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ABSTRACT

Topological insulators (TIs) are a class of quantum materials, which behave as insulators in the
bulk, yet possess gapless spin-polarized surface states, which are robust against nonmagnetic im-
purities. The unique properties of TIs make them attractive not only for studying various fun-
damental phenomena in condensed matter and particle physics, but also as promising candidates
for applications ranging from spintronics to quantum computation. Within the topological insula-
tor realm, a great deal of focus has been placed on discovering new quantum materials, however,
ideal multi-modal quantum materials have yet to be found. Here we study a-PdBi,, KFe,Te,,
and DySb compounds including others within these families with high-resolution angle-resolved
photoemission spectroscopy (ARPES) complimented by first principles calculations. We observe
unique phase changes and phenomena across their transition temperatures. Our work paves a new

direction in material discovery and application related to their unique electronic properties.
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CHAPTER 1: INTRODUCTION

The discovery of Topological insulators (TIs)[1, 2] has motivated research in the direction of many
different topological materials this includes topological nodal-line semimetals (TNLSs). These
are materials that offer platforms for realizing many exotic physical phenomena and can be driven
into various topological states including Dirac semimetals, Weyl semimetals, topological insula-
tors, and quantum anomalous Hall insulators (QAHIs) by breaking certain symmetries (i.e. mirror
symmetry) or including the spin orbit coupling (SOC) effect [1, 2]. TNLSs are unique such that
in k-space the lowest conduction band and the highest valence band touch each other along 1D
symmetry-protected lines, which can be found in several different forms. One of which, where
the nodal-lines carry a quantized 7-Berry phase and is protected by either crystalline symmetry
or both inversion and time-reversal symmetry, is incredibly fascinating as it leads to a nearly flat
drumhead-like state with an infinite density of states (DOS) on its boundary[1, 2]. These distinctly
different properties provide TNLSs with some exotic characteristics including special long range
Coulomb interactions, a unique Landau energy level, and even high temperature superconductivity
[101]. This new investigative effort on TNLSs has recently begun to mesh itself with the everlast-
ing quest of realizing high-temperature superconductivity. Since 2008, iron-based superconductors
such as LaOFeAs [7], BaFe,As; [8], a-FeSe(Te)[9], and K, Fe, — ySe, [10] have provided valu-
able insight into the interesting pairing mechanism of these materials and has given a direction
for higher-superconducting temperatures. However, attempts at bridging the gap between these
two phenomena, TNLSs and higher-temperature superconductive states, has been lacking. Such
a connection between two distinct fields of condensed matter physics would not only establish a
fascinating material and a new direction for further research but also develop significantly stronger

communication and interest between the two areas of research.

Another direction that has been taken with topological insulators is that they can be exploited for



their high carrier mobility, extreme magnetoresistence (XMR), and their potential to revolutionize
fields such as quantum computing, spintronics, and dozens more are reasons for their large current
theoretical and experimental research interest [12, 14, 28, 51]. It is well known that the TIs can
be characterized by their linearly dispersive gapless topological surface states (TSS) within the
bulk insulating gap of inverted valence and conduction bands [12, 14, 28, 51]. Interest in these
core characteristics invoked research that branched from the common TI to a great variety of gap-
less topological materials including the Dirac, Weyl, and nodal semimetals [52, 98, 54, 55, 56].
The Dirac fermionic states in these TIs and semimetals quickly became a sensation within the
community as they provided a path for realizing novel exotic quantum states [1, 102]. Soon
enough a link between the Dirac fermionic states and rare-earth monopnictides was made as they
are predicted to host a 3D TI or topological Dirac semimetal at the X point of their bulk Bril-
louin zone [58] as well as impressive XMR values [59, 60, 61, 97, 63, 64, 65]. XMR materials
have been recognized to be semimetals with nearly compensated electron and hole carriers. In-
terestingly, XMR has been reported in rare earth monopnictides such as LaSb, LaBi, and NdSb
[69, 70, 71, 10, 73, 56]. In the last few years a rebirth of interest in these rare earth monopnictides
has taken hold [69, 71, 74, 75, 76, 77, 78, 79, 80] as they are largely untapped systems for explor-
ing XMR, topological semimetallic states, and especially f-electron correlations and their role in

exotic phenomena.

Even though the rare earth monopnictides possess a simple NaCl-type structure, their diverse and
unusual properties have garnered them plenty of attention. The condensed matter community’s
interest in these materials are a result of their potential applications as they have a complex inter-
play between magnetic moments, spin orbit coupling (SOC), and f-electron orbitals. In order to
simulate and predict which monopnictide material systems would present themselves as interesting
and useful to physics, it is important to have detailed explanation of the XMR in these systems.

Currently, there are several mechanisms that propose an explanation of the XMR for monopnic-



tide systems including forbidden backscattering at zero field [69, 79], electron-hole compensation
[71, 74, 76, 78, 80], and non-trivial band topology [74]. In addition to their perplexing XMR
properties, a recent increase in interest regarding rare earth ions with f-electron systems, provid-
ing a tunable, strongly correlated magnetic ground states in the rare earth monopnictide family,
has inspired others in the field to expand the database of materials that follow this direction. As
a momentum-resolved probe of the electronic structure, capable of isolating the surface from the
bulk states, angle resolved photoemission spectroscopy (ARPES) can systematically map the band
structure of such materials and present convincing evidence for topological and spin-split surface
states. For materials LaSb and CeSb, ARPES measurements have determined that there are no
band inversions or crossings [74, 75, 77] suggesting they are topologically trivial. As such Dys-
prosium Antimonide (DySb) is currently a poorly studied antiferromagnetic (AFM) member of the
rare earth monopnictide family and holds great promise to provide a promising direction in not
only XMR but also in the role f-electron hybridization plays in these systems [81, 82, 83, 63].
Previous calculations on DySb predict a band inversion and therefore suggesting a topologically

non-trivial state [63].

Therefore, here we utilize a high resolution angle-resolved photoemission spectroscopy (ARPES)
setup to systematically study the normal, anti-ferromagnetic, and superconducting state electronic
properties of KFe,Te; as well as DySb and their respective families. We also plan to combine our
ARPES technique with SCAN calculations within a DFT framework in order to best investigate
a multi-modal system in KFe;Te,, as well as providing details of the gapped or non-gapped state
in DySb. Our preliminary data and analysis on DySb potentially reveals the presence of trivial
states with a small gap. We propose to provide a detailed study which has the potential to provide
a deeper understanding of the 122 families of KFe;Te, as well as the rare-earth monopnictide

family of DySb.



CHAPTER 2: LITERATURE REVIEW

Photoelectic effect

One of the phenomena that is utilized most by the condensed matter field that is critical for ac-
curately characterizing the electronic structure of any crystal system is the photoelectric effect. A
phenomena that was first truly observed by Heinrich Hertz in 1887, and after that theoretically ex-
plained by Albert Einstein in 1905 for which he received the Nobel prize in physics. The process
is when light with a high photon energy that exceeds a specific binding energy is incident upon
the surface of a material, electrons are emitted [5]. These electrons are emitted at many different
angles and with varying kinetic energies, as such they carry a significant amount of information
about the system they are ejected from. These properties of the emitted electrons can be processed

through an electron analyzer in order to determine the band structure of any one material.

ARPES

Angle-resolved photoemission spectroscopy (ARPES) is a strong technique that can analyze these
emitted electrons in order to discern an accurate band structure. After using an electron analyzer
to determine the energies in the occupied states, it builds a 3D representation of the electronic
bandstructure of the analyzed material [98]. Physicists then dissect that 3D representation and
from the patterns of electrons that are observed it is possible to determine unique and exciting
phenomena that occurs within the system. During the last decade many different types of ARPES
have been developed including spin-resolved ARPES, time-resolved ARPES, spatially resolved
ARPES, and soft-X-ray ARPES. Although we will solely focus on traditional ARPES for this

systematic experimental analysis.



Topological Insulators

A topological insulator (T1), as experimentally realized in bismuth-based materials, is a novel
electronic state of quantum matter characterized by a bulk-insulating band gap and spin-polarized
metallic surface states [1, 2]. Owing to time reversal symmetry, topological surface states are
protected from backscattering and localization in the presence of weak perturbation, resulting in
spin currents with reduced dissipation. This makes the discovery of TIs a revolutionary mile-
stone in the field of materials physics. They hold major promise to be materials protected from
electron backscattering at high temperatures, essentially providing the benefits of superconductors
without the cost of cooling. A major characteristic of TIs are that they host strong spin-orbit cou-
pling (SOC) and are a defining feature as it opens up a plethora of potential for developing new
technologies and research directions [5, 6]. Bismuth-Antimony based materials were the first to
experimentally realize the TI. Since SOC is a strong defining factor for TIs it is not surprising
that the first TI was made from Bismuth (Bi) and Antimony (Sb). These two elements are heavy
and contain many electrons and as such have a strong SOC, Bismuth just so happens to be the
heaviest element that is not radioactive. Thus it may be clear as to why the first discovered TI
would contain this element. Sb also has strong SOC, its electronic band structure has one band
inversion which just so happens to be odd. As such this makes Sb topologically nontrivial where
Vo = 0. Unfortunately, Sb is a semimental, and as such does not contain a significant band gap in
its electronic structure. By combining Sb with Bi certain energy levels can be tuned until a full
band gap is achieved. From this we obtain the Bi;_,Sb, alloys, the Bi; X3 (X = Se, Te) series, and
their derivatives [1, 2]. The discovery of the TI tremendously accelerated research into phases of
matter characterized by non-trivial topological invariants. Not only did the 3D Z, TI itself attract
great research interest, it also inspired the prediction and experimental realization of a range of new
topological phases of matter. Recently, the 3D Dirac semimetal phase has been experimentally re-

alized in Cd3Asj and Na3Bi [1, 2, 51], which have shown linear dispersion in all three-dimensions.



Similarly, the Weyl semimetal state in TaAs-class of material is established using photoemission
spectroscopy, which identified the Fermi arc surface states and their unique odd number of Fermi
surface crossings for a closed loop on the surface Brillouin zone and bulk Weyl cones [1, 2, 51].
The unique electronic structure of these topological Dirac and Weyl semimetals are not only al-
luring for their unusual electronic/magnetic properties, but also for providing a platform that can

realize elementary particles such as the Dirac, Weyl, Nodal, and Majorana fermion phases.

Fermions

In order to continue on it is important to make a couple of notes about fermions such that it is
possible to build certain concepts described in the rest of the document. To begin a fermion is a
particle that obeys the Pauli exclusion principle and follow Fermi-Dirac statistics. This is different
than bosons which do not obey the Pauli exclusion principle and instead follow Bose-Einstein
statistics. All quarks, leptons, and baryons are defined as fermions as well as all atoms and nuclei
made from an odd number of quarks and leptons. A Dirac fermion are relativistic fermions where
E and P have a linear relationship, additionally it is not its own anti-particle, pretty much every
particle on the standard model, except for neutrinos, fit this description. For example, electrons
have positrons as their anti-particle whereas neutrinos have no charge and thus has a possibility
of being its own anti-particle. On the other hand we have Majorana fermions, these are particles
that are their own anti-particle, neutrinos may fit into this category but it is currently being debated
within the particle physics community. In addition to this there are also Weyl fermions, which are
a half of a Dirac fermion, Weyl fermions always come in pairs and they are of opposite chirality,

when these two pairs come together they form a Dirac fermion.



Quasi-particles

Quasi-particles are an incredibly important aspect of this field, they are low binding energy exci-
tations within a system that show similar characteristics to real particles. A good example of this
is if a positron is traveling in a certain direction with a certain speed, the quasiparticle equivalent
to this situation would be as if an electron were traveling with the same momentum but in the
opposite direction. Quasiparticles as they are realized in Dirac, Majorana, and Weyl semimetals
have a more complex nature to them . Each one of these semimetals has interesting properties that
gives us reason to study and investigate them. Dirac and Weyl semimetals contain quasiparticles
that allow the electrons within the system to behave relativistically and as such allows them to con-
duct electric charge much faster than typical electrons, this in turn could be used to create much
faster electronic circuits [13]. Majorana semimetals contain Majorana quasiparticles, since they
are their own anti-particles they can exist in a superpositions state, combined with the robustness
given by topology, they form an ideal basic component for creating qubits that can power quantum

computers.

Dirac

The Dirac semimetals are named after the relativistic fermions of solid state band structure and
they trace back to 1947 when graphene was first discussed [4]. Graphene is known as a two di-
mensional semimetal with relativistic electrons, as such the symmetries innate to graphene protect
its Dirac nature. Interest in two dimensional massless electrons in graphene allowed for the explo-
sive interest in these same massless electrons to exist in other topological materials. The interest
in 2D Dirac semimetals transistioned to an interest in 3D Dirac semimetals which has a high like-
lihood of being found in high SOC materials, the same kind that TIs are most likely to be found.

A major reason for the interest in transitioning from 2D to 3D materials is that the Hamiltonian
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adjusts itself from H = Vg (px0x + py0y) to H = Vg (px0x + py0y + p.0;). Since in the latter case
all three Pauli matrices are used, this means that there is no local mass term. This is theoretically
very promising to find massless fermions which can then find its use in novel technologies. Essen-
tially the unusually straight dispersion of bands that can be seen in the electronic structure of Dirac
semimetals allows it to behave very relativisticly due to the massless properties that the electrons
take within the system. This has enormous potential for building systems that run on low energy
and fast speeds as the massless electrons can travel much faster. There are two major intrinsic
Dirac semimetals, Na3Bi and Cd3As;, most other Dirac semimetals are developed by tuning the
bulk gap of other compounds. The quest for finding other Dirac semimetals is important as it al-
lows us to expand our base of knowledge of these systems and their mechanisms, and since they
are closely tied to other interesting systems such as TIs, it allows us to build a larger foundation of

knowledge on these general topics.

Majorana

In direct opposition to the Dirac fermion, a Majorana fermion is its own antiparticle. It is not settled
science but it is believed that the neutrino would be the only known particle to fit the category of
Majorana fermion. Within the realm of condensed matter sciences, Majorana fermions typically
appear in materials as quasiparticle excitations [100]. This is very common when dealing with
superconductors because they have this unique property where a quasiparticle in a superconductor
can exist as its own antiparticle. This is because from a theoretical standpoint, in a superconducting
system the superconductor imposes an electron hole type of symmetry on quasiparticle excitations
as it creates an annihilation operator the same time it creates a creation operator. These operators
can exist at zero energy and are known as Majorana zero modes or Majorana bound states [13].
They are named such as they no longer follow fermionic statistics and can be categorized as non-

abelian anyons [100]. The properties thes Majorana bound states now have make them ideal tools



to develop a topological quantum computer.



CHAPTER 3: METHODOLOGY

Crystal Growth and DFT

Details on the Sn flux technique utilized to grow the single crystal samples of DySb, o-PdBiy,
and KFe,Te, can be found in other literature [84]. Our collaborators Dariusz Kaczorowski and
Raman Sankar handle the crystal growing techniques for the three materials. For the systematic
experimental measurements we plan to utilize syncrotron sources as well as our in lab setup. When
measuring the ARPES system had an energy resolution better than 20 meV and an angular resolu-
tion better than 0.2°. The calculations for the electronic structure used a density functional theory
(DFT) framework which also incorporated the projector augmented wave (PAW) method [85] as
utilized in the VASP suite of codes [86, 87]. The exchange-correlation functional was treated us-
ing SCAN meta-GGA [88]. An energy cutoff of 400 eV was used for the plane-wave basis set
and a I'-centered 11x11x11 k-mesh was used for BZ integrations. A tight-binding model with
atom-centered Wannier functions using the VASP2WANNIERO90 interface was created in order
to investigate the topological properties of KFe,;Te, and DySb [89]. The iterative Green’s func-
tion technique using the WannierTools package was used to obtain the surface energy spectrum

[90, 91, 92].

ARPES

With almost five decades of both scientific and technical development, angle resolved photoemis-
sion spectroscopy (ARPES) is now one of the most prominent experimental techniques for explor-
ing nearly all aspects of condensed-matter physics, from active frontiers such as low-dimensional

semiconductors, high temperature superconductivity, topological phenomena, and solids that ex-
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perience hybridization of electron orbitals to developing devices from novel spintronics to solar
cells. ARPES measures the angle and momentum of electrons that are released from the solid due
to radiation incident on the sample. The resulting momentum and energy relationship is a identical
representation of the electronic structure of the sample, the raw data of ARPES is thus a direct
presentation of the electronic structure of the sample being measured. In equilibrium, ARPES is
capable of resolving occupied electronic state in momentum space. Today, a prototype ARPES
system uses continuous incident radiation and a hemispherical electron analyzer to collect the pho-
toelectrons as shown in Figure 3.1. Electrons with different kinetic energies and momenta are
deflected and undergo different trajectories within the electron analyzer before they hit the phos-
phor screen and the CCD camera. The major advantage of the ARPES technique is that the light
source needed for the process is readily available from many sources, since continuous ultravio-

let to X-ray radiation is routinely produced by gas discharge lamps, continuous-wave lasers, and

synchrotrons.
DySb
74 .
Photon 0 ~N
«
e Electron
® analyzer
ho |®
&
)
& ¢
éb ‘ﬁ

Figure 3.1: Angle-resolved photo emission spectroscopy setup and process

Since ARPES and its derivative techniques are the only known ways of isolating the bulk from
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the surface states in topological materials, convincing evidence for the existence of these exciting
emergent quantum phases can only be obtained with these spectroscopic tools. So far, photoe-
mission spectroscopy combined with first-principles calculations has played a major role in the
discovery of numerous topological phenomena and materials. Therefore, it is natural to propose
the utilization of the spectroscopic probes for understanding and discovering novel phases of mat-

ter.

Detailed, high quality, electronic structure study of DySb, o.-PdBi,, and KFe;Te;

We will systematically analyze the electronic structure and band dispersion of DySb, o-PdBi,, and
KFe,Te; as a function of the incident photon energy allowing us to measure the Fermi momentum
and velocity of the ky, k,, and k, momentum directions. Using the ARPES technique at low tem-
peratures will allow us to obtain the detailed electronic structure of DySb, a-PdBi,, and KFe,Te,
and create an accurate map of its Fermi surface. The overall experimental analysis will provide
us with a detailed electronic structure and allow us to directly compare it with the first-principles

calculations in order to reveal the true nature of DySb, o-PdBi,, and KFe,Te;.

Photon energy dependent measurements

Once we have obtained our measurements of the Fermi surface and the rough band structure data
of DySb, a-PdBi,, and KFe;Te, we will probe into the material to map the low-lying electronic
structure with extreme care at various photon energies in order to gather enough conclusive ev-
idence to establish the bulk and surface states within the electronic structure. By mapping the
electronic structure at multiple photon energies we will be able to distinguish the surface states
from the bulk states enabling us to conclude the nature of DySb, o-PdBi,, and KFe;Te, with more

certainty.
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Temperature dependent measurements

In order to reveal the robustness of the states we will repeat the previous experiments again at low
temperatures after applying thermal recycling. The thermal recycling procedure shall begin when
have our measurement equipment optimally focused on the phenomena of interest in KFe;Te;
at 10 K. From 10 K we incrementally increase the temperature by 5 K whilst taking measure-
ments at each step until the desired temperature of 90 K is reached. The sample is then rapidly
increased from 90 K to room temperature at 300 K and subsequently cooled to 10 K. Once again
measurements are made and compared with the data obtained previous to the thermal recycling to
determine the robustness of the states in KFe,Te;. As for DySb, as it has a Neel temperature of
Ty = 9K temperatures lower than this value will be obtained and recycled similar to the process

with KFe,Te».
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CHAPTER 4: RESULTS

DySb

An incredible amount of interest has developed for the rare-earth monopnictide (REM) family
as a direct result of its unique and unusual extreme magnetoresistance (XMR) properties and its
potential to have non-trivial surface states. Here we study the the detailed electronic structure of
DySb in an attempt to explain the origin of XMR in the rare-earth monopnictide family. By using
both experimental and theoretical techniques including ARPES and DFT, we investigate the unique

electronic states that exist in DySb.

Introduction

The unique and interesting properties found in topological insulators, which include high carrier
mobility and XMR, have resulted in the immense interest that condensed matter researchers have
developed for these classes of materials. Exploration of these systems have resulted in the discov-
ery of many new and unique systems such as Dirac, Majorana, Weyl, and nodal-line systems that
host a variety of unique phenomena [52, 98, 54, 55, 56]. Because of this, countless new direc-
tions have been developed that allow for the discovery of fascinating, novel phenomena that hold
promise to allow for the development of new technologies such as spintronics and other low-power
devices [102]. The rare-earth monopnictide family (REM) has been a subject of extreme interest
as a family of materials that has enormous potential to realize 3D topological insulator states and
topological Dirac semimetal materials [58]. Additionally, REM have proven to host XMR in mul-
tiple systems within its family [59, 60, 61]. The REM systems have also been speculated to be a

promising system to tie topological states with XMR, which is a major current focus in the con-
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densed matter community. Conventionally, the explanation for XMR has been the electron-hole
compensation theory [60, 76, 103], but the prevalent presence of XMR within topological systems
such as TaAs [104] as well as the REM family has stirred up the possibility that XMR may orig-
inate in the forbidden backscattering channels of topological systems [105]. Topological surface
states have been observed in LaSb and LaBi [106, 107, 108, 109] and suggested in others such
as LuBi and LaAs [59, 60, 61]. Additionally, a Dirac semimetal state has been suggested in other
REM such as NdSb and HoSb [99]. As such with the foundation provided by these previous results
it is important to conduct further theoretical and experimental research in order to obtain a deeper

understanding of the connection between XMR and Dirac-like states.

REM materials are heavy and as such contain f-electron orbitals which means they have strong
correlations and it is possible to tune their magnetic ground states. As we move along the rare earth
elements there is an observed transition from nonmagnetic to ferromagnetic. We see that DySb
is an antiferromagnetic REM member that lacks investigation [63]. Its strong XMR properties
in addition to its antiferromagnetic nature provides a strong opportunity for us to investigate the
origin of XMR in a Dirac-like semimetalic system, this would provide major insight into the nature

of XMR within the REM systems.

Results

As for DySb, similar to other rare earth monopnictides, it adopts a NaCl-type crystal structure
with space group Fm — 3m (225)(see Figure 1(a)). However, when transitioning into its anti-
ferromagnetic state its crystal structure morphs into a tetragonal one by shrinking along the ¢ axis
at its Neel temperature Ty = 9 K (c/a = 0.993) [93], this shifts the space group into [4/mmm (139)
[94].

Figure 2(b) depicts the surface and bulk Brillouin zone (BZ) of DySb. The high-symmetry points

15



(@ ———— . e "
@ G ®o— @ Without SOC “ With SOC

Y

—

Energy (eV)
[e=)

I
—

1
(o]

Intensity (Arb. unit)

K Dy 55 } Dyar ]
—— ¥
1 1 1 1

-3
e ' XWK I LUWLK [ XWK T L UWTLK

Energy (eV)

Figure 4.1: Brillouin zone, electronic structure and sample characterization of DySb. (a)
Shows the rock salt-type cubic lattice crystal of DySb. (b) Schematic Brillouin zone and projected
surface state of face centered DySb. (c) Spectroscopic measured core level spectrum of DySb,
clearly observed sharp peak of Sb 4d and Dy 4f, 5s and 5p, which indicates the good quality of
the samples. (d),(e) Bulk-band calculations along multiple high symmetry points of DySb without
and with the consideration of spin orbit coupling, respectively.

are marked on the bulk BZ with the I" point established as the center and the X point as the corner
of the surface BZ as indicated. Relative to the chemical potential, photoemission spectroscopy
also provides the core level of the orbitals. Figure 2(c) shows the core levels in the 0-70eV binding
energy range of DySb. We observe sharp peaks of Sb 4d (~31 eV and ~33 eV) and Dy 5s (~ 47
eV),5p (~24eV),and 4f (~4 eV). The observation of sharp peaks suggests that the samples used

in our spectroscopic measurements are of high quality.

The calculated bulk band structures of DySb presented here include one where spin orbit coupling
(SOC) is not considered presented in Figure 2(d). The calculated band structure with SOC is shown
in Figure 2(e) and it is clear that the distinct features of the bands are preserved from the non-SOC
case. We see three hole-like bands at the I" point and one electron-like band at the X point in both
cases. Although, a gap-closing phenomena between the Dy d and Sb p states appears around the
X point upon the inclusion of SOC. Upon careful inspection of the bands along the I" and X point

we observe band gaps of about 100 meV and 20 meV, respectively.
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Figure 4.2: Measured Fermi surface and constant energy contours of DySb. (a-e) ARPES
measured Fermi surface mapping and constant energy contours with an incident photon energy
of 60 eV and a temperature of around 16 K. The binding energies are noted in the plots. (f-g)
constant energy contour calculations using SCAN. The binding energies are noted in the plots. All
the experiments were performed at SIS-HRPES end-station at SLS, PSI at a temperature around
16 K.

In order to ultimately determine the detailed electronic structure of DySb, we present the results
of our systematic electronic structure study in our figures. Figure 2 displays the plot of the Fermi
surface map and constant energy contours with various binding energies as marked in the plots,
which are measured using a photon energy of 60 eV. Figure 2 (a) is the experimentally measured
Fermi surface on the (001) surface and has the high symmetry points labeled on the plot where
the center of the BZ is defined as the I" point, X as the corner, and M as the middle point between
the two corners. Figure 2(b)-(e) shows the constant energy contour plots with the binding energies
noted in the plots. From the Figure 2 plots we observe a square-like outer Fermi pocket and a

round inner pocket. A third band becomes more apparent within the circular pocket as higher
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binding energy measurements are taken. Additionally, when moving to higher binding energies,
the bands are observed to increase in size confirming that the bands around the center of the BZ
have a hole like nature. It is also interesting to observe that the corners of the bands, especially
the outer one, appear to stretch outwards towards the X points as we move towards higher binding
energies. Setting our focus on the high symmetry X points at the Fermi level, two elliptically
shaped pockets are easily observed. However, these elliptical pockets appear to initially shrink
Figures 2(a-c) which would indicate that the bands are electron-like, but after a certain binding
energy they fade and stretch towards the I" points as the binding energy is increased Figures 2(d-e).
This is expected as our calculations suggest a bulk gap at the X point between these ranges. From
these observations, specifically that we observe a shrinking of the pockets from OmeV to 300meV
and enlarging pockets from 400meV to 500meV, we can speculate that we have a bulk band gap
somewhere between the 300meV to 400meV range. Figure 2(f-h) shows the calculated Fermi
surface and constant contour plots. The calculated Fermi surface agrees with our experimental
results. Our careful analysis confirms the bulk band gap at around 450 meV below the Fermi

surface.

Experimental dispersion maps of various high symmetry directions and calculations are provided
in Figure 3. Figure 3(a) is the experimentally measured band dispersion along the X-I"-X direction
at a photon energy of 60 eV and provides evidence of two hole bands crossing the Fermi level while
the maxima of a third hole band reaches about 250 meV below the Fermi level. Additionally from
this figure we observe a Dirac like structure at the I" point with a potential crossing point at around
0.5 eV below the Fermi surface. The calculation presented in Figure 3(b) is of the dispersion map
along the X-I'-X direction. The calculation perfectly reconstructs the two hole bands crossing the
Fermi level as well as the nature of the other bands, note that the calculated band structure covers
a larger momentum range than the experimentally measured band structure. Figure 3(c) shows the

measured dispersion map for the M-I"-M direction and has a dispersion that is very similar to the
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Figure 4.3: Observation of Dirac like state in DySb. (a) ARPES measured dispersion along
the X-I"-X direction with an incident photon energy of 70 eV at a temperature of 6 K. (b) SCAN
calculations for the X-I'-X direction. (c) ARPES measured dispersion along the M-I"-M direction
with an incident photon energy of 70 eV at a temperature of 30 K. (d) SCAN calculations for the
M-I'-M direction. (¢) ARPES measured dispersion along the X-M-X direction with an incident
photon energy of 60 eV at a temperature of 30 K. (f) SCAN calculations for the X-M-X direction.
All these measurements were performed at SIS-HRPES end-station at SLS, PSI all calculations
were done considering the "f" electrons as core electrons.

X-I'-X direction shown in Figure 3(a) where two of the three hole bands are observed to cross the
Fermi level. The calculation presented in Figure 3(d) is of the full M-I"-M direction. Once again
a major difference is that along the M-I'-M direction, the bands appear to be much steeper and
linear than those seen in the X-I'-X direction. Figure 3(e) is the experimentally measured band

structure along the X-M-X direction with a photon energy of 60 eV. This measured data provides
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an interesting perspective of the high symmetry X point as at first glance it appears to have a
sort of linear dispersion. Upon closer inspection a gap between the conduction and valence band
can be observed. This observation indicates that it is not possible for DySb to be a topological
Dirac semimetal. Additionally, parity calculations confirm that no band inversion exists in the X-I"
direction. Figure 3(f) is the SCAN calculations pertaining to the X-M-X direction and they heavily
agree with the experimental observations in regards to the observed band dispersion and establish
that a band gap of 20 meV exists at the X point. The Z, invariant is well defined as a continuous
band gap between the valence and conduction bands exists. Using the evolution of Wannier charge

centers [95], it is determined that the topological invariant Z, = 0, confirming that DySb is a trivial

l‘\\ J l
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semimetal.

(a)

0.0

-0.5

Energy (eV)

T T T
-0.5 0.0 0.5 -0.5 0.0 -0.5 0.0 0.5 0.5 0.0 0.5
Momentum (1/A)

Figure 4.4: Photon energy dependent measurements of the I'-X-I" direction in DySb. The High
symmetry X point is measured at various photon energies from 55 eV to 70 eV in increments of
5 eV steps where a Dirac-like linearly dispersive state is observed in each plot. It is important to
note that the rightmost image with 70eV photon energy was taken at ALS beamline 10.0.1 with a
different sample at 17 K, the rest of the measurements were performed at SIS-HRPES end-station
at SLS, PSI at a temperature around 16 K.

Conclusion

Our systematic photoemission and theoretical analysis of DySb single crystals has provided us

with sufficient enough information to make particular claims. To begin, our experimental ARPES

20



measurements indicate that a Dirac-like cone structure is present in the X point in the BZ of the
DySb system, but the existence of a tiny band gap around 450 meV below the Fermi surface
negates the possibility of a TSS existing in DySb. Both experimental and theoretical examination
suggest that there is a 20 meV band gap at the high symmetry X point. Furthermore, DySb ex-
periences an AFM transition at low temperatures and this provides a solid opportunity to study
XMR and magnetism in a single material. Ultimately, our study realizes the presence of trivial
states in DySb and conclude that it could potentially be a nearly perfect topological electron-hole
compensated semimetal which would be a likely explanation for the origin of the large XMR seen

in its paramagnetic phase.

a-PdBi,

Majorana fermions hosted in topological superconductor materials (TSC) have been a fascinating
topic of research for many years now. These unique materials hold promise of revolutionizing
computing as we know it by providing a means to realize robust quantum computing. Supercon-
ducting members of the Pd-Bi binarys family have fallen in the spotlight as they serve as possible
hosts for a topological superconducting phase due to their high spin-orbit coupling. As such, here
we perform systematic angle-resolved photoemission spectroscopy (ARPES) measurements on
fascinating material @-PdBi;. The results from this study on this superconducting material with
a T, = 1.7K has revealed a Dirac-state at 1.26 eV below the Fermi level at the I'-point. a-PdBi,
is also shown to be metallic as a result of the many band crossings observed from the ARPES
measurements. By comparing our experimental measurements with theoretical predictions it is
possible to reveal unique states in this system, by doing this we realize surface Rashba states ex-
tremely close to the Fermi level. The results from this investigation provide a means to develop a

deeper understanding between topology and superconductivity in addition to the development of
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new possible directions in the realm of quantum computing.

Introduction

It is well known that the class of quantum materials known as Topological Insulators (TIs) are a
revolutionary milestone for the condensed matter sciences community. They are known for having
an insulating bulk but hosting gapless spin-polarized surface states [1, 2]. These TIs are not only
ideal materials for studying a multitude of unique physical phenomena, but they also have a strong
potential for application in technologies that span from quantum computing to spintronics and
other low-power technologies [1, 2, 51, 7, 8]. In regards to its potential applications in quantum
computing, there have been many predictions that the elusive Majorana fermions could be real-
ized at an interface between a superconductor and topological insulator [15, 16, 17, 18, 19, 20].
The interest in discovering a means to create robust qubits pushes research in this direction, as
these Majorana fermion quasiparticles provide a promising means to develop such technologies.
Materials that can realize Majorana particles have the ability to develop robust qubits, a property
that allow these sensitive qubits to resist decoherence, which is common in non-topological qubits
and results in a loss of function of the qubit. Many candidates that have the potential to host
the long-sought-out Majorana fermions have been investigated due to this enormous potential for
applications [21, 22, 23, 24]. Although there are not many instances of topological superconduc-
tivity (TSC) realized in real materials, there have been many instances of bulk topological super-
conductivity being realized in multiple materials. This includes half-Heusler materials [25, 26],
superconductor-topological insulator and hybrid superconductor-semiconductor heterostructures
[23, 27], point contact regions in Cd3As; [29], highly pressured Sb,Tes and BirTes [14, 31], And

especially Sr- or Cu- intercalated BirSes [32, 33, 34, 35, 36, 37, 38].

There has been high interest in the Pd-Bi class of materials as they have been predicted as likely
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hosts of topological superconductivity phenomena as a direct result of their high spin-orbit cou-
pling (SOC). The investigations on the superconducting noncentrosymmetric -PdBi have shown
that a Dirac like dispersion exists around 700 meV below the fermi surface, not close enough to
the chemical potential and thus denying the possibility of a topological superconducting surface
state to exist within this material [71, 40, 41, 42]. Although a TSC insulating phase is possible to
exist within this material, and due to its noncentrosymmetric nature and high SOC it is reasonable
to expect a mixture of triplet and singlet pairing [40, 43]. The material 3-PdBi, from the same
family could also be predicted to host TSC states but upon closer examination it was found that
its Dirac cone was 2.41 eV below the Fermi level [44] and measurements using point-contact An-
dreev reflection spectroscopy has shown that a TSC state does not exist within this system [45].
Moving on to the material @-PdBi,, one with the same chemical composition as 3-PdBi, but dif-
ferent arrangement, has been suggested to host interesting surface states within its system shown
by penetration depth measurements as well as DFT [46, 47]. As such, a systematic study on the

band structure of -PdBi; had yet to be conducted until Dimitri et al. [48].

Here, we reveal our systematic study of the band structure of compound a-PdBi; using ARPES.
A single crystal of a-PdBi, is examined above its Neel temperature, so it is studied outside of
its superconducting state in this paper. A Dirac state is revealed at a binding energy of 1.26 eV
below the Fermi surface. Additionally, states that are percieved to exhibit Rashba-type splitting are
observed right next to the chemical potential. These experimental results are accurately reflected
by the first-principles calculations. The overall observations on this compound are that a TSC
surface state does not exist in @-PdBi, in its unmodified state, although potential tuning of the

Fermi surface may allow for the existence of Dirac surface states.
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Figure 4.5: a-PdBi, molecular structure and transport data (a) Molecular structure of «-PdBi;
where purple spheres are Bi atoms and blue spheres are Pd atoms (b) Momentum path in the 5 x
1 x 1 supercell used for DFT calculations of ¢-PdBi,. (c¢) Temperature dependent resistivity mea-
surements. (d) Core level spectrum (e) 5 x 1 x 1 supercell used for theoretical DFT calculations.

Results

The growth technique used to develop the a-PdBi; single crystals are described elsewhere [46].
Using X-ray spectroscopy and diffraction the crystals chemical composition and structure were
determined to be a-PdBi,. Beamline 10.0.1 at the Advance Light Source (ALS), Berkley was
used to examine the single crystals of a-PdBi;. The R4000 electron analyzer used had an energy
resoulution of 20 meV and an angular resolution less than 0.2°. All measurements were performed

between 10 - 80 K in a vacuum under 10~'°. The sample was also cleaved in situ with the cleav-
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age plane being the (100) plane. To most accurately characterize the electronic band structure
of a-PdBi,, the experimental data obtained from ARPES was directly compared with the density
functional theory (DFT) calculated band structure, which was directly projected onto a 2D Bril-

louin zone (BZ). The calculation techniques included using a FLAPW method inside the WIEN2k

package [93].

(a) (b)
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Figure 4.6: Experimentally measured band structure of ¢-PdBi; (a) Electronic structure mea-
surements cut along the A-I'-A direction. (b) Fermi surface map of a-PdBi, (c) Binding energy
measurments above, at and below the Dirac point

Analyzing the transport properties of ¢&-PdBi; provides us with information that indicates a mon-

oclinic centosymmetric unit cell with a space group of C2/m and lattice parameters of a = 12.74
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A b=425A,¢c=5665A, oo =y=90° and B = 102.58° [49].In figure 1a we see the unit cell
of a-PdBi; where the a-axis is its unique direction. For figure 1b we see the Brillouin Zone (BZ)
divided by the A-I'-A direction which is defined as the (100) surface. It is possible to see the high
quality of the crystals used by graphing the electrical resistivity vs the electrical current flowing
through the (100) plane, since the measurements match the expected values, the crystals are of
high quality. From the graph it is observed that the compound has good metallic conductivity and
ata 7. = 1.7 K it has a sharp transition into a superconducting state (Figure 1c) as was determined
in other experiments [46]. Figure 1d is the a-PdBi, integrated ARPES spectrum measured over a
large momentum window. As expected we see both the 5d3 , and 5ds, orbital peaks at energies

of Eg =27 and 24 eV, respectively.

Figure 4.7: Theory and Experimental comparison (a) Dispersion map of a-PdBi; obtained at
photon energies of 70, 76, and 84 eV

In figure 4.6(a) multiple valence bands are crossing the Fermi level indicating the metallic nature of
this material, although by looking closely in the vicinity of the Fermi level in the top right section
of the figure it is possible to observe some clear Rashba splitting. Additionally, a Dirac like state
with linear dispersion can be observed at the ['-point at around 1.26 eV below the Fermi level. A
Fermi surface map measured with a photon energy of 50 eV can be seen in Figure 4.6(b), several

oval shaped metallic pockets can be seen in the figure around the I" (center) and A (edges) of the
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Brillouin Zone. The constant energy contour plots can be seen in Figure 4.6(c) where the binding
energies of 1.06, 1.26, and 1.46 eV below the Fermi level are shown to depict the band structure
above, at, and below the Dirac point, respectively. Looking closer at the 1.26 eV measurement
and it is possible to see a point like feature at the very center of the graph, corresponding to the
Dirac point. It is difficult to obtain a clear resolution of the Dirac point though as a direct result
of the multiple bulk bands present around the point, as that partially obscures the feature. As the
measurements are moved to higher and lower binding energies from the 1.26 eV point, it is possible
to see that the constant energy contours expand as would be expected when doing so from a Dirac

point.

The next step is to determine the origin of the linearly dispersive bands tied to the Dirac point, in
order to do so, the same cut along the A-I'-A direction was made for 3 different photon energies
as shown in Figure 4.7(a). The photon energies are 70, 76, and 84 eV, and in each the Dirac point
is visible and does not alter or disperse between each of the measurements. This indicates that the
Dirac state is surface originated and partially provides promising evidence for the existence of a
topological surface state. Similarly, the Rashba-split states near the Fermi level also do not disperse
with the photon energy, unlike the bulk bands that disperse and change as the photon energy is
increased or decreased. This provides great evidence for surface originated states. Following
this an analysis of the theory is important and as such Figure 4.7(b) provides the first-principles
calculation of a 5 x 1 x 1 supercell of @-PdBi; as is shown in Figure 4.5(e). As can be observed
in Figure 4.7(b), we observe the Rashba-split states next to the Fermi level as well as the Dirac-
like dispersion at the I'-point. These calculations are in excellent agreement with the experimental
measurements, although an apparent band gap can be seen in the calculations, this is attributed to

the size effect as a result of the size of the slab calculations.

Finally, Figure 4.8 depicts the calculated band structure of the system, without (Figure 4.8(a)) and

with (Figure 4.8(b-c)) spin-orbit coupling. There is a clear difference between the two sets of
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Figure 4.8: Calculated band structures of o-PdBi;, (a) Without SOC (b) With SOC (c) With
SOC and a larger binding energy range extending over the Fermi level.

figures and observing around the Fermi level it is possible to see that when SOC is considered
one can clearly see the Rashba-splitted states as are circled in Figure 4.8(c). It can also be seen
that the around 1.26 eV the linearly dispersive bands of the Dirac-like state are greatly affected
by the surface potential and spin-orbit coupling. The oval shapes in both Figure 4.8(a) and 4.8(b)
show that once spin-orbit coupling is considered, the linearly dispersive states that characterize the
Dirac-like state emerge. It is essential that a surface state is in play in order for this change to
occur [47]. It is predicted that considering a larger slab geometry for calculations would result in

a closed gap.

There are very identical features between the theory and experimental results at the I'-point where
the Dirac-like state forms around 1.26 eV below the Fermi level. Since an identical band structure
is identified at a high symmetry point it is possible to claim that the Dirac state in this system
originates from the surface but is directly tied to the surface potential. The calculations from the

supercell further corroborate the surface originated nature of the Dirac-like dispersion. It is also
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clear that the features around high symmetry point A are seen in both theory and experiment.
This Rashba state next to the Fermi level is a momentum-dependent splitting that is driven by the
degenerate surface state because of the troughs developed by spin-orbit coupling in the vicinity of

the high symmetry A-point.

Conclusion

After both systematic experimental and theoretical analysis of the electronic structure of a-PdBij,
a mostly surface originated Dirac state has been identified. It is found at 1.26 eV below the Fermi
level. Since o-PdBi, also has a superconducting state, a topological superconducting state may
be possible with some proper tuning of the Dirac state. There is also great interest in the Rashba-
split states found next to the Fermi level which are likely governed by the surface potential. The
Rashba-split states are in close proximity to a high symmetry point and the Fermi level, thus slight
tuning would very likely result in the realization of spin-split Rashba states within o-PdBi,. There
is the possibility of realizing Majorana fermions at the interface between a superconductor and
materials that exhibit Rashba-type spin-orbit coupling [13]. This study of a-PdBi, indicates that
it is an exceptional material that has great potential to push new directions in condensed matter

physics and may be a platform to realize topological phases in a superconducting material.

Preliminary Results on KFe;Te;

The centrosymmetric iron-based material KFe,Te, provides a potential platform to study the in-
terplay between magnetism and superconductivity within a nodal-line material. As seen in Figure
1(a), KFe,Te, has a tetragonal ThCr,Siy type unit cell with space group 14/mmm (139) [11].

The bicollinear anti-ferromagnetic order of the Fe spins in the ground states have a magnetic mo-
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Figure 4.9: Preliminary results for KFe,Te,. (a) Molecular structure of KFe,Te,. (b) Band
structure calculation for the Bicollinear anti-ferromagnetic order of KFe,Te, with a magnetic mo-
ment of 2.6 up (c) The integrated energy distribution curve for KFe,Te;. Inset shows a sample of
KFe;Te, where the sample is approximately 5 mm at its longest and 3 mm at its widest.

ment calculated to be around 2.6up [54]. As transport data as well as other experimental data on
KFe,Te; has been lacking, but with experimental data on selenium doped KFe;.5S, (T = 26.3
K) [97] and undoped K.8Fe,Se, (T ~ 31 K) [10], it was calculated that the density of states
(DOS) at the Fermi level grows as the chalcogenide element of KFe,Ch, (Ch = Chalcogenide)
moves from S — Se — Te. This in addition to the Fe-Ch bond angles becoming closer to the ideal
tetrahedron angles as it transitions to the heavier chalcogenide are favorable for the formation of

superconducting states [11].

KFe;Te; shows great promise to potentially host multi-modal phenomena within its system. For
one it has a huge magnetic moment, additionally, Figure 1(b) shows a very interesting set of mea-
surements especially between the Y-S and T-R high symmetry direction as well as between I'-X.
With more investigation we will have a better idea of what this could indicate in the bigger picture

of realizing multi-modal materials.

Unfortunately, I had major plans to perform a systematic experimental study of this material using
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ARPES at the ALS facility at Berkeley, but the assigned beamtime was canceled due to COVID-
19 reasons. As such I was not able to complete the experimental analysis of this material. The
theoretical analysis of this material shows great promise though. A quick analysis of the Y-S
and T-R high symmetry directions show a band structure that could potentially host either a Weyl
or Nodal-line state. Especially since this sample is magnetic this would have been an extremely
interesting material to analyze. Without the experimental analysis of this material no specific

claims can be made and thus this will be left for future works.
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CHAPTER 5: CONCLUSION

The major results to come from the three materials investigated in this thesis are solid but still
require further investigation in order to develop a deeper understanding of both the individual
materials and their families. DySb was shown to be topologically trivial in its normal state, but
it establishes an extremely solid foundation to better understand f-electron systems, rare earth
monopnictides, as well as Dirac-like systems. Perhaps it still has a few surprises once it is investi-
gated under its Neel temperature. As for a-PdBi», it comes off as an extremely promising material
to push the realm of realizing qubits with Rashba split states and Majorana fermions. Additionally
it does host a Dirac like state and it has much to be investigated at lower temperatures. Finally, no
concrete evidence was determined with KFe,Te, as a result of unforeseeable circumstances, yet
with only the theoretical information on the system it still shows that it has the potential to be an

incredible magnetic material that hosts multiple phenomena.

Future Work

There is still much to do regarding the investigation of the material brought forth in this thesis.
DySb still needs to be investigated at temperatures below its Neel temperature. It would be nice to
be able to perform spin-resolved ARPES on «-PdBi, to determine the nature of the Rashba-states,
additionally if interesting results come from the spin-resolved ARPES then attempting to building
devices with a-PdBi, would be the next step. And finally KFe;Te; still requires a whole heap of
experimental measurments to be performed on it including traditional ARPES. All I know is that I

still have a lot to do and explore when it comes to even just these materials.
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Closing Remarks

The major idea that this thesis intended to address is to explore the fermion quasiparticles. Fermions
fall into one of three categories, Dirac, Majorana, and Weyl. As such the intentions of this the-
sis was to explore and investigate three different materials that had the potential to host each of
these fermionic quasiparticle states. DySb explored Dirac fermions, a-PdBi; explored Majorana
fermions, and finally it was predicted that KFe,Te; could host Weyl fermions. Ultimately this led
to a process that has taught me the first principles of the physics behind materials and the espe-
cially the ins and outs of the scientific method. From this thesis I will have an immensely strong
foundation to continue research in the condensed matter field and continually push the frontier and

direction of materials science.
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