.3 Results and discussion

Firstly, the crystal structure of SmBe thin films was analyzed using XRD. No peaks
other than SmBe (001) and (002) peaks and the Si (004) substrate peak were observed in
the XRD measurements with Bragg Brentano geometry (0-260), as shown in Figure
5.5(a). Also, four-fold symmetry was observed in the ¢ scan data, suggesting the epitaxial
growth of SmBe thin films on the Si substrate (Figure 5.5(b)). There is a 45-degree shift
in the @ scan data, indicating that the epitaxial relationship between the SmBe film and
the Si substrate has an orientation angle difference of 45 degrees [277]. The full width at
half maximum of the peaks was about 10 degrees, implying that there exists slight
misorientation in the crystal orientation of the film along the in-plane direction. This is a
reasonable result considering that the intrinsic Si is not a perfect lattice-matching
substrate. The crystal structures of SmBs and Si are cubic with the lattice parameters of
4.133 A and 5.430A, respectively. The (110) inter-planar spacing of SmBs, which is parallel

to the Si (100) direction, is 5.845 A, resulting in a lattice mismatch of about 7% [277].
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Figure 5.5. Crystal structure of a SmBs thin film grown via a combinatorial sputtering process.

(a) XRD measurement with 6-20 geometry. (b) ¢ scan XRD data
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Figure 5.6 shows the electrical characterization of the epitaxially-grown SmBe
thin film. The observed resistance curves show two features: conducting surface states
and insulating bulk states. At low-temperature regions, we can clearly see the resistance
plateau corresponding to the topological surface states of SmBe thin films. It is also
observed that the bulk-state resistance shows a linear relation, indicative of insulation
behavior following the Arrhenius relation. This result demonstrates the successful
fabrication of epitaxial SmBs thin films with conducting surface states and insulating bulk
states. The following step in combinatorial device exploration is to fabricate junction
devices (i.e., topological Josephson junction) based on the epitaxial SmBe thin film. Here,
we employed trilayer geometry to fabricate Josephson junctions with high reliability and

reproducibility. Details of device fabrication will be discussed in the next section.
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Figure 5.6. Normalized resistance as a function of inverse temperature.
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5.3 Fabrication of topological Josephson junctions based on

YB6/SmB6/YBs trilayers

5.3.1 Motivation

In the previous section, we discussed the challenges in the topological Josephson
junctions: conducting bulk states. Our approach—the use of SmBs as a topological
insulator—is expected to address the “leakage” issue of Josephson supercurrent. However,
there are other issues possibly encountered during the fabrication of Josephson junctions.
Josephson devices are a well-known quantum device that is fairly sensitive to the sample
quality and device patterning processes. Such challenges in junction fabrication include
securing surface and interface quality, optimizing device design, making a suitable choice

of process tools, and minimizing sample degradation during device fabrication.

As a preliminary experiment, we fabricated a planar-type Josephson junction
using SmBs thin films and Al metals, which was based on an ex-situ deposition process.
It turned out that no Josephson junction transition was observed down to T'= 100 mK,
which is expected to be due to imperfect interface quality (See Figure S5.1 in the
Supplemental Information). Also, it was reported that in-situ deposition is important in

observing the superconducting proximity effect of SmBe thin films [276,277].

Our approach is to utilize YBe¢/SmBs/YBes trilayers to ensure a clean
superconductor—topological insulator interface via in-situ deposition processes under
high vacuum (=1 x 10-8 Torr). It also allows for precise control of junction gaps thanks to

the vertical device geometry by precisely controlling the thickness of SmBe layers. Also,
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the superconducting electrode, YBs, is a BCS-type superconductor with identical crystal
structures and lattice spacing. Thus, in-situ grown YBs/SmBe/YBs trilayers would enable
pristine interface quality between SmBs and YBe layers. Another advantage of this
approach is that the whole process is scalable and compatible with the existing
semiconductor fabrication technology (e.g., CMOS chips). Thus, this dissertation aims to
explore topological Josephson junctions based on epitaxial SmBe thin films for “practical”

applications.

5.3.2 Sample preparation

Fabrication and characterization of SmBs Josephson junction

YBs/SmBe/YBe trilayer samples were deposited by in-situ sputtering processes.
The thickness of the YBs layers was about 100 nm, and the SmBs film in the trilayer had
slight thickness variations from about 20 nm to 30 nm, which was confirmed by
spectroscopic ellipsometry. Topological Josephson junction devices were fabricated using
the in-situ grown YBe/SmBs/YBe trilayer. The initial device structure contains a Nb layer
as a top electrode (See Figure S5.2 in the Supplemental Information). This initial
version of Josephson junction devices showed a significant leakage issue due to
superconducting short-circuit paths between bottom YBe layers and top Nb electrodes.
After statistical analysis of devices, device failure modes and key device parameters were

identified, based on which improved device structures were designed.
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Schematic illustrations of the device fabrication sequence with improved device
design and processes are presented in Figures 5.7 and 5.8. The fabrication process
involves six fundamental processes: (1) YBs/SmBe/YBs trilayer deposition, (2) Ag/Cr
protection layer deposition, (3) line patterning of YBs bottom layer, (4) SmBes dot
patterning process, (5) SiO: insulation layer deposition, and (6) Ag/Cr top electrode
deposition. Details of the unit processes are provided in Figure 5.7. For fine patterning
of SmBe Josephson junction devices, we used a maskless aligner with a UV laser (MLA150,
Heidelberg) at UMD FabLab. Field- and temperature-dependent current—voltage (I-V)
characteristics were measured using PPMS (Quantum Design) at Maryland QMC. The
custom-built LabVIEW program and PPMS MultiVIEW software were used for
Josephson junction characterization. Figure 5.8 shows the device structure and
measurement configuration of trilayer Josephson junctions based on topological
insulator SmBes. We also inspected all Josephson junctions using a microscope, which

allowed us to filter promising junctions out of defective ones (Figure 5.9).

1. Trilayer Deposition 2. Protection Layer 3. Line Patterning 4, Dot Patterning 5. Insulation Layer 6. Top Electrode
(YBs/SmBg/YBg) (Ag/Cr~30/5 nm) (Si0;~150 nm) (Ag/Cr~100/5 nm)

"//{’(, “
P

P
-~

Sputter E-beam Evaporation PR Patterning PR Patterning Sputter (Binary) E-beam Evaporation
lon Milling lon Milling PR Removal PR Patterning
PR Removal lon Milling

PR Removal

Figure 5.7. Process flow for SmB¢ Josephson junction device fabrication
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Figure 5.8. Device structure and measurement configuration of trilayer Josephson junctions
based on topological insulator SmBe (improved design). (a) Device structure. (b) Microscopic

image. (c) Sample preparation using wire bonding. (d) Josephson junction devices mounted in a

rotatable PPMS probe.
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Figure 5.9. Microscopic images of SmBs Josephson junctions.
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5.3.3 Results and discussion

Fabrication of Josephson junctions based on YBs/SmBs/YBe trilayers

We first fabricated 36 SmBes Josephson junctions (4 chips x 9 cells/chip) with Nb
top electrodes. The device structure is provided in Figure S5.2 in the Supplementary
Information. 20 Josephson junctions (hereinafter referred to as “cell”) were characterized.
Figure 5.10 shows the current-voltage characteristics of SmBs Josephson junction cells
and the field dependence. In Figure 5.10(a), zero resistance transition can be observed,
but there is no magnetic field dependence of I.. This implies that they are not Josephson
junctions but rather just superconducting materials through which supercurrents can
pass. It turns out that none of the measured cells (20 cells) showed Josephson junction-

like behavior. Table 5.1 shows the lift of SmBes Josephson junction cells (15t version) that

were measured and statistically analyzed (Table 5.2).

Table 5.1. List of SmBs Josephson junctions measured. Green corresponds to the cells that were

measured using PPMS.

S#1 S#2 S#3 Si#4
C#1 C#1 C#1 C#1
C#2 C#2 C#2 C#2
C#3 C#3 C#3 C#3
C#4 C#4 C#4 C#4
Yﬁi:ig1 C#5 C#5 C#5 C#5
C#6 C#6 C#6 C#6
C#7 C#7 C#7 C#7
C#8 C#8 C#8 C#8
C#9 C#9 C#9 C#9
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Figure 5.10. Electrical characteristics of Josephson junction cells made with a top Nb electrode.

(a) Current-voltage curves of SmBes Josephson junction cells. (b) Field dependence.

Table 5.2. Failure mode and effect analysis (FMEA) of SmBs Josephson junctions (15t version).
Abbreviations: SEV (severity), OCC (occurrence), DET (detectability), RPN (risk priority number).

Process Potential Potential Potential
SEV OCC |DET|RPN Acti
Step Failure Mode Failure Effect Causes ction
Trilayer Inacc.:urate NoJJ (NoSC) 9 !naccurate 5 5 | 90 Accurate.thickness
YB6 thickness thickness map mapping (SE)
Li | let A tei illrat
|ne' Leakage Path | WeirdlJ) pattern| 3 nco.m.pe ¢ 2 4 | 24 cedrate onmittrate
Patterning Milling test
Inaccurate NoJJ (NoSC) 6 Inaccurate 3 5 | g0 Accurate thickness
Dot thickness Weird JJ pattern thickness control mapping (SE)
Patterning Inacc:u.rate Weird )J pattern | 4 Inaccurat.e 7 4 112 Improve resolution
dot size dot patterning (MLA)
Insulation Pinhole NoJJ (SC) 9 Poo.r qu.a lity 8 5 | 360 Design improvement
Layer Thin Si02 (reduce overlap area)
Non-SC Poor SC quali Materialch
c:n ; " | NoJJ(NoSC) | 5 oor EJUS "y 5 | 4 |100 T\Iz”i : ‘?:nge
Top Electrode ow ¢ Fake ik B (e.g.; f) D( - El )
ake JJ-like oor interface esign change
SpuriousJJ 6 ] 4 8 | 192 g . g
features quality (Nb/YB6) (Split)
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Analysis of device failure modes

Table 5.2 shows the FMEA results of the 20 measured cells. Through the
statistical analysis of the device failure modes via FMEA, we identified two major failure
mechanisms: pinhole and poor Nb/YBs interface quality. First, most of the Josephson
junction devices (> 70%) failed due to pinholes formed through the SiO- insulation layer,
forming superconducting short-circuit paths between bottom YBes layers and top Nb
electrodes. Figure 5.11 shows a schematic view (cross-sectional view) of a SmBe trilayer
Josephson junction (15t version) revealing the major device failure mechanisms identified

via the FMEA analysis.

To address these problems, we attempted to modify the Josephson junction device
design and fabrication processes. Possible solutions to the identified failure modes
(including the two major failure mechanisms) are included in Table 5.2. Based on this
statistical investigation, we were able to improve the device structure and the fabrication

processes.

Poor Interface (Ex-situ)

Pinhole

-

Figure 5.11. Schematic view of two major failure mechanisms: pinhole and poor interface.
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Figure 5.12 shows the schematic views and optical microscope image of a SmBe
Josephson junction device with an improved design. The device is composed of a bottom
YBs layer as one of the superconducting electrodes, a thin SmBe layer sandwiched
between two YBs superconducting electrodes, and a top lead layer of a Ag/Cr thin film.
The Josephson junction weak link corresponds to the SmBs topological insulator layer.
The dot pattern design and SmBe layer thickness were modified to identify the topological
Josephson behavior of the device. The improved device design and fabrication methods

are described in detail in section 5.3.2.

We attempted to measure the I-V characteristics of the SmBs Josephson junction
devices (SmBe layer thickness of about 22 nm). The improved SmBe Josephson junction
device with a dot pattern size of 5 x 5 um2 showed resistively-shunted junction (RSJ) type
I-V curves at T = 1.74 K, as shown in Figure 5.13(a). The normal-state resistance (Rx)

was about 12 mQ, and the critical current (Ic) was about 20 pA.

(a) Ag/Cr

5""541- $io,

(b)

Top View Top View

Figure 5.12. (a) Cross-section view and (b) top view of SmBe¢ Josephson junction device
schematic (improved design). (c) Optical microscope image of SmBs Josephson junction device

(top view).
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Figure 5.13. (a) I-V curves of SmBe Josephson junction measured at T = 1.74 K. (b) Differential
resistance (dV/dI) as functions of current excitation and applied magnetic field. The magnetic
field was applied along the in-plane direction of the substrate, which corresponds to the

perpendicular direction of the junction area.

The RSJ-type Josephson junction can be modeled with voltage depending on the
current that is passing through the superconducting path (Josephson junction) and
resistive path (For equivalent circuit diagram of RSJ-type Josephson junctions, see
Figure S5.6 in the Supplemental Information). A more generalized RSJ model (or RCSJ;

C stands for capacitance) can be written as the following differential equation:

. av v
I=1I.sin¢p+C—+

dt ' R (5-8)

where ¢ is the phase factor, t is time, R is resistance, C is capacitance, and I, is the

maximum critical current of the Josephson junction.
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A simple solution to the RSJ circuit (not RCSJ) can be obtained as follows:

V=0 ;for |1 < I,

1\2 2 (5.9)
V =I.Ry (—) -1 sfor |1 < 1.

Here IcRx is an important factor that characterizes the Junction behavior. The I.R~
value of the measured Josephson device was about 0.25 uV. We also measured the device
with different measurement conditions, including I-V scan directions, excitation modes
(AC or DC), number of recordings, and so forth. Regardless of these different
measurement conditions, the I-V curves were reproducible, indicative of the stability of

the SmBe Josephson junction device.

Then, we measured the differential resistance (dV/dI) as functions of current and
external magnetic fields. The magnetic field was applied along the direction
perpendicular to the junction area. As shown in Figure 5.13(b), we were able to observe
the Fraunhofer-like diffraction pattern clearly, which is a key feature of Josephson
junctions. The Fraunhofer diffraction pattern of the Josephson junction made of

conventional superconductors can be modeled as

(¢
I1=1, @ (5.10)
o

¢

The diffraction pattern appears to be symmetrical, which possibly indicates a

uniform distribution of Josephson current across the junction area. This means that the
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observed diffraction pattern does not show any signs of unconventional Josephson
junction features due to topological surface states. The measured SmBs Josephson
junction device has a SmBe layer thickness of = 22 nm, which might not be enough to

induce insulating bulk states fully.

To further characterize the trilayer Josephson junctions based on topological
insulator SmBe, we investigated other junction cells in two different ways: (1) analysis of

device statistics and (2) investigation of SmBe thickness dependence.

For statistical investigation, we measured 10 Josephson junction cells with SmBe
layer thickness of around 22—24 nm (tolerance of thickness: + 0.5 nm). It turns out that
100% of them all showed Josephson junction features. Figure 5.14 shows the statistical

analysis of the SmBe Josephson junction made using improved design and processes.

50 r r 1+ 1 1 - 1~ 1T 1T 11
a0l Upper/lower limit (+x20%) )
A
S T
o 30F -
(o
by o &
- m  25-5x5-1 (PPMS, chip #3)
< 20F e 25-5x5-2 (PPMS, chip #3) -
o A 25.5x5-3 (PPMS, chip #1)
v 25-7x7-1 (PPMS, chip#1)
10k + 25-5x5-1 (Heliox, chip #2) i
25-7x7-1 (Heliox, chip #2)
» 25-10x10-1 (Heliox, chip #2)
0 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i L

20 30 40 50 60 70 80 90 100 110
A (um?)

Figure 5.14. Statistical analysis of SmB¢ Josephson junctions
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The product of normal-state resistance (Rnx) and the junction area (A) was
confirmed to be invariant regardless of the area (A) within a +20% of the upper/lower
limit window. Also, it is noted that all of these devices showed clear Josephson junction-
like behavior, such as RSJ-type current-voltage curves and the Fraunhofer diffraction
pattern. Previously, our group reported perfect Andreev reflection of a SmBes/YBs bilayer
grown in situ. Such perfect reflection spectra can be a signature of spin-momentum
locking in proximitized and topologically-protected surface states, which is an
experimental realization of Klein tunneling where no backscattering is allowed [277].
Similarly, decent reproducibility in the analysis of device statistics can be a signature of
the Klein tunneling effect that makes the topological surface states of SmBs robust against

imperfections, such as crystal defects and grain boundaries.

Our next step is to investigate the thickness dependence of SmBe¢ films on the
Josephson junction behavior. It was suggested that the surface state of SmBes has a
thickness of 10 nm [278]. Thus, no robust insulating bulk would be obtained when the
thickness of the SmBe¢ layer is less than 20 nm [277]. On the other hand, when the
thickness becomes thicker (say, t > 30 nm), the superconducting proximity effect is not
enough such that no Josephson junction behavior is observed. Based on this idea, we
devised a possible scenario that can be used to elucidate the SmBs thickness dependence.

This is schematically shown in Figure 5.15.

The edge-dominant supercurrents in the non-topological junction scenarios (i.e.,

scenarios A, B, and D) are related to the Josephson penetration depth, which
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characterizes the typical length scale for the penetration of an external magnetic field into

®,
A= [———— 1
1 ,/Znuod'jc (5:11)

where j. is the critical supercurrent density of the Josephson junction, @, is the magnetic

the junctions [279]:

flux quantum, y, is the vacuum permeability, and d’ is the effective thickness for the

inductance of the superconducting electrodes.

The effective thickness d’ can be approximated using the following equation:

d' =d; + A, tanh (i) + A, tanh (ﬁ) (5.12)
21, 22,

Here, d; refers to the thickness of the Josephson barrier (i.e., SmBe layer; 20—-30
nm), d, and d, correspond to the thickness of superconducting electrodes (i.e., YBs layer;
80—120 nm), and A; and A, are their London penetration depths. It is noted that this
model is only useful in describing non-topological Josephson junctions, whereas the two-

channel model should be taken into account when topological surface states are

formed [280].

We fabricated Josephson junctions with slightly thicker SmBe layers (=28 + 0.5
nm) and characterized their current-voltage curves as well as the field dependence. It
follows that these devices do not clearly show Josephson junction-like features. However,

there was a clear tendency where a systematic change in the current-voltage curves is
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observed as SmBe thickness becomes thinner (for clarification, SmBe thickness decreases
as the cell number increases: cell#6, cell#14, and cell#20), as shown in Figure 5.16. Also,
the current-voltage curves of cell#20 show bending around the zero-voltage region, which

appears to resemble the beginning state of the Josephson junction transition.

Junction size
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A J J
Lo b 1#°
> X > x
7))
o .
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S ] C l D
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- > x > x
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=
© .
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= E l F
w > >
J, J,
No JJ © NoJJ H
v > X > X
Thick

Figure 5.15. Scenarios describing the thickness dependence of the SmBs layer in case of the
presence of topological surface states. Scenarios explaining junction size effect is also included. J
refers to the supercurrent density and x refers to the position along the x direction. JJ refers to

Josephson junction. A—H refer to the type of scenario.
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The symmetrical Fraunhofer diffraction pattern of the Josephson junction (SmBe
thickness = 22 + 0.5 nm, dot size = 5 x 5 um2) can be fully explained by the RSJ model,
as shown in Figure 5.13(b). This indicates that the distribution of Josephson
supercurrent is likely uniform along the width direction (i.e., the x direction). Thus, we

expect this device to correspond to the scenario “C” in Figure 5.15.
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Figure 5.16. (a), (¢), (e): Current-voltage characteristics of SmBs Josephson junction (cell#6,
#14, and #20). (b), (d), (f): Field- and current-dependent differential resistance of junction
(cell#6, #14, and #20). For the position of junction cells, please see Figure S5.7 in the

Supplementary Information.
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In Figure 5.16, no sign of Josephson transition is observed for junction cell#6
(SmBe thickness = 28 + 0.5 nm, dot size = 5 x 5 um?2) down to T = 1.8 K. This data might
correspond to the scenario “G” as the dot size is the same as the device characterized in
Figure 5.13(b). Therefore, the systematic change in the curvatures of current-voltage
curves in Figure 5.16 would correspond to moving from scenario “G” to “E”. Here,
scenario “E” is the device condition where topological surface states are expected to be
observed. This indicates that we might be able to observe evidence of a topological
Josephson junction if we go to slightly a thicker region from cell#20. Also, it is likely that

we can observe Josephson junction-like behavior if we further cool down cell#20.

We also attempted to investigate the junction size dependence. Some of the
additional Fraunhofer diffraction patterns are provided in Figure S5.8. Several
asymmetrical Fraunhofer patterns were observed. Both trivial and non-trivial current
distributions in our scenarios are expected to induce a symmetrical Fraunhofer pattern.
Thus, the origin of asymmetrical patterns requires careful scrutiny and, probably,

theoretical description.
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5.4 Chapter summary and conclusion

In this Chapter, we explored topological Josephson junctions based on SmBes which

has topological surface states with insulating bulk states.

Our initial step is to grow epitaxial SmBe thin films using a combinatorial approach,
where the co-sputtering process was used for local control of boron stoichiometry, thus
allowing for the synthesis of high-quality thin films. Structural characterization using
XRD revealed that the film shows in-plane epitaxy with four-fold symmetry in phi scan
results. These epitaxial film samples exhibited resistance plateau at low temperatures,

indicative of conducting surface states and insulating bulk states.

Then, YBs/SmBe/YBs trilayers were fabricated via in-situ multilayer processes,
followed by the fabrication of Josephson junction devices. The initial junctions show no
sign of Josephson features for all measured devices. Statistical analysis was performed
with 20 device measurement data, from which several device failure modes were
identified. In particular, two major device failure mechanisms were confirmed: pinhole
and poor surface quality. These issues were tackled by improving the device structure,
employing advanced patterning tools, and modifying fabrication processes. The improved
device showed a clear signature of Josephson junction-like current-voltage curves as well
as Fraunhofer diffraction patterns. We performed a statistical analysis of the improved
Josephson devices and found that 100% of the measured devices showed Josephson
junction-like behavior. In particular, the measured devices showed a tolerance of RNA <
+ 20%, and this enhanced reproducibility might be related to topological protection due

to Klein tunneling. We also performed systematic investigations of thickness dependence
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and RF dependence, which are under careful scrutiny. I hope such further works provide

evidence of the topological nature of the Smbe trilayer Josephson junctions.

This dissertation demonstrates the first experimental observation of trilayer
Josephson junctions and the exotic behavior of SmBes Josephson junctions. This is likely
because our trilayer junctions have a clean interface between YBs and SmBe layers [281],
and the junction gap (22 nm) is comparable to the SmBs proximitization length (or
normal coherence length) [278]. The interesting features of our SmBe trilayer devices
would open a new pathway toward systematic and reliable investigation of Josephson

junctions.
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5.5 Chapter supplementary information
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Figure S5.1. Planar Josephson junctions based on SmBs thin films (preliminary results).

1. YBe/SmBg/YBg 2. Line Patterning 3. Dot Patterning 4. Insulation Layer 5. Top Electrode
(100/30/100 nm) (SiO, ~100 nm)  (Nb~ 100 nm)

Si wafer
In-situ Co-sputtering PR Patterning PR Patterning RF Sputter PR Patterning
lon Milling lon Milling PR Removal E-beam Evaporation v

PR Removal PR Removal (Lift-off)

Cross-Section View
(SmBg JJ)

Figure S5.2. Fabrication sequence of Josephson junctions with a Nb top electrode.

222



Figure S5.3. Josephson junction device structure (15t version).
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Figure S5.4. Resistance versus temperature plot of SmBs Josephson junctions with varying

external magnetic fields.
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Figure S5.7. Improved device structure of SmBs JJ (3 version). Cell measurement data is

provided in Figure 5.16.
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Chapter 6. Summary and Outlook

This dissertation aims to explore novel quantum materials and devices via a high-
throughput combinatorial approach. Rapid synthesis and characterizations of
composition spread libraries enabled me to expedite the development of novel materials
and devices. Through the high-throughput approach, I was able to perform three types of
experiments: (1) spin wave devices based on ADFMR principles, (2) systematic
exploration of superconducting phase diagram in the Bi—Ni and Bi—Pd binary systems for
spintronic device applications, and (3) fabrication and characterization of SmBs

Josephson junction devices.

The experiments were successfully done for the first two parts, which now have
been published in peer-reviewed journals. In the first part (spin wave devices), we
demonstrated ADFMR in YIG thin films for the first time (to the best of my knowledge).
This is thanks to our unique approach to making good quality YIG films on LiNbO;
substrates (by using a SiO- buffer layer and RTA), as well as troubleshooting and trial-
and-errors in device fabrication (IDT design, ion milling at NIST) and equipment setup
(PCB board fabrication, time-gating measurement setup, and automatic rotation

measurement setup).

In the second part (superconducting spintronics), we made the best use of our
combinatorial approach in systematically investigating the role of Bi stoichiometry in the
superconductivity of BisNi, thus revealing two competing mechanisms (i.e., carrier
doping and impurity scattering). Also, we employed the combinatorial approach to

rapidly screen and optimize the superconducting properties of Bi—Pd alloys, where a
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superconducting Bi-Pd phase showing T. of 3.7 K was obtained. Spin injection devices
were fabricated with the phase region on the composition spread. The spin injection
experiments revealed that Bi-Pd does not favor the injection of unpolarized current,

which likely requires further experimental corroboration or theoretical explanation.

In the last section (topological Josephson junction), we demonstrated the first
trilayer Josephson junctions based on SmBs topological insulators. There are several
future works to verify the topological nature of SmBe Josephson junctions. These include
the fabrication of SmBe devices with different device geometry (e.g., SmBe layer thickness
and dot dimensions) and measurement conditions (e.g., field direction, and RF
excitations). This work is also expected to provide insights into the topological Josephson

junctions for fault-tolerant quantum computing applications.
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