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Abstract

Fermi level engineering of half-metal Heusler Compounds
By

Yu Hao Chang

Heusler compounds are a large family of ternary intermetallic compounds with
more than 1500 predicted members across a large fraction of the periodic table [1]. They
have been previously shown to exhibit novel electronic and magnetic behaviors such as
half-metallic ferromagnetism [2], superconductivity [3], semiconductivity [4], and
topologically non-trivial surface states [5]. Recent theoretical predictions [6,7] suggest the
presence of time-reversal breaking Weyl and nodal line semimetallic behaviors in full-
Heusler half-metallic Co,TiGe and Co2TiSn.

In this work, the study of Weyl semimetallic half-metal Co,TiSn thin film was
grown using Molecular Beam Epitaxy. A method of Fermi level tuning by substituting Co
with Ni element was applied in order to bring the Fermi level toward the Weyl point to
observe the signature of the Weyl semimetallic behavior in this system. The electronic
structure of the Co.TiSn, the effect of Fermi level tuning using Ni alloying, and the probing
of any signatures of Weyl semimetallicity in Co,TiSn were examined by angle-resolved
photoemission spectroscopy, electrical, and magnetotransport measurement. In the second
part of the study, the Fermi level tuning is used for the half-metal half Heusler PtMnSb,

which has been seen as a promising material for spintronics application with inversion

xii



broken symmetry and large spin-orbit coupling, in order to further investigate the interplay
of non-trivial band topology and magnetism within this system. The PtMnSb thin film was
grown using Molecular Beam Epitaxy. Similar to that of Co,TiSn, the effect of Fermi level
tuning by substituting Mn with Lu element to close the band gap was examined using X-
ray diffraction and transport measurement to realize if a potential band inversion/Weyl
point formation can form during the topological phase transition from a half metal to a

topological insulator through Lu alloying.
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Chapter 1

Introduction

Topology has long been a field of interest among mathematicians, physicists, and
material scientists in order to discover exotic matters that is beyond common knowledge.
The study of the topological material can be traced back to the early 1970s, where the
concept of topology was used to explain why superconductivity occurs in certain materials
at extremely low temperatures but disappears at higher ones [8, 9]. J. Michael Kosterlitz
and David J. Thouless, received the Nobel Prize in Physics in 2016 for the theoretical
discoveries of topological phase transitions and topological phase of matter [10]. This

opened up a new field of materials that allows for the production of many promising



devices such as a cancer-scanning laser [11], ultralow energy transistors [12], free-space
spatial-division-multiplexing optical transmission [13], increased energy-efficient

microelectronic components [14], and many others.

Study of topological material has become a rapidly developing field of research that
has interested many scientists to discover new materials that fit within the quantum
mechanical regime in the past decades. Many topological materials such as the single
element a-Sn as a topological Dirac semimetal [15-20], binary compound of Bi»>Sesz and
Bi>Tes as a topological insulator [21-24], and ternary half-Heusler compound of LuPtBi as
a potential topological superconductor [25-27], have been shown to possess the topological
properties in both theoretical and experimental studies. In recent years, many Heusler
compounds have been predicted to possess different topological properties. This family of
compounds is of particular interest because of their high degree of tunability of electronic,
magnetic, and structural properties [28]. Specifically, in certain ferromagnetic Heusler
compounds, the internal field generated by magnetic moments can lead to the breaking of
time-reversal symmetry that give rise to new topological states of matter that possess Weyl

semimetallicity which only started to be explored in the recent years [6,7].

1.1 Topological materials

Before the discovery of topological materials, electronic materials have largely

been divided into metals and insulator. Metals are materials that possess at least one



partially filled band while insulators are materials with a finite band gap between the filled
valence band and empty conduction band. This means that metals can easy conduct as there
are empty electronic states available for electrons to be excited into while insulators are
nonconducting because of the filled valence band and empty conduction band resulting in
no free electrons for conduction. However, in recent years, physicists discovered a new
topological state of matter. This discovery resulted in a new type of insulator: the
topological insulator. A topological insulator is a quantum phase of matter with the material
having insulating bulk states and conducting topological surface states [29], which is
different from the traditional insulator where it is insulating throughout the bulk without
conducting surface states. One way to understand how these topological phases arise is to
understand it by its band structure as shown in figure 1.1 [30]. Band structures are a
representation of the energy versus crystalline momentum of electronic states of materials

and are used to explain their electronic, optical, and magnetic properties.

For a normal insulator, it possesses electronic bands (the conduction band in red
and the valence band in blue) with a finite band gap. Because of this finite band gap, the
normal insulator is nonconducting. Now, if that finite band gap is tended toward zero, it
will reach a critical point with zero band gap, resulting in trivial semimetals, which are
materials that possess no or negative band gap between the conduction and valence band.
A topological phase transition can occur when band inversion happens where the orbitals
that normally form the conduction band now have energy below what normally forms the
valence band. Band inversion, which is a phenomenon results from the crossing of the

valence band and conduction band of different parities, usually assumed to result from the



band splitting caused by spin orbit coupling [31]. Spin orbital coupling accounts for the
interaction between a particle’s spin and orbital angular momentum contribution, which

increase with heavier element [32].

This is part of the reason why the search for new topological insulators is focused
on materials with heavier elements due to stronger spin orbital coupling. What is interesting
is that these resulting surface states have spin degeneracy, meaning that the two surface
states each possess a unique spin direction that is spin and momenta are locked [33]. Since
there is a spin degeneracy between the surface state, it means that electrons at momentum
points k and -k have opposite spin and same energy, which means that the spin has to rotate
with k around the Fermi surface in order to transform into the other spin direction. This
means that the system preserved time-reversal symmetry [34]. On the other hand, a
different type of topological phases can be realized if a band inversion occurred while the
system preserved both time-reversal symmetry and other symmetry protection, such as
lattice inversion symmetry which reverses the lattice coordinates with respect to a

symmetry center [34] as shown in figure 1.2.
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Figure 1.1: Topological phase transition of the topological insulator and
topological semimetals. A band inversion on the ordinary insulators can result in a
topological insulator. A band inversion on the normal insulator at the critical point
with zero band gap and symmetry protection can result in topological semimetals.
Image reprinted from [30] with permission.

Unlike that of the topological insulator, topological semimetals possess a pair of
crossing points. For topological semimetals that has either time-reversal symmetry or
lattice inversion symmetry broken, it results in Weyl semimetal that is two-fold degenerate
and has a total of two linear crossing of two points, which is also known as Weyl points.
For topological semimetals that preserved both the time-reversal symmetry and lattice
inversion symmetry, it results Dirac semimetals that has a four-fold degenerate and has a

total of four linear crossing of four points, which is also known as Dirac points [30].
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Figure 1.2 Topological phase transition between the topological semimetal and
the Weyl semimetal or Dirac semimetal depending on the symmetry. The Dirac
semimetals require the coexistence of the time reversal symmetry and inversion
symmetry while the Weyl semimetals require the symmetry breaking of either time
reversal symmetry or the lattice inversion symmetry breaking. Image reprinted
from [30] with permission.

1.2 Heusler compounds

The Heusler compound is a class of ternary compounds that was first discovered
by Fritz Heusler in 1903 when he studied the full-Heusler compound Cu>MnAl, where
none of its constituent elements is magnetic by itself, behaves like a ferromagnet [1, 35].
Since the discovery of the Heusler compound, there are predictions of more than 1,500

compounds with similar crystal structures having a vast array of tunable properties as



shown in figure 1.3. However, only a small fraction of the Heusler compounds have been

studied.
1 8
H H
2 3 4 5 6 7
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Figure 1.3: Periodic table with color coding showing the typical elements for X (blue), Y
(red) and Z (green) in the half-Heusler XYZ and full-Heusler X,YZ compounds. Image
reprinted from [35] with permission.

In Figure 1.4. The full-Heusler compound has a 2:1:1 stoichiometry and half-
Heusler compound has a 1:1:1 stoichiometry. The half-Heusler compounds have the
general formula XY Z and crystallize in a non-centrosymmetric cubic structure, which often
refers to space group F43m. Half Heusler compounds have the structure of MgAgAs (Cly).

The structure of half-Heusler compounds can often be thought of as a zinc blende XZ



structure with its octahedral lattice sites all filled by Y atoms. On the other hand, full-
Heusler compounds have the general formula of X>YZ and crystallize in the cubic space
group Fm3m. Full-Heusler compounds have the structure of CuzMnAl (L21). The structure
of full-Heusler compounds can often be thought of as a rock salt YZ structure with its
tetrahedral lattice sites all filled by X or with four interpenetrating face-center cubic

sublattices with each occupied by two of X and one of Y and Z atoms [1, 35].

With a large number of compounds within the Heusler family, it is expected to
exhibit a wide variety of properties which depends on the choice of atoms in the formula
unit. These properties range from metallic (Ni2TiSn [36]), semiconducting (CoTiSb [37]),
shape memory (Ni2MnGa [38]), half-metallic (Co2MnSi [39]), superconductivity (TbPdBi
[40]), topologically non-trivial surface states (LuPtBi [26], YPtBi [26]), and Weyl
semimetallic (Co2TiZ (Z=Si, Ge, Sn) [7]). In addition, this family of materials has attracted
much attention not only due to the vast number compounds this family has, but also because
of the possibility of predicting the material properties of many Heusler compounds by a

simple valence electron count per formula unit [1, 35].
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Figure 1.4: The crystal structure of the full-Heusler and half-Heusler compound. The full-
Heusler compound can be view as four interpenetrated face-centered cubic crystals as
shown by the individual X, Y, Z atom crystal structure. Similarly, the half-Heusler
compound can be view as a combination of the YZ rocksalt structure and face-center cubic
X sublattice.

Figure 1.5 shows the list of electronic structures for full and half-Heusler compounds. For
example, a half Heusler compound with 8 or 18 valence electrons results in a material with
topological or semiconducting properties and some of the Full Heusler compounds with
26-29 valence electrons results in materials with superconducting properties. Lastly,
Heusler compounds are very promising due to their high compatibility with traditional 111-

V substrates and large tunability.
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Figure 1.5: electronic properties of full and half Heusler compound as a function of the
number of valence electrons per formula unit. Ferromagnet with 17 and 19 electrons, half-
metal with 22 electrons, semiconductor with 8 and 18 electrons filled d-band, topological
insulator with 8 and 18 electrons possesses band inversion, superconductor with 27
electrons, and Weyl semimetal with 8 and 18 electrons possesses Weyl points. Image
reprinted from [41].

This allows them to form quaternary and other complex compounds for other exotic
properties. For example, a recent study shows that vanadium doping in Co2TiixVxSn
allows the Fermi level tuning of Weyl point toward the Fermi level without significant
affect in chemical disorder of the compounds [42]. These promising behaviors suggest the
understanding of exotic properties and useful interfaces can be done through
heterostructure, while maintaining similar lattice parameter and crystal structure

throughout the heterojunction.

10



1.2.1 Chemical ordering in Heusler compound

Chemical order has been shown to be an important factor when it comes to affecting
the intrinsic properties of the materials [7, 43-46]. However, determining the chemical
ordering of ternary compounds can prove to be difficult because of the number of different
combinations of disorder and crystal structures that can be formed compared to single
element or binary compound. This is often a great challenge when it comes to determining
the chemical ordering of ternary Heusler compounds. Figure 1.6 shows the typical L2; full-
Heusler structure, C1p half-Heusler structure, and the B2 disorder structure of the Full
Heusler compound. For full-Heusler structure, 3 different chemical orders can be realized:
the complete L2; Full Heusler ordering where each of the X, Y, and Z atoms occupied the
respective atomic site shown in Figure 1.4, the B2 (CsCl) ordering, which is completely
disordered between the Y and Z atoms, and the A2 ordering (not shown in figure), which
is completely disordered among the X, Y, and Z atoms. In Heusler Weyl semimetal
materials such as Co.MnAl, it was shown that a B2 disordering phase resulted in a
reduction in anomalous hall conductivity, magnetoresistance, and Berry curvature
contribution which originated from the Weyl point compared to those calculated L2;-
ordered Co.MnAl in both theoretical prediction and experimental result alike [47]. In this
work, X-ray diffraction reciprocal space mapping is used in Chapter 3 to demonstrate a
systematic way of studying chemical ordering of the Co-based Heusler compound to

determine an optimal synthesis condition to achieve high L2; full-Heusler ordering.

11
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Figure 1.6: General ordered cubic crystal structure for the full-Heusler X.YZ and half-
Heusler XYZ. The B2 structure is when Y and Z are completely disordered and DOs is
when X and Y are the same element (X2XZ). The NaCl and Zincblende structure are there
to present the strong similarities between those and that of the half-Heusler compounds.
Image reprinted from [35] with permission.

1.2.2 Theoretical calculated electronic structure of Weyl
Semimetal Full Heusler Co,TiSn

One of the focuses of this work lies in the Co-based full-Heusler compounds.
Co.TiSn is a half-metallic, full-Heusler compound that have been recently predicted to be
a topological Weyl semimetal [6,7]. Theoretical calculations suggest that this half
metallicity can give rise to both the Weyl semimetal and nodal-line semimetal state, which
require the crossings of two singly degenerate spin polarized bands [7]. Theoretical

calculation done by Payal Chaudhary et al. [42] calculated the electronic structure of the

12



Co2TiSn with the spin-orbit coupling show in figure 1.7. In this study, a calculated minority
spin band gap of 0.5 eV was found while a clear band crossing can be seen in the majority
spin between the conduction and valence bands along the I' — X and I' — K direction.
Furthermore, additional band crossings between the majority and minority spins can be
seen as the two spins electronic structures are overlayed. The band crossing in the Co-Ti
hybridized 3d band that is denoted by the red circle can be seen in the electronic structure
along the I' — X, I' — K, and T' — W direction. The two Weyl points W&, and Wg,, are

determined to be about 0.278 eV above the Fermi level [42].

However, due to the large energy difference between the Fermi level and the Weyl
points, it has been shown to be a challenge to study its Weyl semimetallic properties by
transport on the stochiometric structure. In addition, the study on the realization of L2
ordering of these Co-based full Heusler compounds also has not been done. Chemical order
has been shown to be an important factor when it comes to affecting the intrinsic properties
of the materials. In Heusler Weyl semimetal materials such as CooMnAll, it was shown that
a B2 disordering phase resulted in a reduction in anomalous hall conductivity,
magnetoresistance, and Berry curvature contribution originated from the Weyl point
compared to those calculated L2:-ordered Co.MnAl in both theoretical prediction and

experimental result alike [47].

13
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Figure 1.7 (c), (e) Calculated band structures of Co,TiSn and Co,VSn with spin-
orbit coupling in the [110] quantization direction. (d), (f) Calculated band
structures of Co.TiSn and Co.VSn with spin-orbit coupling in the [001]
guantization direction. The red circles indicate the location of the crossings in the
Co-Y (Y =Ti, V) hybridized 3d bands. Image reprinted from [42] with permission.

The goal of this work then is to develop a method to synthesize these materials using
Molecular Beam Epitaxy (MBE) and optimize the growth conditions to obtain a thin film
with highly L2: chemical order, utilize Fermi level tuning to shift the Weyl point toward
the Fermi level, and understand the behavior of electronic structure as well as Fermi level

tuning through angle-resolved Photoemission spectroscopy (ARPES).
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1.2.3 Topological phase transition of PtMnyLu1xSb from a
half metal to a topological insulator

The second part of the dissertation focuses on the study of PtMnSh. PtMnSb is one
of the first predicted half-metals with high Curie temperature above room temperature By
R.A. de Groot in 1983 [48]. PtMnSb was predicted to possess both broken inversion
symmetry and large spin-orbit coupling. However, even after 2 decades, there has been
very little experimental works done on PtMnSb [48-50]. The work of PtMnSb film growth

on the oxide substrate has been limited to low crystallinity quality films [49, 50].

In this study, we establish a method to stabilize the growth of high-quality single
crystal PtMnSb thin films using Molecular Beam Epitaxy on LuSb (001) buffer layers
grown on GaSb (001) substrate to achieve epitaxial films of PtMnSb (001). In the second
part of this study, what we are interested in is to determine if there will be any possible
Weyl phase results from the band crossing within the band gap because of the band closing
by Mn-Lu alloying. Thus, in this study, we need to establish a method to stabilize the
growth of PtMnyLu1«Sb thin film using Molecular Beam Epitaxy on a LuSb buffer layer.
Furthermore, the alloyed PtMnyLuixSb thin films were examined through transport
measurement in order to understand if Lu alloying of PtMnSb results in band
inversion/Weyl point formation during the topological phase transition from a half metal

to a topological insulator.
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1.3 Fermi level tuning

Fermi level tuning is a technique in which an alloying element, which has either
more or less valence electron than the host element, is introduced into a materials system
as a substitutional element. This allows the shifting in Fermi level in order to achieve
certain properties that otherwise cannot be observed for the stochiometric formula. For
example, Fermi level tuning using Pb alloying in Bi>Tes allows a tuning of the Fermi level.
Since Pb has one less electron than Bi, Pb will acts as hole doping and decrease the bulk
electron density. This results in the Dirac cone become isolated from the bulk states and
the topological surface state is well isolated. It was found that approximately 10% Pb
alloying results in the isolation of the Dirac cone from the bulk states, resulting in a truly

bulk insulating topological insulator from ARPES and transport measurement [51].

Another example is a computational analysis that uses vanadium alloying in half-
metallic full-Heusler Co.TiSn to tune the Fermi level towards the Weyl point in order to
realize the Weyl semimetallic properties through predicted transport measurement [42].
However, the method of Fermi level tuning needs to be carefully considered as the alloying
element can possibly bring a change in the crystal structure, electronic band structure and
material properties. Chapter 4 shows the study of utilizing the method of substituting Co
atoms with Ni at the Co site, adding an additional electron, for the Co,TiSn in order to shift

the Fermi level up in energy towards the Weyl point.
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1.4 Overview of this Dissertation

This dissertation outlines the effort to study the half-metallic full-Heusler
compound Co2TiSn, which were recently predicted to possess Weyl semimetallic

properties, and the half-metallic half Heusler compound of PtMnSb.

Chapter 2 discusses the capabilities and infrastructure involved in molecular beam
epitaxy. The tools and techniques utilized to calibrate the growths and characterize the
resulting samples are also detailed.

Chapter 3 and 4 discusses the growth of Co2TiSn thin film using Molecular Beam
Epitaxy, the method of using high temperature post growth annealing process to achieve
L2, ordering, the method of using Fermi leveling tuning by Ni alloying Co2TiSn in order
to shift the Fermi level toward the Weyl point. A detailed study of the growth, post-growth
annealing, surface morphology, electrical and magnetic transport, and ARPES
measurement of Co,TiSn was presented.

Chapter 5 discusses the results of half Heusler PtMnShb. This chapter presents the
growth and transport of the stoichiometry PtMnSb as well as the Lu alloying PtMnSb in
order to investigate the interplay of non-trivial band topology and magnetism. A detailed
study of the growth, surface morphology, electrical and magnetic transport, and a short
preliminary study of the ARPES measurement of PtMnSb was presented.

Chapter 6 summarizes the dissertation and provides a future direction to the work

that has been presented here. It includes a method of improving surface morphology using
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different substrates as well as a future direction in order to discover the Weyl semi

metallicity in Co.TiSn as well as ARPES analysis of the Lu alloying PtMnSb thin film.
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Chapter 2

Growth and Characterization
Techniques

2.1 Interconnected ultra-high vacuum growth and

characterization system

The thin film samples studied in this dissertation were prepared using the
interconnected molecular beam epitaxy (MBE) facility in the Chris J. Palmstrem Lab at

the University of California, Santa Barbara. The lab consists of multiple interconnected
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ultra-high vacuum (UHV) growth and characterization instruments chambers, as shown in
Fig. 2.1. The interconnected system includes seven MBE chambers, three bi-direction
transfer chambers that have the capability for electron beam (e-beam) and/or effusion cell
deposition of various metals and oxides, angle-resolved photoemission spectroscopy
(APRES), magneto-optic Kerr effect (MOKE) magnetometry, X-ray photoemission
spectroscopy (XPS), and two scanning tunneling microscopy (STM) systems. In addition,
other various ex-situ measurement techniques were utilized, including physical property
measurement system (PPMS) and superconducting quantum interference device (SQUID)
from the Chris J. Palmstrem Lab, atomic force microscopy (AFM) and high resolution x-
ray diffraction (XRD) from the California NanoSystems Institute at University of
California, Santa Barbara, and spin-resolved and angle-resolved photoemission
spectroscopy (spin-APRES) from both Advanced Light Source at Lawrence Berkeley
National Laboratory (LBNL), Berkeley and SLAC National Accelerator Laboratory at

Stanford University.

MOD Gen-il EMOF MBE for
H loys

VG V8OH III-V MBE
(11 effusion cells, 4-pocket egun) Omicron VT-STM X
STM, AFM, STS,

Omicron LT-STM
VG V80H Ill-V CBE

(13 gas lines, 3 effusion cells)

0
Omicron Cryo-SFM Veeco chamber

STM, AFM, STS
&
L0 A STM/S, AFM, MFM, KPFM (4 effusion cells)
. oh stronaut Triple axis magnet

for scale

Figure 2.1: Ultra-high vacuum interconnected molecular beam epitaxy and
surfaces characterization suite in the Chris Palmstrem Lab at University of
California Santa Barbara.
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Each equipment and measurement module has its own unique capabilities and limitation.
Some of them that were used for the study of this research work presented here will be

further described in the following sections.

2.2 Molecular beam epitaxy (MBE)

MBE is a technique that started its appearance in the mid-1900s. It is a material
synthesizing technique that allows high precision control over its crystal growth condition
and crystal quality. An MBE system shown in Figure 2.2 is typically composed of several
effusion cells and/or e-beam deposition modules, a manipulator with a substrate heater that
controls the growth temperature of the thin film, and reflection high-energy electron
diffraction (RHEED) that provides the preliminary surface characterization of the growing
thin film. Effusion cell, also often known as Knudsen cell, is an effusion evaporator that
allows high precision control over the growth rate by controlling the crucible temperature
that the source material is placed. Typically, it contains a high-purity elemental source
material and can control the growth rate in the regime of ~ 2 A/min for different elemental
sources in a UHV environment. This slow growth rate allows atomic layer control over the
sample structure, interfaces, and surface termination.

However, in order to achieve this epitaxy growth regime, an ultra-high vacuum
(UHV) environment is required. UHV environment has various definitions, but with the

field of thin film and epitaxial growth, it is often referred to as pressures lower than 10
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Torr. However, for a MBE system, a chamber base pressure of <5x107! Torr is desired.
With this base pressure, the gas molecules within the MBE system can be considered
ballistic and non-interacting with a mean free path in the range of kilometers. However, in

order to achieve such low base pressure, several pumping systems are required.

1
|
Substrate :
Heater 1
1
1
1
1

Figure 2.2. Schematic of a Molecular beam epitaxy

The MBE system is typically first pumped out using an oil free roughing pump such as a
scroll or diaphragm pump. These pumps can typically bring the pressure down to the range
of 102 — 10 Torr. After such pressure is achieved, a turbo pump, ion pump, cryopump
and combinations of these can be used to further decrease the pressure to<107° Torr. Some
I11-V MBE systems also utilized cryopump to allow higher pumping speed to achieve the
low base pressure that is desired. In addition to external pumping units, a Titanium

sublimation pump, which is a series of Titanium filaments that is installed in-situ to the
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MBE system, can be used at high base pressure to getter reactive species while the other
pumps are active. Lastly, in order to achieve the base pressure of 10! Torr, the cryoshield
of the MBE system is filled with liquid nitrogen to absorb any residual gases with boiling
point higher than 77 K, such as water and hydrocarbons. Besides the pumping units, regular
maintenance of the MBE system is also required to achieve an UHV environment.
Maintenance of the MBE typically involves checking for leaks and baking of the system.
The MBE system is baked at 150 — 200 °C for several days while having an active pump
to remove any residual gases. High baking temperature is often desired so any water
molecule within the chamber can be removed. After the baking process, a full sweep of the
system is required to examine any potential leaking to the atmosphere. This is done by
using a residual gas analyzer (RGA) to detect Helium element by sprayed the Helium gas
between the metal seals part and welding of the chamber.

A proportional-integral-differential (P1D) feedback controller is used for both the
effusion cell and manipulator substrate temperature control. A high precision control is
required during the thin film growth for both the effusion cell and substrate temperature to
avoid any abrupt change of elemental flux from the cell or substrate temperature. However,
the thermocouples within these components are governed by infrared radiation and are not
in direct contact. As a result, the thermocouple temperature reading typically can result in
a deviation of 50 — 100 °C or more to the real temperature. This issue can be detected and
resolved by several methods. For substrate temperature, a precise temperature value can be
calibrated by either using a pyrometer that used calibrated infrared emissivity values of

known substrate or using well-known phase transition that occurred at specific temperature
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for calibration. Similarly, each effusion cell for different elemental source can also be
calibrated by different flux measurement techniques by determining the amount of material
that has been deposited in a fix period of time using techniques such as Rutherford
backscattering spectrometry (RBS), RHEED oscillation, quartz crystal microbalance
(QCM), and many more. Some of the techniques that are used for this dissertation will be
further described in the following section.

The process of the MBE growth is described as following: The flux of the effused

atoms from the effusion cell is governed by an Arrhenius behavior.

bux = do - 8T (2.1)
Where ¢, is pre-exponential rate factor accounting for geometric consideration between
the effusion cell position and the target sample, E, is the activation energy, kg is the
Boltzmann constant, and T is the temperature. The effused atoms absorb at the surface of
the targeted substrate and become adatoms. Two major interactions at the surface will
typically occur. The adatom can either desorbed from the surface, which will define the
sticking coefficient of each element at different temperature or go through a process of
surface diffusion at the surface of the substrate. The adatom that goes through surface
diffusion will continue until it reaches the lowest energy position. Because of this complex
process, many important considerations, such as effusion cell temperatures, stoichiometric
ratio of the targeted thin film, substrate temperature, growth rate, and many more are

needed in order to produce the desired samples.
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2.3 Calibration Techniques for Heusler Growth in
MBE

Flux calibration is an important step to achieve high precision control of the MBE
growth. As previously noted, atomic flux is governed by an Arrhenius behavior shown in
equation 2.1. Inthis work, calibration of the effusion cell is typically done by four different
methods: RHEED oscillation, beam flux measurement, Rutherford backscattering

spectrometry (RBS), and quartz crystal microbalance (QCM) measurement.

Intensity of specular reflection

2D Island growth thickness 6

Figure 2.3 lllustrations showing a 2D-island growth style and the intensity change
of specular spot during the growth. Image reprinted from [52] with permission.
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A fast and in-situ method of measuring the flux is using RHEED oscillation shown
in figure 2.3. RHEED oscillation can be used when a layer-by-layer growth mode is present.
It is typically used for a single element such as Sn and some binary compound that has a
layer-by-layer growth mode at the start of growth. At the starting surface, the RHEED
beam intensity is at its maximum from a known substrate with a smooth surface. As the
adatom from the effusion cell begin to cover the substrate surface, the RHEED intensity
starts to drop due to lower coherent from the reflected beam with a minimum value at 50%
coverage. As the single monolayer began to fully cover, the reflected coherent beam is
increased to a maximum when the single monolayer is fully covered. By understanding the
crystal structure of the grown samples, the time it takes for each maximum to achieve can
be used to do back-calculations with the Arrhenius equation to determine the growth rate.
However, for this dissertation, RHEED oscillation was only used in the study of a-Sn,
while the calibration for the Heusler growth is all done by beam flux measurement and
Rutherford backscattering spectrometry (RBS).

Beam flux measurement is typically done by a commercially available ionization
gauge placed in the path of the molecular beam. It is designed to be placed under the
manipulator and retracted away to prevent blocking the growth path during MBE growth.
The ion gauge is used to measure the beam-equivalent pressure of the effusion cell flux at
different temperature when RBS samples is grown. The ion gauge is consisting of a
filament that is driven by a current; this generates electrons that emit from the filament and
are accelerated towards a positively biased grid. The electrons then collide with the

incoming effused atoms and ionize atoms. These ionized atoms are attracted to a collector
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wire in the center of the grid cage and the resulting current is measured and is proportional
to the beam-equivalent flux of atoms. A fix electron emission current from the filament is
required for reproducibility and conversion between collector current and beam-equivalent
pressure. However, this beam-equivalent pressure only provided a relative flux value that
relates the cell temperature and the ion gauge pressure. In order to measure the number of
atoms per unit area that have been deposited on a substrate, Rutherford backscattering
spectrometry (RBS), an overview of the RBS technique is describe in Appendix A) is
utilized. RBS measurements are performed at the lon Beam Analysis of Materials facility
in the Eyring Materials Center at Arizona State University and lon Beam Analysis of
College of Science & Engineering in Shepherd Labs at University of Minnesota. RBS is
an ion scattering technique that use high energy ions, typically 2-3 MeV He" or He™",
directly onto the sample and the energy distribution and yield of the backscattering high
energy ions at a fixed angle is measured. This technique does not require a reference
standard as the backscattering cross section and the ion energy loss (stopping power) for
each element are known. Thus, it is possible to obtain a quantitative compositional depth
profile from the RBS spectrum.

RBS can be used to accurately measure total areal atomic density of the sample and
differentiate multiple elements by measuring the yield and energy of backscattered high
energy ions impinging on a sample. By determining the energy position of different
elements, multiple elements can be measured in a single thin film. The fitting of the RBS
measurements is fitted using RUMP software, see Appendix A. Figure 2.4 shows an

example of the raw RBS data and the corresponding fitting between temperature and the
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RBS flux result. This is used to calibrate the beam-equivalent pressure measured with the
ion gauge and cell temperature with respect to atomic flux. This calibration needs to be
performed fairly regularly as changes in shape of source charge in the crucible or material
building up at the lip of the crucible will influence the atomic flux uniformity. A feedback
loop between RBS measurement and ion gauge measurements is used to ensure the effusion
flux is controlled at a high precision.

Lastly, quartz crystal microbalance (QCM) measurement is used mainly for both
the Magnesium oxide buffer growth and Aluminum oxide capping in this study. QCM is
operated by measuring the frequency of a resonating quartz crystal. As elements or
compounds are deposited onto the crystal, QCM monitors the change in mass or thickness
of layers adhering to the surface of a quartz crystal. This is achieved by measuring the
change in resonance frequency of the quartz crystal upon excitation by a driving voltage.
With the known density and Z-factor, the frequency shift can be correlated with the

thickness of the deposited material.
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Figure 2.4 raw RBS data and the corresponding fitting between temperature and
the RBS flux
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2.4 Reflection high-energy electron diffraction

Reflection high-energy electron diffraction, also known as RHEED, is a common
technique that is widely used during the growth of thin film in Molecular beam epitaxy.
RHEED is typically composed of 2 main apparatus: the electron gun and the RHEED
screen. The electron gun is typically positioned parallel to the substrate manipulator and
has an incident on the target sample at a grazing angle of a few degrees. The incident
electron that collided at the surface is then scattered near the grazing incidence and strikes
a RHEED screen. The schematic of the RHEED is shown in Figure 2.5. A typical RHEED
gun allows the use of electron beam with an energy between 8 and 100 keV. Usually,
electron optics become easier as the energy is increased. However, at lower energies, it is
possible to go to higher incident glancing angle while maintaining surface sensitivity as it

makes step edges as well as multiple scattering between terraces less important [53].

Phosphor coated Screen

Electron Gun

Sample Holder

Figure 2.5. Schematic of the RHEED setup
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On the other hand, by going to higher energies, the RHEED pattern is compressed
by a factor proportional to the square root of the energy, such that the greater number of
Laue zones can be observed. Thus, the typical optimal operation energy is set between 10
to 20 keV. RHEED screen is a fluorescent screen that consists of a phosphor covered,
indium-tin-oxide coated Pyrex disk [54]. The indium-tin-oxide coated Pyrex disk is used
to prevent the charging effect. A monitor or camera is installed in front of the RHEED
screen to capture the RHEED pattern in real time. This allows not only the observation of
the RHEED pattern during growth but also the measurement of the RHEED intensity
oscillation to calibrate the growth rate of specific element or compound.

To understand the basics of RHEED, several assumptions are made: electron
collisions are elastic, electrons do not penetrate deep into the material, electrons heaving
as wave, and the material’s width is large compared to the coherence length of the electron
beam [55]. To understand the physics of RHEED pattern, let’s consider the Von Laue
formulation and the Ewald construction, where Laue condition and conservation of energy
gives [56]

Ak = k; — k, (2.2)
Where k,, is the incoming momentum of the diffraction electron from a lattice plane and
k; is the outgoing momentum of the electron. We will expect the amplitude of the incoming
and outgoing momenta to be the same such that:

kil = [Ko| (2.3)
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Given that the sphere is an Ewald sphere, (which is defined as a sphere that has a radius of
|k,|), the intersection of this sphere with the reciprocal lattice from the sample will result
in the pattern that will be seen on the RHEED screen as show in Figure 2.6. As a result, for
a perfectly flat sample, we will have an infinite 2D square lattice such that the infinite rods
perpendicular to the sample will intersect with the Ewald sphere, resulting in a pattern of
concentric dots [55]. Similarly, what we typically observe in a Heusler compound is a flat
surface with small domains, resulting in infinite rods that have a finite width. This results

in a RHEED pattern that is a streak rather than spots.

Direct space Recirocal space RHEED
pattern

(a) fiat and single-

spots _..-e-.
crystalline surface P

streaks
(b) flat surface with ‘ _
small domains L

Figure 2.6 The two different RHEED patterns that were typically observed for
Heusler compounds, where only the lowest Laue zone is shown. Image reprinted
from [55].

2.5 High Resolution X-ray diffraction

High Resolution X-ray diffraction, commonly known as HRXRD, is a technique
for the non-destructive analysis of mostly layered, nearly perfect crystalline structured
materials. This technique is commonly used to study material properties such as lattice

constant, crystal phases, and film morphology. In this dissertation, a few key features will
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be covered here A comprehensive description of x-ray diffraction can be found in reference
[57]. Starting with the instrumentation, x-ray diffraction is typically composed of three
main components: the x-ray source, the detector, and the goniometer stage where the
sample rests. Starting from the x-ray source, which a Cu K, X-ray with a wavelength of
A =1.540598 A is used for the study of this dissertation, the x-ray beam is emitted and
collided with the target sample that is affixed on the goniometer. The goniometer (or the
detector and the source) carefully varied angles between the source, sample, and the
detector while recording the diffracted X-rays intensity entering the detector. The
interaction of the incident x-rays with the sample produces constructive interference (and
a diffracted ray) when conditions satisfy Bragg’s Law. This allows for the study of the
lattice constant from the diffraction angle as well as crystal quality by linewidth of the peak.
In addition, the presence or absence of certain peaks can be used to determine crystal type,
reaction phases, as well as defect phases.

In order to understand the physics of x-ray diffraction, we need to start by
understanding Bragg’s Law. When an x-ray beam interacts with the electrons around an
atom, it can either be absorbed which causes an electron to be ejected from the atom or the
x-ray beam can scatter. However, when an x-ray beam enters a sample there will be
additional complexity due to the fact that atoms in crystal are periodic, which means the
scattered wave from each of the scattering points can result in a constructive or destructive
interference. The general relationship between the wavelength of the incident x-ray, angle
of incidence, and spacing between the crystal lattice planes of atoms can be determined by

Bragg’s Law for constructive interference [57]
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nA = 2dsin 0 (2.4)
Where n is the order of reflection, A is the wavelength of the incident x-ray, d is the
interplanar spacing of the crystal, and 6 is the angle of incidence. However, as previously
discussed, in order to satisfy Bragg’s law for constructive interference, a very powerful and
useful way of representing the stratifying of the Bragg’s law is given by the Ewald
construction, which is essentially Bragg’s law constructed in reciprocal space. It can be

first determine the reciprocal vectors b, b, b5 of the crystal axes a,a,a; by

_ a;Xas _ aiXas _ aiXasp
by =———,b, = by = ——— (2.5)

a;xa,xasz’ a;xazxasz’ a;xa,Xas
Where each reciprocal lattice vector is perpendicular to the plane defined by the two crystal

axes having different indices. With these conditions, it can be determined that

(Li=j
a; 'bf_{o,iqtj (2.6)

Now, to determine the distance between the hkl-planes dyy;, a vector Hy;; in terms of the

reciprocal vector can be define such that
Hhkl - hbl + kbz + lb3 (27)
By using the relationship from eq. (2.6), the spacing of the hkl-planes dj;; can be written

as

d — ﬂ . hb1+kb2+1b3 — 1 (2 8)
hkl = |Hpil |Hpki '

This result shows that the vector Hy,; is perpendicular to the plane hkl and the length is
equal to the reciprocal of the spacing. Now, in order to understand the diffraction

conditions of a real crystal with different atoms at each atomic site, a property known as
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the structure factor F is used since it is only in the structure factor that the atomic position
appears, which is given by the equation [57]

F=Y, fne(ZT[i/}\)(k_ko)'rn (2.9)
The derivation of the equation will not be discussed here and can be found in reference
[57]. The important conclusion here is that by evaluating the structure factor of the atoms
in the specific structure, systematic absences of diffraction peaks can be used to determine
the space group symmetry and crystal type. The structure factors used in this work were
calculated using the VESTA software package and will become an important factor in

determining the crystal ordering of the L.1 Heusler ordering in the later section.

2.5.1 Reciprocal space mapping

Instead of measuring a one-dimensional slice of reciprocal space, a two-
dimensional slice of reciprocal space can also be taken. This two-dimensional
measurement in X-ray diffraction is known as reciprocal space mapping (RSM). Since a
two-dimensional slice of the reciprocal space can be taken, it means that it can help
determine the exact position, size, and shape of the reciprocal space points compared to
that of the one-dimensional XRD. This is commonly used to determine quantitative
information on strain, strain-relaxation, shear, as well as dislocation density in a thin film
[58, 59]. In order to obtain a reciprocal space mapping, a triple axis diffractometer is used
[60]. The triple axis diffractometer mechanically rocks the second axis that contains the

sample through a range of incident x-ray angles while additional rocking angle is measured
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on the third axis. This allows precise measurement of both rocking angle and scattering
angle in order to map out high resolution reciprocal space mapping [60]. However, one of
the biggest disadvantages when it comes to reciprocal space mapping is the long data
collection time since it requires multidimensional reciprocal space data in order to piece
together the mapping. Reciprocal space mapping has been one of the primary tools for
developing for strain engineered films. It can be used to determine lattice mismatching,
relaxation, lattice strain, and lattice constant in a multilayer thin film [61]. Studies such as
study of strain and relaxation of Sii-xGex growth on Si substrates by MBE growth [62],
study of biaxial strain in (1120) plane InxGaixN/GaN layers [63], and many more have
shown the high precision results that allow for the understanding of strain effect in
multiplayer thin films.

However, for this study, the reciprocal space mapping is mainly used to understand
the signal of an off-axis Bragg reflection peak that is otherwise difficult to determine on a
one-dimensional diffractometer due to its limited access to the multidimensional mapping.
One of the biggest challenges in growing a high quality Full Heusler thin film is
determining its degree of chemical ordering. The details of the chemical ordering will be
discussed in a later section. But one of the main goals of this work is to determine an

optimal post-growth process to obtain the L2 ordering, which is the Full Heusler ordering.
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2.6 Magnetotransport

In order to determine the electronic properties of materials such as carrier type,
carrier concentrations, resistivity, carrier mobility and scattering mechanism,
magnetotransport measurement using Hall Bar analysis is often utilized. Hall effect
measurement is a commonly used technique that typically comes in two different sample
geometries: Hall bar (which is long and narrow with length [, width w, and thickness t)
and van der Pauw (nearly square or circular). The Hall effect was discovered by American
physicist Edwin Herbert Hall in 1879 [64]. Hall effect can be understood as the following:
current within a material is caused by the movement of many charge carriers. When there
is no magnetic field present, the charge carriers move in a straight line and only changes
its path through a collision with other carriers, impurities, or phonons. However, when a
magnetic field is applied perpendicular to the materials in the z direction, the charge carrier

will experience a force known as Lorentz force, which can be written as

N

F, =qb xB (2.10)
Where v is the velocity of the carrier in the x direction and Bisthe magnetic inductance in
the material in the z direction. In steady state, the cross product of the Lorentz force result
in a force that is perpendicular to both the magnetic field and the current direction. For a
positive applied field, the current I (assuming the conventional “hole” current that is in the
negative direction of the electron current) will bend toward the negative y direction while
the electron carrier current will bend toward the positive y direction as shown in Figure 2.7,

resulting in a charge built up in either side depending on the carrier type.
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Figure 2.7. Schematic of a standard Hall bar with length [, width w, and thickness
t

This charge builds up results in a voltage difference across the y direction, which is known

as the Hall voltage, which can be written as

V, = X (2.11)

nte
Where I, and B, are the current and applied magnetic field while n is the charge carrier
density, t is the thickness of the sample, and e is the charge of the electron. The total
resistance R, of a Hall bar can be determined by Ohm’s law. The total resistance can be
written as a function of sheet resistance and the dimension of the Hall bar. The sheet

resistance of the thin film can be written as

w _Vw

Rsneet = Ryxx T 7171 (2.12)

Thus, the total resistivity of the film p,., in the perpendicular and applied current direction

results in the following function:
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Vxx
Pxx = Rsneer "t = _ﬂt (2-13)

T L |
Similarly, the Hall voltage V,,, can be normalized by the applied current to give Hall

resistance and multiplied by film thickness to obtain the Hall resistivity p,,,

Vi
Pry = Ryy "t =t (2.14)

Ixx

It is important to note that Hall resistivity of p,,, is not a function of the length or
width but rather a function of the film thickness. This effect is known as the ordinary Hall
effect which are useful to determine film properties such as carrier type and carrier
concentration. However, contribution of the Hall effect typically the sum of the ordinary
Hall effect (OHE) and anomalous Hall effect (AHE) contributions. In a ferromagnet, Hall

resistance is usually written as
Ryy = Wo(RyH + Ry M) (2.19)

Where Ry, is the ordinary Hall resistance and R,y is the anomalous Hall resistance, while
the H is the applied magnetic field and M is the magnetization. u, is the vacuum
permeability. The ordinary Hall effect arises from the Lorentz force and the anomalous
Hall effect originated from the intrinsic magnetization. The Hall resistance increases
approximately linearly with the applied field at low field region before it tends towards the
saturation at high field region. At the higher field region, a weak linear increase in py can
be observed which contribute to the ordinary Hall effect [65]. By using a simple, single
charge-carrier model. The Hall resistance is found by fitting a line to the high-field region
far from any AHE contributions and extracting the slope, then normalizing by the current

Iy« Solving for bulk carrier density (n) and Hall mobility (uy) gives [65]
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Where e is the fundamental charge, t is the film thickness measured, [ and w are the
length and width of the Hall bar, and V,.,, is the longitudinal voltage value taken at zero

field.

2.7 Angle-resolved photoemission spectroscopy

One of the most revolutionary measurement techniques that arouse in the past
decade is that of the Angle-resolved photoemission spectroscopy (ARPES). ARPES is an
experimental technique based on the photoelectric effect to determine the binding energy
of photoemitted electrons. Through decades of improvements, ARPES became the main
technique for probing electronic structure of solids in both the energy and momentum space.
It is an extremely powerful technique when it comes to understanding exotic and complex

topological materials [66-69].
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Figure 2.8: Schematic of an Angle-resolved photoemission spectroscopy

The schematic of the ARPES setup is shown in Figure 2.8. In principle, the
radiation produced by an individual electron moving along a sinusoidal path is too weak
for the purpose of ARPES measurement. In order to overcome such problem, a synchrotron
radiation source is needed. A synchrotron facility allows the acceleration of electrons to a
speed close to the speed of light. These electron bunch orbits in a large vacuum storage
ring, which allows it to produce high energy electron bunch that can vary in energy from
100 MeV to 3000 MeV in a matter of seconds. These high energy electron bunches then
pass through a polarized undulator. The polarized undulator is an array of permanent
magnets with alternating poles which allows the electron bunches to oscillate in a
sinusoidal pattern. The undulator have the advantage of providing photons with both
varied energy and polarization through adjustments to the value of the gap and/or shift
magnet arrays in an undulator. The high intense radiation then enters the diffraction grating,

which is used to obtain a specific wavelength for the photoemission effect. The photon
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radiation from the diffraction grating is targeted onto the samples and the emitted electron
from the sample is then collected by the hemispherical analyzer, which is used to map out
the energy and momentum space of the electrons. The hemispherical analyzer is used
because the spherical symmetry of the detector can accurately preserve the angle at which
the photoemitted electrons enter the detector. This allows the photoemitted electrons to
dispersed in energy in the radial axis and emission angle in the transverse axis. This
produced the two-dimensional image that associate with the band structure of the measured

materials [68].

N\

Bulk Brillouin Zone

. 4 /a "

Figure 2.9: (left) photon with energy hv photoexcited electrons within the red
projected k, plane which is projected into the surface Brillouin zone (center)
shown in the blue slice.
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The ARPES data for the Heusler compounds are typically collected at a photon
energy corresponding to its estimated bulk I point in the Brillouin zone. Figure 2.9 shows
the Bulk Brillouin zone of the Heusler compound. Generally, a photon with hv
photoexcited the electrons in the projected k, slice of the bulk Brillouin zone at given
photon energy. The work function ¢ of the sample and electron detector was determined
through a photon energy sweep analysis, where the sample is measured through its
estimated bulk I" point at various photon energy. Thus, the kinetic energy of an ejected

photoelectron from a given photon energy is calculated by
Exin = hv — ¢ — |Eg| (2.17)

And the energy position of the bulk I' position can be determined [68]
Er = % + ¢ (2.18)

Where the me is the mass of the free electron, 6 is the polar angel measured from sample
normal, and U, is the inner potential of the material measured. Giving that the binding
energy of the electron at the Fermi level is 0. The inner potential U, can be determined by
sweeping the sample through a photon energy sweep measurement to determine the change
in the band structure. However, because of the rather low resolution of the ARPES spectral
density, the inner potential for the material is assumed to be close to that of the other

Heusler compounds such as Co,TiSn and Ni>TiSn, which is about U, = 12 eV [4].

The out-of-plane momentum of the free electron is [68]
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k, = \/Zhi (Eyin c0s2 6 + U,) (2.19)

While the k,_at T point at n Brillouin zone is

Kyp, = —nit (2.20)

llattice constant

Where B, is the number of the Brillouin zone. From the equation (2.19) and (2.20), the
out-of-plane momentum and energy at 8 = 0 at the bulk T" point can be calculated.

The E — k/, dispersion diagram can be measured with a single ARPES scan. This
can be used to determine the dispersing features and band structures of the measured
materials through its high symmetry momentum direction. However, for the topological
materials which might possess Dirac cones or other topological surface states, the simple
single ARPES scan that show the linearly dispersing feature might not be sufficient to
convince the existing of these surface states. Instead, a Fermi map, which multiple single
ARPES scans at various sample orientation across the Surface Brillouin zone is taken. This
provides the dispersion map of the full surface Brillouin zone to identify topological
features such as Fermi arc [69].

However, Fermi mapping, where multiple line scans taken at different sample
orientations are combine together to produce a complete energy dispersion map of the
surface Brillouin zone, is an extremely time-consuming process since surface Brillouin
zone only contains bulk states from a single value of photon energy, the full picture of the
Fermi mapping is required to be measured at various photon energy. This will generally

result in at least several days of continuous scanning without interruption. In addition,
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surface degradation of the measured material can often be observed in several hours of
measurement from beam damaged. As a result, it is often impossible scan the entire bulk
Brillouin zone. Though the Fermi mapping of the Full bulk Brillouin zone is difficult, it is
still possible to separate the features between a bulk and surface states. Electronics sates
confined to the surface do not disperse in the out-of-plane direction. Thus, surface states
should appear constant as a function of photon energy, while the bulk sates will disperse
with photon energy. This photon energy sweep of the linearly dispersed surface states will
provide additional confidence in order to separate the bulk states from the surface states of

the materials.

2.8 Magnesium oxide substrate preparation

Magnesium oxide (MgO) substrate has been used for a large fraction of the study
in this dissertation. MgO is a rocksalt crystal structure with lattice parameter of 4.212 A.
MgO is widely used for many Heusler compounds due to its relatively small lattice
mismatch when the thin film is grown in a 45° rotation about the [001] axis, which has an
effective lattice constant of 5.957 A. However, commercially available MgO substrates
have several shortcomings when it comes to its crystal quality. MgO substrates, have
substantially worse crystal quality than I11-V substrates due to high degree of mosaicisity

and crystal twinning. These defects will affect the over-grown thin film quality. In addition,
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MgO is also hygroscopic and absorption of water from the atmosphere can often be trapped
within the MgO surface. As a result, multiple processes are needed.

The MgO (001) substrates were first annealed at 800 °C for 12 hours in 3.00
Standard Liter per minute N2 and 3.00 Standard Liter per minute O2 in a tube furnace in
the UCSB Nanofabrication Facility. The sample is then loaded into the load lock of the
ultra-high vacuum (UHV) interconnected growth and characterization system with a base
pressure of < 1x107° torr. The MgO substrates were annealed in-situ at 700 °C for 1 hour
prior to growing an epitaxial 20 nm MgO buffer layer at a substrate temperature 630 °C by
e-beam evaporation of MgO crystals at a rate of 1 nm per minute. Lastly, the surface
morphology is examined with RHEED in the growth chamber to ensure a good starting

surface.
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Chapter 3

Growth and Characterization of Weyl
Semimetallic Half-Metal Co,TiSn

3.1 Introduction

Topological materials are a new state of quantum matter that have attract lots of
attention within the research field for its promising applications such as more energy-

efficient microelectronic components, better catalysts, improved thermoelectric converters,
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new magnetic storage, and many more [70-75]. But more recently, another class of
topological materials also known as the Weyl semimetal, was first discovered in TaAs [76-
79]. After the first discovery of the Weyl semimetal materials, many other theoretical
works from different groups have been putting their focus in determining other potential
candidates within this family. One potential candidate fell under the Heusler family. The
Full Heusler half-metallic Co,TiZ (Z = Si, Ge, Sn) has been recently theorized to be a
potential candidate to possess the time-reversal breaking Weyl and nodal line semimetallic
behaviors [7]. This chapter will focus on the study of the Co,TiSn thin film. Co,TiSn was
first studied in bulk crystal form due to its half-metallic properties with a minority spin gap
of around 0.5 eV [80]. However, thin film growth as well as its semimetallic properties
have not been thoroughly studied. In order to examine its Weyl semimetallic behavior

within this system, understanding its electronic structure becomes an important goal.

In order to achieve this goal, one needs to understand the influence of the chemical
ordering of the Co2TiSn. The chemical ordering of the Full Heusler compound may play
an important role in preserving the Weyl semimetallic behavior [7]. None of the studies up
until now have focused on determining the degree of chemical ordering of Co,TiSn. One
method to achieve high degree of L2; ordering could be to utilize high temperature post-
growth thermal annealing process. Many studies of other compounds such as CuzMnAl
[81], CozFeAlosSios [82], and Co.MnSi [83] have shown increase in the L2; ordering and
magnetic properties using post growth thermal annealing. Furthermore, achieving a high
degree of L2; ordering is important as it has been shown to affect the intrinsic properties

of the materials [84-86]. For example, in Heusler Weyl semimetal materials such as
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Co2MnAl, it was shown that a B2-ordered Co2MnAll resulted in a reduction in anomalous
hall conductivity, magnetoresistance, and Berry curvature contribution originated from the
Weyl point compared to those L2;-ordered Co.MnAl in both theoretical prediction and
experimental result [84]. Thus, it is important to not only understand the growth of the
Co.TiSn but also to optimize the growth conditions for the L2; chemical ordering in order

to preserve the Weyl semimetallic properties within this system.

3.2 Growth of Co,TiSn thin film

In this study, the primary choice of substrate is the Magnesium oxide (MgO) with
a (001) orientation. As previously discussed in section 2.8, MgO has an effective lattice
constant of 5.957 A when the thin film is grown in a 45° rotation about the [001] axis. From
other experimental work, the experimental lattice constant of Co2TiSn is determined to be
around 6.07 A [80]. The predicted epitaxial relationship for Co,TiSn [100] (001) // MgO
[110] (001) is shown in figure 3.1 with a 1.8% compressive lattice mismatch for the Heusler.
The lattice mismatch between the Co.TiSn thin film and MgO substrate is relatively small.
In addition to its relatively small lattice mismatch, its thermal stability as well as being a
good insulator make MgO an ideal substrate for epitaxial growth and eliminating parallel

conduction from electrical measurements.
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acrs= 6.07A
10 nm AlOx cap

20 nm Co,TiSn
20 nm MgO Buffer
MgO Substrate

avgo= 4.21A

Figure 3.1. (left) crystal structure and epitaxial relationship for Co,TiSn [100]

(001) // MgO [110] (001). (right) the growth structure of the Co,TiSn thin film on

MgO buffers. The surface unit cell indicated by the black dotted line (Co.TiSn)

and red dotted line (MgO) with axes along the bulk <100> and <010> axes is

shown.
The preparation of the MgO substrate started with 12 hours annealing at 800 °C in a tube
furnace in an N2/O2 atmosphere before loading it into the load lock of the ultra-high
vacuum (UHV) interconnected growth and characterization system with a base pressure of
< 1x107° Torr. The MgO substrates were annealed in-situ at 700 °C for 1 hour prior to
growing an epitaxial 20 nm MgO buffer layer at a substrate temperature 630 °C by e-beam
evaporation of MgO crystals. Following the MgO buffer layer growth, the samples were
transferred into a VG V80 MBE growth chamber with a base pressure < 1x107° Torr for

the Co2TiSn growth. The growth of the Co2TiSn thin film was accomplished by co-

depositing 4N high purity elemental Ti and 5N high purity elemental Co and Sn from
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individual effusion cells. The Ti effusion cell is a specialized high temperature cell from
DCA instruments Oy [87], which use a proprietary crucible that allows liquid titanium to
be evaporated with a maximum operating temperature of 2000 °C. The atomic fluxes as a
function of cell temperature were calibrated by the measurement of elemental atomic areal
density of each element for films grown on silicon substrates using Rutherford
backscattering spectrometry (RBS). These measurements were also used to calibrate the
beam flux monitor for each cell. For each RBS sample, two to three elements were co-
deposited ensuring that there was no overlap of their peaks in the RBS energy spectra.
Typically, three sets of samples for each element were measured and analyzed with the
results compared with previous calibrations using RUMP software [88]. Finally, the
effusion cell temperatures were determined and set for a ~2 A/min a Co,TiSn growth rate.
Figure 3.2 shows the typical substrate temperature variation during the growth for a 20 nm
Co2TiSn thick film. For this system, Ti flux is the limiting factor in growth rate as the
maximum temperature of the Ti cell is set about 100 °C below the melting point. Thus, a
total of around 2 hours and 20 minutes of growth time is typically required to deposit 20
nm of Co2TiSn thin film. Various substrate growth temperatures from 300 °C to 600 °C
were first examined using Reflection-high energy electron diffraction to monitor film

morphology and surface reconstruction during the growth.

50



CTS growth process

MgO annealing

MgO buffer Post growth
deposition annealing step

Co,TiSn Growth
400

Temperature (°C)

Sample Transfer

0 100 200 300 400 500 600
Time (minute)

Figure 3.2. typical growth steps of Co,TiSn thin film on MgO buffer (001)

As one can see from the left RHEED pattern of figure 3.3, the three-dimensional
diffraction spots indicate that the Co,TiSn thin film growth at a temperature of 300 °C
results in 3D island growth. As growth temperature is increased, the RHEED pattern
becomes less spotty and becomes streaker at around 400 °C, indicating a relatively smooth
and flat surface. On the other hand, as growth temperature increase beyond 400 °C, the
RHEED pattern once again becomes spotty resulting in 3D island like growth. The
additional chevron features in the RHEED pattern are attributed to the formation of facets.
Thus, the growth temperature of 400 °C was determined to be the optimal growth

temperature for the Co2TiSn thin film.
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300 C 400 C

Figure 3.3. (left) RHEED pattern of 20nm Co,TiSn thin film on MgO (001) at
various growth temperatures (left) 300 °C, (middle) 400 °C, and (right) 500 °C
along the Co.TiSn [100] (001) // MgO [110] (001) and Co,TiSn [110] (001) //
MgO [100] (001). direction. (right) shows the relationship between the RHEED
beam along the [110] direction of Co,TiSn from a top-down view.

MgO (001) 20 nm Co,TiSn @ 400 °C

Figure 3.4. RHEED pattern of (left) a 20 nm thick MgO buffer layer on MgO (001)
substrate at room temperature and (middle) the epitaxially grown 20 nm thick
Co,TiSn thin film on MgO (001) buffer layer at 400 °C.

52



Figure 3.4 shows a typical RHEED pattern a 20 nm thick MgO buffer layer on MgO
(001) substrate at room temperature and the epitaxially grown 20 nm thick Co,TiSn thin
film on MgO (001) buffer layer at 400 °C. The grown MgO buffer shows the expected
(1x1) bulk unreconstructed surface, which does not change after increasing the manipulator
temperature to 400 °C prior to the Co2TiSn growth. Initial growth of Co,TiSn shows a
spotty three dimensional like RHEED pattern indicating island growth. As thickness of the
film increases with growth time, the RHEED pattern becomes streaker. The presence of
the additional ¥z order streaks as mark by the white arrow in figure 3.4 with the RHEED
beam along the <110> of Co.TiSn is consistent with an ordered Ti-Sn surface termination.

This is typically observed for a full-Heusler and results from either a cobalt or Ti-Sn order

terminated surface, where both will result in an effective surface unit cell that is v/2 smaller
and rotated 45° compared to the conventional Ti-Sn terminated surface unit cell [36]. This
results in a typical c(2x2) RHEED construction that is often been observed for a full
Heusler compound which is also consistent with a L2; crystal structure [89]. When the
RHEED beam is along the Co,TiSn [110] direction, the observation of the 00 and 01
specular spots are indicated by the purple line in the figure while the additional %2 order
streaks are indicated by the green line. The result is a c(2x2) RHEED construction.
However, observation of the L2: ordering ¢(2x2) RHEED construction does not indicate
that the bulk crystal structure has the L2; ordering since RHEED measurement is surface

sensitive.
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L2, (full Heusler X,YZ)

X-ray Bragg Peak structure factor calculation

hk !l d(A) |F| 20 | hk 1 d(A) |F| 20 1 hk! d(A) |F| 20 1
111 334 3.99E+01 26.64 17.92% 111 334 126E-14 26.64 0% 111 334 3.06E-14 26.64 0%
200 290 4.06E+01 30.86 5.98% 200 290 4.06E+01 30.86 5.98% 200 290 7.21E-14 30.86 0%
220 205 227E+02 4421 100% 220 205 227E+02 44.21 100% 220 205 227E+02 4421 100%
311 175 2.87E+01 5237 8.21% 311 175 833E-14 5237 0% 311 175 427e-14 5237 0%
400 145 1.76E+02 64.30 13.80% 400 145 1.76E+02 64.30 13.80% 400 145 1.76E+02 64.30 13.80%
331 133 2.19E+01 70.89 3.09% 331 133 4.01E-14 70.89 0% 331 133 451E-14 70.89 0%
L2, B2 A2

Figure 3.5. 3 different types of chemical order in Full Heusler compound X,YZ
and the corresponding X-ray Bragg peak and intensity | for each chemical ordering
of Co.TiSn shown in the table calculated using VESTA software [108].

Co2TiSn possess the three different chemicals order of the Full Heusler compound:
L2;, B2, and A2 ordering. Figure 3.5 presents the results of peak intensities at different
Bragg peak based on the structure factor calculation for the 3 different ordering of Co.TiSn.
Taking the L2, structure as the crystallographic basis, a (004) Bragg peak indicates at least
partial A2 order, a (002) peak indicates at least partial B2 order, and a (111) peak indicates

at least partial L2; order. Structure factor can be written as the following:
F(hkl) — annezm(hx+ky+lz) (3'1)

Where F(hkl) is the resultant of all waves scattered in the direction of the hkl reflection

by the n atoms contained in the unit cell and £, is the atomic scattering factor that is
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independent of the position of the atom in the unit cell [53]. The |F(hkl)| gives the
scattering amplitude of the specific hkl reflection while the modulus squared |F (hkl)|?
gives the scattering intensity that is proportional to measured peak intensity I such that

[53]

Where P is the polarization factor, L is the Lorentz factor, and A is the factor that accounts
for the loss of intensity from single scattering in the sample. For the case of Co,TiSn as
shown in figure 3.5, L2; is the expected full-Heusler ordered phase while disorder between
the Ti and Sn atoms would give B2 order and complete chemical disorder for Co, Ti, and
Sn would give A2 order. Noticeably, the (111) Bragg peak intensity only present for the
case of L2, ordering structure. Thus, in order to examine the degree of L2; ordering, the

(111) Bragg peak is chosen as the peak intensity to identify the ordering of the thin film.

Figure 3.6 (left) shows the typical XRD of the 20nm Co,TiSn thin film after growth
at 400 °C. The expected (002) and (004) Co.TiSn reflection are observed with no additional
diffraction peaks, which suggests no additional phases presented in the measurement.
However, the crystallinity of the film is rather poor because of its large FWHM as well as
small (002) reflection intensity. From the structure factor calculation shown in figure 3.5,
it is expected that the intensity of the (002) reflection to be about 43% of the (004)
reflection intensity for a L2; order Co2TiSn thin film. Evidentially, the resulting (002)
reflection intensity is much smaller than what would be expected for a L21 order Heusler

compound. Similarly, the line scan of the Co2TiSn (111) Bragg peak as shown on the right
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of figure 3.6 also indicates extremely weak intensity of the (111) Bragg peak where the

peak intensity is close to the background of the measurement itself.
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Figure 3.6. (Left) XRD of the epitaxially grown 20 nm thick Co,TiSn on the MgO
(001) buffer layer at 400 °C with no post-growth annealing process. (Right)
normalized line scan of the Co,TiSn (111) Bragg peak.

Co.TiSn has shown the expected c¢(2x2) RHEED construction, but weak to almost no
intensity of the (111) Bragg peak can be measured. This indicates that the Co.TiSn thin
film grown at 400 °C without any post-growth annealing process is likely to be dominated

by B2 ordering. Thus, in order to synthesize L2; order Co.TiSn thin film, post-growth

annealing process is required.
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3.3 Study of L21 ordering of Co2TiSn using XRD-
RSM

Co.TiSn thin films were grown at a substrate temperature of 400 °C with various
post-growth annealing temperatures and annealing times to identify the optimal post
growth annealing process to obtain the L2; full-Heusler ordering. Reflection-high energy
electron diffraction (RHEED) was used to monitor film during growth and post-growth
annealing. Following the growth, the growth chamber manipulator heater was ramped at a
rate of 25 °C/min to the target annealing temperature. The temperature range of 400 to 600
°C was chosen for the annealing temperature and the annealing time varied between 10 min
to an hour. After the annealing, the samples were cooled to room temperature in the growth
chamber by switching off the heater power at the end of the annealing process before being
transferred to another UHV chamber. Next, a 10 nm AlOx protective capping layer was
deposited via e-beam evaporation of Al,O3 at room temperature to prevent oxidation after

the samples were loading out of the UHV system.
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No anneal @ 400 °C CTS anneal @ 500 °C CTS anneal @ 600 °C

Figure 3.7. typical RHEED of 20nm CoTiSn thin film (left) grown at 400 °C with
no post-growth annealing process, (middle) post growth annealing at 500 °C, and
(right) post growth annealing at 600 °C for 20 minutes.

Figure 3.7 shows the typical RHEED of 20nm Co.TiSn thin film grown at 400 °C
with no post-growth annealing process, post growth annealing at 500 °C, and post growth
annealing at 600 °C for 20 minutes. The expected ¢(2x2) RHEED construction can be
observed at all post-growth annealing temperature up to 600 °C. However, because of the
slight variation in the manipulator angle, it is hard to compare the change in the intensity
of the specular spot. Nonetheless, it can be seen that the specular peaks become the sharpest
at 600 °C annealing temperature, while annealing temperature above 600 °C does not show
additional improvement in the RHEED pattern. Instead, additional spots around the (00)
specular spot can be observed when sample is annealing above 600 °C. This means that

sample of Co2TiSn thin films that were annealed too hot can result in formation roughening
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and surface faceting. The improvement in the crystallinity and ordering of the Co,TiSn thin
film after post-growth annealing process can also be observed through XRD and XRD
Reciprocal space map (RSM). Figure 3.8 shows the XRD and XRD RSM of a 20nm
Co2TiSn thin film grown at 400 °C and annealed at 600 “C for 20 minutes. The XRD of a
20nm Co2TiSn thin film grown at 400 °C and annealed at 600 °C for 20 minutes shows the
expected (002) and (004) reflection in the XRD with the lattice constant calculated to be
around 6.03 A, which is closely matched with the lattice constant measured from the

literature [80].

No additional peaks were observed suggesting that the samples that were grown are
single phase CoTiSn. In addition, from figure 3.5, it was known that the peak area ratio
between the (002) and (004) Bragg peak is calculated to be 0.43. The peak area ratio of the
(002) and (004) Bragg peak from figure 3.8 is approximately 0.45 which agrees well with
the expected peak ratio for the L2 ordering Co2TiSn thin film. Similarly, the observation
of Heusler (224) Bragg peak (peak that can be observed with any ordering of the Heusler
compound) as well as the (111) Bragg peak (only observed with Co,TiSn that possess L21

ordering) can be seen in the XRD RSM mapping show in figure 3.8.

59



Qz2m), 1inm

1000000
MgO (002)
100000 E

10000 f

1000 f

Intensity (a.u)

CTS (004)

CTS (002)
100

10

_”MMMM'“UH h"ilhﬂm MWidis 1ol .nu|l|um||l.i..n_|‘l

20 degree (°)

0

1
1

Qz2m), 1nm

Qxi(2m), tinm Quizm), 1im

Figure 3.8. typical XRD of 20nm Co.TiSn thin film (top) grown at 400 °C and
post growth annealing at 600 °C for 20 minutes and the XRD RSM mapping of
(bottom left) Heusler (224) Bragg peak and (bottom right) Heusler (111) Bragg
peak of the same sample.
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However, the degree of the ordering cannot simply be determined by visualization
of the peak intensity from the RSM as the color intensity of the RSM data can be misleading.
Thus, we also measure and plot out the line scan of the XRD of the (111) Bragg peak of
Co2TiSn thin film grown at 400 °C with no post-growth annealing process, post growth
annealing at 500 °C, and post growth annealing at 600 °C for 20 minutes for comparison,
which is shown in figure 3.9. Evidently, the intensity of the (111) Bragg peak increases
with increasing annealing temperature up to 600 °C, meaning an increase in chemical
ordering of the Co2TiSn thin film. the maximum intensity as well as the FWHM between
the 600 °C and 650 °C is roughly the same. In addition, as we can see from figure 3.5, the

(111) Bragg peak is expected to be higher than that of the (004) Bragg peak.

Intensity (a.u.)

26 degree (°)

Figure 3.9. Line scan of XRD-RSM data for post-growth annealing temperature
for 20 nm Co.TiSn thin film on MgO (001) from 400 °C to 650 °C. The peak
intensity of each individual measurement is normalized using the half maximum
intensity calibration done at the beginning of each XRD calibration step for each
XRD and XRD-RSM measurement.
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The peak intensity ratio between the (111) peak of the 600 "C annealed sample and (004)
Bragg peak is roughly about 1.34 compared to the calculated value from structure factor,
which is 1.30. However, because of the observation of the additional specular spots that
can be seen from the RHEED measurement at the 650 °C annealing temperature, we
determine that most optimal growth condition to be 600 °C and 20-minute annealing time

to obtain the highest L2; ordering for the Co,TiSn thin films.

3.4 Magnetic and Transport properties
3.4.1 Magnetic properties
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Figure 3.10: Magnetic hysteresis loops of the 20 nm Co,TiSn/MgO (001) film as
measured by SQUID. Magnetic field is applied parallel to the [110] axis
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With the L2: order CoTiSn thin films, it will be important to examine its
magnetotransport and electrical properties to determine if the Weyl semimetallic properties
are present in the L2; CoTiSn thin film. Figure 3.10 shows the temperature dependent
magnetization data normalized to sample volume determined using X-ray reflectivity
(XRR) and photographic area measurements for the Co,TiSn thin film. The magnetic field
is applied parallel to the [110] direction of the sample. The coercive fields in the easy axis
of [110] direction at T = 5K and 300K are 342 Oe and 108 Oe, respectively. In addition,
the saturation magnetization at T = 5K of Mg = 1.43 ug and T = 300K of Mg = 1.17 pg

in Bohr Magneton formula unit, which agrees well with the literature [90].

3.4.2 Temperature dependent resistivity

Figure 3.11 shows the temperature dependent resistivity for Co,TiSn thin film.
Co2TiSn is a half-metallic ferromagnet. Thus, to model the resistivity behavior of this
system, it will be ideal to started with the resistivity of a ferromagnet material. Generally,
we start with the resistivity function such that [91]

Pxx = Pimpurity + Pe-e(T) + Pe—p(T) + pe—m(H,T) (3.3)
Where pimpurity i the resistivity contribution from the electron impurity scattering,
pe-e(T) is the resistivity contribution from the electron-electron scattering, p,_.(T) is the
resistivity contribution from the electron-phonon scattering, and p._,,(H,T) is the

resistivity contribution from the electron-magnon scattering, which depends on both
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temperature and applied magnetic field. Since the magnetic properties of the Co,TiSn are

dominated by Co, we can consider using a strong 3d ferromagnets as the model [91].

[ | |
250 I~ Chien model ---- —

Data _—
/|

—~ 200 F

£

&)
G
2

< 150

<

100 Non-doped

50 I N R
0 50 100 150 200 250 300

Temp (K)

Figure 3.11: Resistivity vs. temperature for 20-nm-thick Co,TiSn/MgO (001)
film. The red line shows the experimental data, and the dash black line shows the
fit to Chien model [94].

The interaction of the electron-electron and electron phonon scattering are driven by s-d
interaction based on Baber derivation [92]. The electron-electron scattering can be
simplified to a function of T2 and electron-phonon scattering can be simplified to a
function of T> contribution. The effective term a,_, is the magnitude of electron-electron
scattering to a function of T2 and b,_,, is the magnitude of electron-phonon scattering to a

function of T°. Thus, equation 3.3 can be simplified to

Pxx = pimpurity + ae—eTZ + be—pTS + pe—m(H' T) (3-4)
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Now, for a 3d ferromagnet, the electron-magnon scattering contribution can be derived
from the formalism developed by Goodings [93]. This expression is derived for an
expression of the magnetic resistivity in strong ferromagnetic metals based on intraband
[s-s, d-d] and interbond [s-d] spin-flip transition due to electron-magnon scattering [85].
The resulting electron-magnon scattering contribution can be writing as a function of
temperature such that
Pe-m(T) = f(T)[1 — ax?] (3.5)

When there is no applied field is present. Here, f,(T) is an arbitrary function that depends
on the temperature from the electron-magnon scattering while « is the constant contribute
to the fractional magnetization [91, 94]. The resulting resistivity function that depends on

only temperature is given as the Chien model [94],

s = Pumpuriey + GeeT? + by T5 4 £, 1 (1~ p12) | 6)
The resulting resistivity as a function of temperature with no applied field exhibits a
metallic characteristic from figure 3.11. the resistivity p,, of 78 uQlem and 217 uQicm are
obtained at temperature of 2K and 300K, respectively, which agree well with the resistivity
value from other literatures [90, 95]. In addition, the fitting of Chien model shown in figure
3.11 also shows a moderately good fit between the temperature of 35 K all the way to
around 270 K. Unfortunately, the measurement was only taken up to 300K while the
maximum from the resistivity is beyond that of the 300K. As a result, we can only conclude
that the Curie temperature of the Co,TiSn thin film is above 300K, which agree with a

Curie temperature of 355 K from the literature [96].
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3.4.3 Hall resistance measurement

The Hall resistance data at 5K and 100K of a 20-nm-thick Co,TiGe/MgO (001) is
shown in Figure 3.12 can be separated into high-field and low-field regions, which
correspond to ordinary Hall effect (OHE) and anomalous Hall effect (AHE) contributions.

In a ferromagnet, Hall resistivity is usually written as
pu = Ho(RyH + Ry M) (3.7)

Where Ry and R, are the ordinary Hall and anomalous Hall coefficients, while the H and
M are the magnetic field and the magnetization. y, is the vacuum permeability. The
ordinary Hall effect arises from the Lorentz force and the anomalous Hall effect originated
from the intrinsic magnetization. As we can see form figure 3.12, the Hall resistance
increases approximately linearly with the applied field at low field region before it tends
towards the saturation at high field region. At the higher field region, a weak linear increase
in py can be observed which contribute to the ordinary Hall effect [65]. By using a simple,
single charge-carrier model. The Hall resistance is found by fitting a line to the high-field
region far from any AHE contributions and extracting the slope, then normalizing by the

current I,,. Solving for bulk carrier density (n) and Hall mobility (uy) gives [65]

_ Ly . _ AVxy LL
" et(aVyy/dB)’ Hr = ( dB )waxo' (38)

Where e is the fundamental charge, t is the film thickness measured, [ and w are the length
and width of the Hall bar, and V,., is the longitudinal voltage value taken at zero field.

With the given results from Hall resistance measurement, the positive slope indicating hole
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type carrier and the carrier concentration and mobility is calculated to be 1.31 %

1022 cm™3 at 100 K and 1.19 x 1022 ¢cm ™3 at 2K, while the mobility is around 1.7 % at

2K. These values corresponding to a metallic like behavior.

100 K
2K

Pane (Lem)

Figure 3.12. Hall resistance for 20-nm-thick Co,TiGe/MgO (001) as a function of
applied field and temperature of 2 and 100K. Low-field Hall resistance is governed

by the anomalous Hall effect, while the high-field region is dominated by the
ordinary Hall effect.

3.4.4 Anomalous Hall effect analysis

Similar to that of the OHE, we can also extract the anomalous Hall resistance (R agg)
from Figure 3.12 by a zero-field extrapolation of the high field region (OHE). This finds

the overall magnitude of the Anomalous Hall effect (AHE), which is then normalized by
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the thickness of the film. The AHE can be separated into extrinsic scattering mechanisms
(which are due to crystal imperfections and temperature effects), and intrinsic mechanisms
which alter the properties of electron wavefunctions due to spin-orbit coupling [65, 97].
The intrinsic AHE is of particular interest for time-reversal symmetry breaking Weyl
materials because it arises directly from the Berry curvature, which increases dramatically

near Weyl nodes [98, 99]. The anomalous Hall effect scales with resistivity according to

Part = Rap -+t = @' pyyo + @ prxr + bPpisr (3.9)

where a’, a’’, and b are fitting constants corresponding to the strength of impurity, phonon,
and Berry related contributions, respectively [100]. The result of this analysis is shown in
Figure 3.13. Itis clear that all three scattering types contribute to the AHE in stoichiometric
CoTiSn. The parameters a’ = —0.258 , a’’ = 0.00715 and bp,,, = 0.00335 are
unitless numbers. Based on the fitting parameter, we can conclude that the contribution of
the Berry related contribution is small. Thus, we can only conclude the overall AHE is
contributed mostly by its extrinsic impurity contribution such as skew scattering and side

jump mechanism while only small contribution of Berry curvature.
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Figure 3.13. AHE analysis showing contributions from impurity (a") and phonon
(a") scattering, and Berry curvature (bpy,o) contributions for a 20-nm-thick
Co,TiGe/MgO (001)

It will be interesting to understand if any other extrinsic contributions such as skew
scattering and side jump mechanism [101, 102]. From quantum mechanics, electrons that
are scattered will trajectory in a straight line. However, in the presence of spin-orbit
interaction, it will result in deviation from the straight line, resulting in asymmetric
scattering. This deviation results in skew scattering or side jumping mechanism [102]. It is
often suggested that skew-scattering dominates in metals with dilute magnetic impurities
and side-jump dominates in ferromagnetic metals and alloys [102]. To do so, it can be
analyzed using the scaling law between the anomalous Hall effect and the resistivity by the
equation

(3.10)

n
PaHE X Pxx
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For system with n = 1 corresponding to skew scattering and n = 2 corresponding to side
jump mechanism [65]. Figure 3.14 shows the Anomalous Hall resistivity versus linear
resistivity plotted in log10 form for a 20-nm-thick Co,TiGe/MgO (001). The data fitted
well by a linear dependence with n = 1.191. This suggests that skew scattering is extrinsic

impurity scattering that is dominating in our study.
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Figure 3.14 Anomalous Hall resistivity versus linear resistivity plotted in log10
form for a 20-nm-thick Co,TiGe/MgO (001).

Even though there is no clear evidence of the chiral anomaly as a result of the
dominated contribution of Berry curvature from the intrinsic AHE, it does not necessarily
mean the Co.TiSn does not possess the Weyl semimetallic properties. In order to study
electron near the Weyl point, the Fermi level must be shifted toward the Weyl point [103].

This can be accomplished using electron doping or substituting an element with one
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additional electron onto one of the atomic sites. In order to isolate each of the Weyl points
in their own Fermi surface it will be necessary to tune the Fermi level upwards by 0.278

eV [42] to be able to draw strong conclusion regarding Co>TiSn Weyl semi metallicity.
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Chapter 4

Fermi level engineering and Angle
Resolved Photoemission Spectroscopy
of Co.TiSn using Ni-alloying

4.1 Introduction

In order to shift the Fermi level of the Co2TiSn toward the Weyl point, Fermi level

tuning is required by introducing a substitutional element with one additional/fewer
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electron onto one of the atomic sites. For the case of Co,TiSn, the Weyl point is predicted
to be about 278 meV above the Fermi level [42]. Thus, Fermi level can be shift upward by
substituting an element with one additional electron. This means alloying Ni onto the Co
site, V onto the Ti site, or As onto the Sn site. Unlike some of the other Heusler compounds
where alloying can result in tetragonal distortion, alloying Co.TiSn with Ni element will
retain the L2; crystal structure as Ni>TiSn is expected to have L2; crystal structure [104].
The relationship between composition x and the increase in Fermi level is not
straightforward and must be experimentally determined or calculated using density
functional theory (DFT). Unfortunately, there has not been a DFT calculation of how the
Fermi level shifting will be as a function of Ni composition for Co,TiSn. However, it is
likely that the composition x required to move the Fermi level will be small. For example,
DFT calculations suggest that Co2Zr1xNbxSn requires x = 0.28 to move the Fermi level

upwards by 0.6 eV [105].

Thus, by tuning the Fermi level with Ni alloying to approach the Weyl node, the
Berry curvature is expected to increase dramatically, and it may be possible to detect this
using AHE. At the same time, the longitudinal magnetoresistance can be measured as a
function of Ni-alloying, which would capture the appearance of the chiral conductance, if
it exists. This chapter will focus on the growth and transport of the Ni-alloyed Co,TiSn. A
comparison to that of the stochiometric Co.TiSn film will also be present. ARPES
measurement of the stochiometric Co.TiSn film and the Ni-alloyed Co>TiSn will be
presented to shows the electronic structure of the stochiometric Co,TiSn as well as the

Fermi level tuning of the Ni-alloyed CoTiSn.
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4.2 Growth of CoxNixTiSn using Ni-alloying

From chapter 3, it was determined that Co2TiSn thin film was a material determined
to be low in carrier mobility, no observation of negative longitudinal magnetoresistance,
and very mild Berry curvature contribution from its anomalous Hall effect. So far, none of
the signatures of the Weyl semimetallic behavior have been observed. However, it does
not mean that Co2TiSn does not possess the Weyl semimetallicity. Instead, it is expected
that the Berry phase contribution from the Weyl point to be very small because of the large
energy difference between the Weyl point and the Fermi level for the stoichiometric
Co2TiSn. For example, the theoretical analysis calculated by D.T. Son [106] shows that the

Chiral anomaly contribution of the anomalous conductivity is given by

5. = e? v (eB)?v?
ZZ  am2hcc p2

(4.1)

Where # is the Planck constant, B is the magnetic field, e is the electron charge, t is the
relaxation time, and p is the energy difference between the Weyl point and the Fermi level

position such that
H= EWeyl — Er (4.2)

This means that conductivity induced by the chiral anomaly drops off quickly as Fermi
level shifts away from the Weyl node. This is exactly the case for stoichiometric Co,TiSn
such that the energy difference u is around 0.278 eV. For this study, Ni substitution for Co

was used since it has one additional electron compared to that of the Co and was readily
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available in the MBE system that used to synthesize Co,TiSn. For CoxNixTiSn, it was
identified by our theoretical collaborator, Anderson Janotti, using DFT calculation to
indicate that a Ni composition of x = 0.2 will be sufficient to shift the Fermi level by about
0.3 eV. Thus, various compositions of Ni alloying from x = 0 to x = 0.2 was examined.
Each of the thin films were grown using the growth condition and post-growth anneal step
that were developed in the chapter 3, where 20nm Co2xNixTiSn thin films were grown at

400 °C followed by a post-growth annealing process at 600 °C for 20 minutes.

MgO (001) Co, gNig,TiSn

Figure 4.1. RHEED images showing the relevant crystallographic directions of
the MgO (001) starting surface and a typical Co1gNio2TiSn film grown at 400 °C
and annealed to 600 “C for 20 minutes.
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Figure 4.1 shows the typical RHEED pattern from the starting MgO (001) substrate at 400
°C and the Co2xNixTiSn thin film at x = 0.2 after the post-growth annealing step. Similar
to Co.TiSn thin film, the grown MgO buffer layer shows the expected (1x1) bulk
unreconstructed surface reconstruction and the c¢(2x2) Full Heusler RHEED construction
was observed at all Ni alloying composition up to x = 0.2. The % order specular streak

can be seen along the [110] and [110] direction of Co.-xNixTiSn thin film as shown in

figure 3.1.
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Figure 4.2. XRD of 20 nm Co1gNio2TiSn/MgO (001) thin film
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Figure 4.2 shows the X-ray diffraction of a 20 nm Co1.sNio2TiSn/MgO (001) thin
film. The X-ray diffraction shows the expected (002) and (004) peak for the Co1gNio2TiSn
without any additional phases. This result is consistent with all Ni alloying composition
from x = 0 all the way to x = 0.2. One thing to note is that the peak intensity ratio between
the (002) and the (004) peak is higher for the Co2.xNixTiSn than that of the Co.TiSn thin
film. The peak ratio is approximately 0.63 compared to the expected 0.43 for L2; ordering
Co2TiSn thin film. In addition, the FWHM of the (002) and (004) peaks are very sharp,
meaning high crystallinity of the Co2xNixTiSn thin film was grown. What can be
concluded from the XRD is that the Co2xNixTiSn thin film are at least some B2/L2;

ordering based on the larger peak ratio between the (002) and (004) peak.

The XRD-RSM presents similar results to that of Figure 3.9 where a high intensity
peak of (111) Bragg peak can be observed for all Ni alloyed composition. The normalized
line scan of (111) Bragg peak is show in figure 4.3, which was observed for all Ni- alloying
concentration. This suggests that the Co2.xNixTiSn thin films using the growth method from
chapter 3 have resulted in a L2; order thin films. The data from the XRD and XRD-RSM
show promising results of high L2; order Co2xNixTiSn thin films. However, one still needs
to determine the surface morphology of the thin film in order to provide a smooth surface

to obtain high resolution ARPES data.
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Figure 4.3. Normalized line scan of the Co1gNio2TiSn (111) Bragg peak for post-
growth at 650 °C annealing temperature for 20 nm Co1gNio2TiSn thin film on MgO
(001).

Figure 4.4 shows the STM image and a line scan of Co1.gNio2TiSn/MgO thin film
with a 225 nm by 225 nm scan. From the STM analysis, the surface morphology is uniform
throughout the whole thin film. From the line scan indicated from the red line in the STM
image, the surface roughness varies around 1 to 2 nm on average and is uniform throughout
the thin film. Overall, the grown thin film is relatively smooth and no observation of any

surface dislocation or impurity phases can be observed.
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Figure 4.4. (Left) STM image and (right) a line scan corresponding to the red
line on the STM image of a 20 nm Co1.sNio2TiSn/MgO (001) thin film

4.3 Transport Comparison of Stochiometric Co.TiSn
and Co2xNixTiSn

With the L2; order Co.xNixTiSn thin film, it will be our interest to see if a Ni
concentration of x = 0.2 is enough to raise the Fermi level to the Weyl point through
transport measurement. Starting with the temperature dependent resistivity in Figure 4.5,
it can be seen that both the Co2TiSn and Co2xNixTiSn show very similar curvature
throughout the measured temperature region. Similar to before, the resistivity is metallic
like. By fitting the data with the Chien model [94], the fitting shows a moderately good fit
between the temperature of 75 K all the way to around 290 K. Unfortunately, the

measurement was only taken up to 300K while the maximum from the resistivity is beyond
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that of the 300K. As a result, we can only conclude that the Curie temperature of the Coa-

xNixTiSn thin film is above 300K, similar to that of the Co,TiSn.
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Figure 4.5. Resistivity vs. temperature for (red) 20-nm-thick Co,TiSn/MgO (001)
film and (blue) 20-nm-thick Co1.Nig2TiSn /MgO (001) film.

Interestingly, the resistivity increases uniformly throughout the full temperature
region between the Co.TiSn and the CoxNixTiSn thin film by 1.5 times for Ni
concentration of x = 0.2. A few things that can attribute to this result: 1) the increase in
resistivity is due to the contribution from the Weyl point as the Fermi level shifted closer
to it, 2) it increases simply by the virtue of the Ni element having one additional electron

that contributes to the increase in the resistivity, or 3) the increase in resistivity is due to
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the alloy scattering [107]. As it was previously discussed, even if the Fermi level was tuned
to the Fermi level, the observation of the Weyl semimetallic behavior can still be obscured

by the high number of bulk bands [7].

A large difference in AHE between the stoichiometric Co2TiSn and Co2xNixTiSn
IS anticipated as the Berry phase contribution is expected to increase dramatically as the
Fermi level approaches the Weyl point. Figure 4.6 shows the resistivity p,, and Hall
resistance (left) and the anomalous Hall resistance (right) as a function of applied magnetic
field for both the Co,TiSn and Co2.xNixTiSn thin film. The resistivity p,, shows similar
behavior under the applied field between Co>TiSn and Co2.xNixTiSn where the maximum
value of resistivity is reach when there is no applied field and decreases with increasing
applied field. The resistivity is increased by around 1.5 times. The same behavior can also
be seen in the anomalous Hall resistance measurement on the right where the curvature of
the data is approximately identical, but the AHE value in high field region and the AHE
value at 1T are increased by ~1.5 times with the Ni alloying. From the ordinary Hall effect,
the slope is positive. Thus, the dominant carriers Co>xNixTiSn are holes. The hole density

is about 2.0 x 1022 /cm3® 100K and 1.7 x 10?2 /cm® at 2K while the hole carrier

2
mobility is around 2.5 % at 2K. The transport behavior is still metallic like similar to that

of the Co.TiSn thin film with very little change in mobility and carrier concentration.
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Figure 4.6. (left) Resistivity vs. applied magnetic field for (red) 20-nm-thick
Co,TiSn/MgO (001) film and (blue) 20-nm-thick CO1gNio2TiSn /MgO (001) film

at 2 K and (right) the anomalous Hall resistance as a function of applied field and
temperature for 2 and 100 K.

Unfortunately, it does not seem like there are any obvious signature of Berry
curvature contribution from the Weyl point as the increases in the AHE as well as the
resistivity is not significant. However, it does not mean the Fermi level tuning does not
work. It suggests that x = 0.2 of Ni alloying was not enough to shift the Fermi level to the
Weyl point. One of the recent theoretical calculation works by Payal Chaudhary shows that
it requires about 50% V alloyed compound in comparison to the stoichiometric Co2TiSn in

order to bring the Fermi nodes and the Fermi arcs near the Fermi level [42]. Thus, the 20%
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Ni alloying might not have been enough to shift the Fermi level close enough such that the
contribution of Berry curvature from the Fermi nodes and the Fermi arcs could be observed.
As a result, careful analysis using ARPES will be required to understand the electronic
structure of Co2TiSn and Co.xNixTiSn as well as the degree of Fermi level tuning that can

be achieved by using Ni alloying.

4.4 ARPES analysis of Co.TiSn and Ni-alloyed
Co2TiSn

Angle resolved photoemission spectroscopy (ARPES), as discussed in chapter 2, is
an experimental technique that utilizes the photoelectric effect to understand the nature of
electronic structures of solids. It has become a widely used method when it comes to
understanding topological materials due to their complex nature that sometimes cannot be
fully understood or observed through magneto transport or electrical transport. To identify
materials that possess the Wey! properties that arise from the Weyl nodes and Fermi arc
which are far away from the Fermi level, it can be extremely difficult to observe those
properties through traditional transport analysis as they often get overshadow by the
conduction in the bulk of the material. Thus, the goal here is to study the electronic structure
of the Co.TiSn and Co2.xNixTiSn using ARPES to determine if the Fermi level tuning using

the Ni works.
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The confirmation of Fermi level tuning allows the application of the Ni- alloying
for the Co2TiSn. To our knowledge, there have not been any reported ARPES studies for
the CoTiSn thin film or bulk crystals. Thus, the first step will be to measure the electronic
structure of the Co2TiSn using ARPES. The same growth process and post-growth
annealing step were utilized for the thin film samples for the ARPES measurement.
However, two major challenges arise: 1) the transferring of the thin film samples from the
Palmstrem Lab to the beamline at either the Advanced Light Source at Lawrence Berkeley
National Lab or SLAC National Accelerator Laboratory at Stanford University without
exposing them to the atmosphere and 2) MgO is an insulator and normally would be
unusable as a substrate for photoemission measurement due to charging effect.
Unfortunately, typical methods of capping samples with materials such as Sb or As and
decapping at the beamline was found previously by former colleagues that the capping
material would either reacted with the surface of the samples. As a result, a vacuum suitcase
was developed. The vacuum suitcase is a small UHV transfer arm with a sample storage
cassette attached to its end. A getter ion pump and ¢ double gate valves were used to retain
a UHV pressure in the 10~ torr range during transportation to the beamlines. It worked
extremely well as the suitcase can be attached and detached between vacuum chamber
without exposing the samples to the atmosphere. In addition, the getter ion pump can be
run by UPS battery backup to keep the pump running during transportation. This has
brought new insights into bringing pristine thin film samples to beamline. For the MgO
substrate, it was previously determined that by having excess In bonding between the MgO

substrate and the Omicron sample plate, the In bonding will prevent charging at the surface.
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However, it was later verified at the beamline under Ultraviolet photoelectron spectroscopy
that In from the bonding tend to rise to the surface of the thin film. This can potentially
modify the surface morphology and composition as well as destroyed the Weyl
semimetallic properties. As a result, a custom sample plate was used to attach the MgO
substrate using large clips. The large clips can be moved within the ARPES measuring
chamber using a wobblestick to electrically short the grown thin film surface to the sample

plate, allowing charge-free measurements in ARPES.
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Figure 4.7. APRES energy dispersion slices collected at hv = 62 eV for Co,TiSn
along the (left pair) M — ' — M and (right pair) X — T’ — X directions.
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Figure 4.7 shows the measured ARPES energy dispersion slices collected at hv = 62 eV
for Co,TiSn along the (left pair)y M — T — M and (right pair) X — T — X directions. The
resulting ARPES dispersion slice is very desirable as the resolution of the bands and
features are comparable to even some of the well-established Weyl semimetal binary
compounds such as TaAs [77]. This is one of the few high resolutions of ARPES data
among all of the literature related to the study of Heusler compound and the first for the
Co.TiSn thin film. The next step is to compare the ARPES data to the theoretical

calculations to see if the features are genuine.

Figure 4.8 shows the APRES energy dispersion slice and the second derivate
analysis collected at hv = 62 eV for Co,TiSn along the M — I’ — M direction with various
dotted color lines as guide. In order to compare to the theoretical calculations, Figure 1.7
from chapter 1 will be used for comparison. By examining the band structure from Figure
1.7 along the X — T direction and mirrored along the I" point, the band structure along the
X —I' — X momentum direction from Figure 1.7 is equivalent to that of the APRES slice
of M — I’ — M direction in Figure 4.8. Several features from the ARPES data reflected well
with the theoretical calculations. For example, the two parabolic like bands highlighted by
the red and orange dotted line at the T’ point matches with the bands at the T point in Figure
1.7. These two bands are the minority spin band that is below the Fermi level. In addition,
another parabolic like band highlighted by the white dotted line emerge from the I' point
with the minimum energy position of -1.5 eV can also be seen in the theoretical calculated

band structure, which is a majority spin band of Co,TiSn.
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Figure 4.8. (Left) APRES energy dispersion slice collected at hv = 62 eV for
Co,TiSn along the M — T — M and (right) the second derivative analysis. The red
dotted lines are only serving as a guide to the features presented in the second
derivative.

Similarly, the feature from the X — I’ — X direction of ARPES dispersion slice shown in
Figure 4.9 also matches relatively well by overlaying the experimental and theoretical
predicted band structure in Figure 1.7. For example, a band with a relatively linearly
dispersion, which corresponding to the spin minority band, highlighted by the red dotted

line can be observed along the T' — X direction in the valance band. However, the 2-band

87



crossing at the Fermi level corresponding to the spin majority band in the T’ — X direction

from the theoretical calculation was not observed.
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Figure 4.9. (Left) APRES energy dispersion slice collected at hv = 62 eV for
Co,TiSn along the X — T' — X and (right) the second derivative analysis. The red
dotted lines are only serving as a guide to the features presented in the second
derivative.

Besides the relatively linear band highlighted by the red dotted line, the parabolic band that
is highlighted by the white dotted line with the minimum energy position of around -1.4
eV can also be observed. This band, which corresponding to the spin majority band,
matching well with the theoretical calculation in Figure 1.7. Unfortunately, the additional

band features below the linearly dispersed band are very difficult to interpret because of
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the blurriness of the spectral intensity. Regardless, we can still confidently conclude that

these APRES dispersion slices are precisely the electronic structure of the Co2TiSn.

Lastly, several ARPES dispersion slices along the M — T — M direction were
examined with various 8 angles that sweep through the Fermi surface. The goal was to see
if any interesting features can be observed as the measurement sweep through the Wy,
Weyl point shown in the Fermi map on the top right of Figure 4.10. Interestingly, a

parabolic-like band emerged as we moved toward the W,; Weyl point.
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Figure 4.10. (Left) APRES energy dispersion slice collected at hv = 62 eV for
Co,TiSn along the across the Wiy, Weyl point. The red dotted lines are only
serving as a guide to the features presented in the second derivative. Fermi map on
the bottom right is reprinted from [7] under a Creative Commons Attribution 4.0
International License.
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The feature is very subtle as slight change in the 6 angles. Of course, this ARPES
dispersion slice shown in Figure 4.10 has to be interpreted with care since there is no clear
comparison from the theoretical calculation as the dispersion slice is not from a major
symmetric direction. However, it is still interesting to see that the band that emerges as we
move closer to the W,; Weyl point has a minimum energy position of about 0.28 eV,
which matches very closely with the expected W,; Weyl point from theory, which is
expected to be 0.278 eV below the Fermi level. Though, this can only be considered as a

speculation rather than a definite proof of the Weyl point.

45 Fermi level Tuning Analysis of Ni-alloyed
Co2TiISn

With the relative high resolution of spectral density from the ARPES measurement,
it is possible to determine the quantity of Fermi level tuning from the Ni substitution with
greater certainty. Figure 4.11 shows the ARPES dispersion slices of several different Ni
composition of x =0, 0.1, 0.13, and 0.16 of Co.xNixTiSn thin film along the X — T — X
direction. The ARPES slices are align with respective to the Fermi level at E = 0, which
is highlighted by the white dotted line. The red dotted line that shows the fitting to the band
with a relatively linearly dispersion along the T point and the orange dotted line that show

the energy position to the maximum of the band at ' point. As we can see from the ARPES
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slices, a downward shifting of the orange line can be observed as we increase the Ni

composition.
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Figure 4.11. Energy-momentum spectral map taken at 16 K along the X — ' — X
direction close to the bulk T' point of Co..xNixTiSn at several different Ni
composition of x = 0, 0.1, 0.13, and 0.16 of Co2xNixTiSn thin film. The white
dotted line is the Fermi level at 0 eV. A band with a relatively linearly dispersion
can be observed along the T' — X direction, which is highlighted by the red dotted
line that show the fitting to the band with a relatively linearly dispersion along the
T point and the orange dotted line that show the energy position to the maximum
of the band at T point compared to figure 1.7 along the T’ — X direction.

From the shifting of the orange dotted line, we were able to successfully demonstrate an
upward shift in Fermi level by 161 meV. However, this is not enough to shift the Fermi
level toward the Weyl point as the energy difference between the Weyl point and Fermi
level was expected to be 0.278 eV. Thus, in order for us to realize the Weyl semimetallicity

of Co.TiSn, we will need to increase the Ni alloying above 20% in order to shift the Fermi
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level toward the Weyl point and determine if any Fermi arc and Weyl points can be
observed using ARPES. However, this study demonstrates that we have successfully

shifted the Fermi level by 0.161 eV.
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Chapter 5

Growth, characterization, and Fermi
level tuning of half Heusler PtMnSb
and Pt(MnixLuy)Sb

5.1 Introduction

In 1995, the very first “half metal” materials, which are NiMnSb and PtMnSh, were

predicted by S. J. Youn [108]. These new materials are very exciting because by
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considering spin orbit coupling, they have majority spin bands that are metallic while the
minority spin bands are semiconducting [108]. Although there have been several studies
of NiMnSb [109-111], there has been very little experimental works done on the PtMnShb
[49-50, 112]. On the other hand, PtLuSb, a half Heusler compound that is similar to the
PtMnSh, was experimentally observed to be a Heusler compound that possess a
topologically non-trivial surface state [5]. This is exciting because the arise of the
topological surface state in the PtLuSb is the band inversion of the I’y and I'; band along
the I momentum direction at the zero-band crossing point shown in the right figure of

figure 5.1.

PtLuSb

(a) “_

Energy (eV)

Energy (eV)

Uw L r XU L

Figure 5.1. (left) First principles calculated bulk electronic band structure of
PtMnSb. (right) First principles calculated bulk electronic band structure of
PtLuSh. Image reprinted from [108] with permission and [5] under a Creative
Commons Attribution 4.0 International License
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PtMnSb shows very similar band structure as to that of the PtLuSh, which is shown
on the left of figure 5.1. But what could happen if we introduced Lu element onto the Mn
site of PtMnSb to Fermi level tune the Fermi level as well as the band gap of PtMnSh?
This is essentially the question we would like to answer in this last part of the study of this
dissertation to understand how Fermi level tuning using Lu substitution affect the band
structure of the PtMnSh. what we are interested in is to determine if there will be any
possible Weyl phase results from the band crossing along the I" direction within the band
gap because of the band closing by Mn-Lu alloying. Thus, in this study, we need to
establish a method to stabilize the growth of PtMnSb and Pt(Mn1xLux)Sb thin film using
Molecular Beam Epitaxy, examine its transport properties to see if any Weyl transport can
be observed with Lu alloying, and study the Fermi level shifting and change in band
structure using ARPES to understand the Lu alloying effect and determine if any Weyl

phases can be observed.

5.2 Growth of PtMnSb and Lu alloyed Pt(Mni-xLux)Sb

In terms of thin film growth, growth of PtMnSb has been previously done by growth
of co-sputtering of PtMnSb (001) thin film on Cr (001)/MgO (001) and MgO (001) [49]
and PtMnSb (111) thin film on Al>O3 (0001) [50] by other studies in the past. However,
growth of PtMnSb on the oxide substrate has resulting in low crystallinity thin film because
of the relatively large lattice mismatch (+4% and 7% on MgO (001) and Cr/MgO (001)

respectively) and high degree of mosaicisity and crystal twinning from the oxide substrates.
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This study, we utilize molecular beam epitaxy to growth single-crystal PtMnSb (001) and
Pt(MnxLu1x)Sh thin films on an MBE-grown LuSh barrier layer on a GaSb (001) substrate.
LuSb was chosen as the substrate because of several reasons. LuSh has a relatively small
lattice mismatch (2.6% lattice mismatch with PtMnSb) and similar crystal structure to that
of the PtMnSb. LuShb substrate also has a much higher crystalline quality compared to the
oxide substrate that has been shown in the other studies [49, 50]. In addition, LuSb has
been found to be a great diffusion barrier that prevent interfacial reaction between the
PtMnSb and GaSbh. Thus, all these reasons make LuSb an excellent template for
heteroepitaxial growth. The substrate structure consisted of MBE-grown LuSh(6nm)/ Be
doped GaShb (500 nm) on a Zn doped GaSb (001) substrate. The thin film growth was
accomplished by codepositing high purity elemental Mn, Sb, and Lu from effusion cells
and Pt from an electron beam evaporator in an ultra-high vacuum MBE growth chamber.
The Pt flux was controlled by controlling the e-beam filament emission current for a set
flux measured using an in-situ Quartz crystal microbalance that had been calibrated by
measuring the atomic areal densities by RBS of films grown on Si substrates. Similarly,
the Mn, Sb, and Lu effusion cells atomic fluxes versus effusion cell temperature were
calibrated by measuring film atomic areal densities grown on Si substrates with RBS.
Figure 5.2 shows the typical growth procedure for the PtMnSb thin film on a LuSb buffer
layer. The LuSh barrier layer was grown on a 500 nm Be doped GaSb (001) buffer layer
using the growth method developed by Shouvik Chatterjee et al., which the detail of the

LuSb growth method can be found in [113].
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Figure 5.2. typical growth steps of PtMnSb thin film on LuSb barrier. GaSb buffer
were first grown in the VG V80H I1I-V MBE system (as shown in figure 2.1) and
transfer to the MOD Gen-Il EMOF MBE for Heusler alloys for the LuSb barrier
layer. The second sample transfer step is only necessary if the grown LuSb barrier
was planned for a later experiment, where the LuSb barrier will be transferred and
stored in the Gen-Il preparation chamber.

Figure 5.3 shows the crystal structure and epitaxial relationship for PtMnSb (001)
/I LuSb (001) // GaSb (001) as well as the growth structure of the PtMnSb thin film on
LuSb buffers layers. The 6 nm thick LuSb buffer were first preheated to 225 °C to prepare
for a low temperature seeding layer growth. The purpose of this lower temperature seeding
growth is to facilitate the nucleation of the PtMnSb on top of the LuSb buffer layer. This
is accomplished by using a shutter growth where the initial growth is switching between 1
monolayer of Pt and 1 monolayer of Mn/Sb by close and opening the shutter of each
effusion cell (Pt layer -» Mn/Sb layer — Pt layer - Mn/Sb layer — repeat). A total of 8

monolayers of Pt and 8 monolayers of Mn/Sh were deposited for the seeding growth. After
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the seeding growth, the growth temperature is increased to 300 °C for co-deposition for the
rest of the PtMnSb layer. PtMnSb sample with thickness of 5 nm, 13nm, and 33 nm were
grown in this study. After PtMnSb thin films were deposited, the manipulator temperature
is increase to 350 °C for a 10-minute post-growth annealing step under Sbs overpressure

to prevent re-evaporation of Sb from the PtMnSb thin film.

— co-deposition

MnSb

Pt
VinSh Shutter growth

Pt
LuSb/GaSb

Figure 5.3. (left) crystal structure and epitaxial relationship for PtMnSb (001) //
LuSb (001) // GaSb (001). (right) the growth structure of the PtMnSb thin film on
LuSh buffer. The surface unit cell indicated by the dotted line with axes along the
bulk <100> and <010> axes is shown

Figure 5.4 shows the typical RHEED patterns of the LuSb buffer and the grown
PtMnSb thin film. The expected (1x1) surface reconstruction can be seen from the

stoichiometric rock-salt LuSh atomic layers as shown in the [110] and [110] direction. On
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the other hand, PtMnSb shows the 2 by reconstruction in the [110] direction, showing a
c(2x2) pattern similar to those of PtLuSb [5]. The resulting RHEED patterns shows streaky
RHEED pattern, indicating smooth surface. The use of 10-minute post-growth annealing
step under Sbh4 overpressure slightly improve the streakiness of the specular spot with no
change in RHEED reconstruction. However, the post-growth annealing step improves the

surface roughness as observed by in-situ STM measurements.

6 nm LuSb 13 nm PtMnSb

[-20&_10] [10] [20]

x'x

e-beam

Figure 5.4. RHEED pattern of the 6 nm LuSb buffer layer and 13 nm PtMnSb thin
film in the [110] and [110] direction along the GaSb (001) substrate (right) shows
the relationship between the RHEED beam along the [110] direction of PtMnSh
from a top-down view.

Left of figure 5.5 shows the in-situ STM images of PtMnSb thin film before and

after the post-growth annealing process. As we can see from the in-situ STM images, the
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PtMnSb thin film without any post-growth annealing process form large terraces with large
steps between each terrace. The root mean square of the surface roughness is calculated to
be around 1.1 nm. On the other hand, PtMnSb thin film after 10-minute post-growth
annealing step under Shs overpressure has much smoother surface with a root mean square
of the surface roughness of 0.3 nm. Thus, the usage of the post-growth annealing step help
improves the smoothness of the PtMnSb thin film. In addition, right figure of 5.5 shows
the transmission electron microscopy (TEM) measurement of the PtMnSb thin film after
the post-growth annealing step. The HAADF-STEM image shows very abrupt and smooth
interface between the PtMnSb/LuSb and LuSh/GasSb layer as indicated by the black dotted
line. In addition, the structure of each layer along the [001] direction matches well with the
crystal model shown in the inset on the right, indicating great chemical ordering of the

PtMnSb sample that has been grown using the grown condition above.

PtMnSb layer :. U
RMS: 1.1 nm ]

Figure 5.5. (left) in-situ STM measurement of the PtMnShb before and after the
post-growth annealing step at 350 °C. (right) HAADF-STEM image of a 13nm
PtMnSb thin film with post-growth annealing step at 350 °C. STM image courtesy
of Jason Dong and HAADF-STEM image courtesy of Aranya Goswami.
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Besides the STM measurement and the RHEED image, XRD and the XRD-RSM
of the PtMnSb thin film were also measured. Figure 5.6 shows the out-of-plane 8-26 XRD
scan of a 13 nm PtMnSb thin film grown on LuShb buffer layer. Here the substrate peak is
marked by asterisks indicating the GaSb (002) and GaSb (004) peaks. The broad peak at
the GaSb (002) is the LuSb (002) since the PtMnSb (002) is a weak diffraction peak while
the LuSb (002) peak is strong. The PtMnSb (002) peak is likely buried underneath the
broad LuSb (002). The lattice constant of the PtMnSb thin film is calculated to be 6.22 A,
which is closely matched with other reported literature work [49, 50]. Besides the expected
Bragg peak from the LuSh and PtMnSb peaks, no observation of the additional phases was

seen in the XRD measurement and the sample that was grown is single phase.

Figure 5.7 shows the XRD-RSM of the 5, 13, and 33 nm PtMnSb thin film. From
the XRD-RSM of (115) Bragg peak we can see that for the thinner PtMnSb (5 and 13 nm),
the growth of the PtMnSb is pseudomorphic growth as we can see from the in-plane lattice
constant of PtMnSb is matched to that of the GaSb (115) Bragg peak. And it can be seen
clearly that the PtMnSb starts to relax as we increase thickness looking at the shifting of
the red triangle (which indicate the (115) PtMnSb peak) in the in-plane direction. In
addition, the broadening of the peak also indicates the crystallinity of the film becomes

worsen as the thickness of the PtMnSb thin film increases.
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Figure 5.6. out-of-plane 8-26 XRD scan of a 13 nm PtMnSb thin film grown on
LuSb buffer layer. Substrate peaks are marked by asterisks.
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Figure 5.7. XRD-RSM of (left) 5 nm, (middle) 13 nm, and (right) 33 nm thick
PtMnSb thin film on LuSb buffer. The red triangle indicates the (115) PtMnSh

Bragg peak.
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It is believed that this is the first successfully PtMnSb growth using Molecular
Beam Epitaxy. The XRD, RHEED, STM, as well as the TEM have provided evidence of a
high quality PtMnSb thin film. In order to explore the potential Weyl phases in this material
system, we also need to establish the growth of Pt(Mn1.xLux)Sb and ensure that the Pt(Mn-
xLUx)Sb phase is stable with the same growth condition. The same growth steps for the
PtMnSb thin film was used for the Pt(Mn1xLux)Sb thin film at various Lu concentration

fromx=0to0.7.
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Figure 5.8. out-of-plane 8-26 XRD scan of various Lu concentration from x =0
to x = 0.7 of 13 nm Pt(Mn1xLux)Sb thin film grown on LuSb buffer layer. GaSb
(004) Substrate peak is marked by asterisks.

Figure 5.8 shows the out-of-plane 68-260 XRD scan of a 13 nm Pt(Mn1xLux)Sb thin film

grown on LuSb buffer layer with various Lu concentration of x = 0, 0.3, 0.5, and 0.7.
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Similar to the PtMnSb growth, no additional phases were observed from the XRD.
However, a shift of Pt(MnixLux)Sb (004) Bragg peak can be observed toward the lower
angle as we increase Lu concentration. The lattice constants of each different Lu
concentration are 6.22, 6.29, 6.38, 6.41 A for x = 0, 0.3, 0.5, and 0.7 respectively, which
agreed closely with Vegard’s law [101]. This is expected as PtLuSh thin film is expected

to have a lattice constant of around 6.46 A [5].
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Figure 5.9. XRD-RSM of 13 nm thick Pt(MnixLux)Sb thin film at various Lu
concentration of x =0, 0.3, 0.5, and 0.7 on LuShb buffer. The red triangle indicates
the (115) PtMnSb Bragg peak.
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The XRD-RSM of the various Lu concentrations of the 13 nm Pt(Mn1.xLux)Sb thin
film were also measured. As expected, all the films apparent to be relaxed in the in-plane
direction. On the other hand, the out-of-plane direction is shifting towards the larger lattice
constant position as Lu concentration increases, which was exactly what we would expect
from figure 5.9. Now, the growth of the PtMnSb and Pt(Mn1.xLux)Sb has been established.
The next goal will be examined its transport properties to see if any signature of Weyl

phases can be observed with various Lu concentration.

5.3 Transport of PtMnSb and Lu alloyed Pt(Mn.
xLUx)Sb

5.3.1 Transport analysis of PtMnSh

Before examining the transport of the Lu alloyed PtMnSb thin film, it will be
interesting to examine some of the transport properties of the PtMnSb itself. Figure 5.10
shows the temperature dependent resistivity for 5nm, 13nm, and 33nm thick PtMnSb thin
film on LuShb buffer. From the temperature dependent resistivity, we can see an over trend
such that the resistivity in the low temperature region increases with increasing temperature
up to a maximum around 100 K and decreases after reaching the maximum toward the high
temperature region. The resistivity eventually flattens out at the high temperature region.

This is true for all thickness of PtMnSb measured. GaSb carriers freezing out occurs for
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temperatures below 100K. This mean that there is minimum conduction contribution from
GaSb substrate at the low temperature region. Thus, the resistivity contribution in the low
temperature region is coming mostly from LuShb buffers and PtMnSb conduction. The high
temperature region (where the resistance flattens out) is contributed from a mix of LuSb
buffer, GaSb substrate, and the PtMnSb conduction. In addition, by removing the

contribution of the GaSb conduction, the behavior of the resistivity is metallic like.
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Figure 5.10. Resistivity measurement of PtMnSb thin film as a function of
temperature for 5 nm, 13 nm, and 33 nm thick film.

Figure 5.11 shows the Hall resistivity as a function of applied magnetic field at 2K.

LuSb buffer grown on GaSb (001) substrate has shown to be an electron type carrier

conduction [113]. Based on the shape of the hall measurement, it can be seen that a R,
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bending originating from the two-carrier transport (PtMnSb and LuSb parallel conduction)
at the low field region can be observed. As we can see from the 33 nm thick PtMnSb film,
the slope of the resistivity is positive, indicating hole type transport. This indicating that
the conduction contribution is mainly dominated from PtMnSb, which has a hole type
carrier. Similarly, the 13 nm thick PtMnSb film also shows positive slope. However, for
the 5 nm PtMnSb thin film, there is a change in the sign of the slope compared to the 13
and 33 nm thick film where the hall resistivity become negative. This is the evidence of
where the parallel conduction of the electron carrier type contribution from the LuSb buffer
dominated over the hole type PtMnSb conduction. This means that the areal carrier density
decreases as the thickness of the film decreases and the contribution of parallel conduction
from the LuSb buffer is become more evidential for thinner samples, which is what we
would be expecting. As a result, in order to study transport of PtMnSb thin film while using
the LuShb buffer, we have to resort to utilize thicker film to prevent the contribution of the
parallel conduction from LuShb buffer layer shorting out the PtMnSb layer.

Since this is a two-carrier transport system, one will have to measure the hall resistance
measurement of the LuSb buffer layer/GaSb (001) only thin film and obtained the
information of electron density and mobility of LuSb. Once the electron density and

mobility of LuSb film is determined, one will fit the high field region of the PtMnSb R,,,

data using the two-carrier ordinary hall effect transport term [114]

2 2 2
R.. = ping +pzny+(pipz B)?(ny+n;y) 51
YX  e[(u1lngl+pzInz)2+(nyp2 B)2(ng+n3)2] ( )
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Figure 5.11. hall resistance measurement of PtMnSb thin film as a function of
applied magnetic field for 5 nm, 13 nm, and 33 nm thick film at 2K.

Where u and n corresponding to the mobility and carrier density of LuSb and PtMnSh.
Then substrate the term to obtain the R,yz. Figure 5.12 shows both the anomalous hall
effect (red curve) as well as the magnetization (blue curve) measurement as a function of
applied magnetic field at 2K for hall measurement and 5K for magnetization. From the
magnetization measurement, we can see that the saturation magnetization decreases with
increases thickness of the thin film for PtMnSh. The saturation magnetizations at 5K are
4.27 pug, 3.97 ug, and 3.21 ug for 5 nm, 13 nm, and 33 nm thick PtMnSb thin film
respectively. The calculated magnetic moment for the PtMnSb is expected to be around
3.94 g from theoretical literature [112], which matched closely with the experimental

extracted data from this study.
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Figure 5.12. anomalous hall effect (black/red curve) and magnetization (blue
curve) of PtMnSb thin film as a function of applied magnetic field for 5 nm, 13
nm, and 33 nm thick film at 2K for hall measurement (black/red curve) and 5K for
magnetization (blue curve).

For the anomalous Hall effects show in red line in figure 5.12, the value anomalous Hall
resistance is very small. The anomalous Hall resistance increases with increasing applied
field and flattens out at the high field region. In addition, the anomalous Hall resistance
decreases with increasing thickness. Since the slope is positive, the transport of the PtMnShb
is that of hole type, which agrees with the Hall resistance measurement. The hole density
is calculated to be about 4.41x10%2 cm=. One thing to note from the anomalous Hall
measurement is that for the 33 nm PtMnSb thin film, a deviation in the anomalous Hall
resistance measurement in the low field region between the forward (black line) and the
backward (red line) magnetic field sweep can be observed. This deviation is contributed
from the formation of either an impurity phase or crystallite of different orientation within

the bulk crystal that otherwise was not observed under XRD. These features were observed
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for the 33 nm thick PtMnSb film under TEM measurement but not for the 13 nm or 5 nm

PtMnSb film as shown in figure 5.13. Thus, 13 nm thickness is used for the Lu alloyed

study of Pt(Mn1xLux)Sb films.

Defocus |Iscreen | Spot | Coll. Angle Beam conv. | CL
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Figure 5.13. TEM image of a 33nm PtMnSb thin film with post-growth annealing
step at 350 °C. Observation of the either an impurity phase or crystallite of different
orientation within the bulk crystal can be seen throughout the PtMnSb layer. TEM
image courtesy of Aranya Goswami.

5.3.2 Lu alloyed effect on Transport of Pt(MnixLux)Sb

Substituting the Lu onto the Mn site for the Pt(Mn1xLux)Sb is expected to affect
the magnetic properties of the Pt(Mny.xLux)Sb film because the magnetic moment of the

PtMnSb is heavily dominated by Mn since Pt and Sh do not have magnetic moments. Thus,
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it is expected that the Pt(Mn1xLux)Sb thin films will have decreased magnetic moments
and magnetization with higher Lu substitution concentration. Figure 5.14 shows the
magnetization as a function of applied magnetic field parallel to the [110] direction at 5K
at various Lu concentrations for 13 nm Pt(MnixLux)Sb thin film. As expected, the
saturation magnetization decreased with increasing Lu concentration for the Pt(Mni-

xLUx)Sb.
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Figure 5.14. magnetization of 13 nm Pt(Mn.xLux)Sb/LuSb/GaSb (001) as a
function of applied magnetic field along the [110] direction for Lu concentration
of x=0, 0.3, 0.5, and 0.7 at 5K

Even though the Lu substitution Pt(Mn1.xLux)Sh is expected to result in changes in
electronic structure, the decrease in the carrier concentration as a function of increasing Lu

substitution extracted from the Hall resistivity measurement as shown in figure 5.15 with
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different Lu concentrations in Pt(Mni1xLux)Sb is not obvious. From the valence electron
count of the half Heusler compounds, PtMnSh has 22 valence electrons while for PtLuSh
is 18. We would expect PtMnSb to have more electrons than that of the PtLuSb based on
the valance electron counting. Based on the carrier concentration calculated from the Hall
measurement show in figure 5.15, the conduction type is hole type. This means that the
Fermi level is below the band gap. What we would have expected is that by alloying Lu
into the PtMnSb, a decrease in the Fermi level would be expected since alloying Lu would
mean hole doping of the PtMnSb since Lu has less valence electron than Mn. This mean
the hole density will increase with increasing Lu concentration in Pt(Mni.xLux)Sbh. By
using the two-carrier model from equation 5.1, the carrier mobility and density can be
determined. However, from figure 5.15, the hole density is decreasing with increasing Lu
concentration in Pt(Mn1xLux)Sh. The effect on the carrier density is opposite of what we
would have expected. This opposite effect is likely because of the effects of 1) change in
the band structure where the gap between I'y, and I’ band is expected to close as observed
in the PtLuSh study [108] and 2) Fermi level shift because of Lu alloying. From the shift
of the hole density, we would expect the Fermi level to shift upward toward the gap closing

direction of the y, and yg band while having the gap closing between the y, and y5 band.
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Figure 5.15. (left) Hall resistance measurement of 13 nm Pt(Mni.xLux)Sb thin film
as a function of applied magnetic field at various x composition at 2K and the (right)
hole carrier density extracted from Hall resistance measurement as a function of
Lu concentration X in Pt(MnixLuy)Sb at 2K

More interestingly, figure 5.16 shows the anomalous Hall effect measured at
various Lu concentration for the 13 nm Pt(Mn1.xLux)Sb thin film as a function of applied
magnetic field at 2K and the anomalous Hall resistance as a function of Lu concentration
in Pt(Mny.xLux)Sbh. For Lu concentration of x = 0 and x = 0.3 (the black and the blue curves),
both following the behavior that was previously seen for the PtMnSb thin film where the
slope of the anomalous hall resistivity is positive. These curves also following the
magnetization curve in figure 5.12, where the magnetic moment align to the applied field
direction should results in a positive value at the positive field, which is expected. However,
for concentration of x = 0.5 and x = 0.7, the curve is inverted while the slope becomes
negative. In addition, the magnitude of the anomalous hall resistivity increases by more
than 40 times for the x = 0.5 and more than 100 times for the x = 0.7 compared to the

stochiometric PtMnShb thin film.
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Figure 5.16. (left) anomalous hall resistance of Pt(Mni.xLuy)Sb thin film as a
function of applied magnetic field along the [110] direction for Lu concentration
of x =0, 0.3, 0.5, and 0.7 at 2K and (right) the anomalous hall resistance as a
function of Lu concentration x in Pt(Mn1.xLux)Sh

This sign change of the anomalous Hall resistivity around the Fermi level with
increasing Lu concentration means that some bands that contributing to the positive
anomalous Hall resistivity is lost while a negative contribution from some other bands is
developing. This evidence along with the decrease in the hole density means that there is
large change in the band structure at the Fermi level with increasing Lu concentration.
What might potentially happen, is that the sign change is because of Weyl point is crossing
the Fermi level. To further stress on the topic, figure 5.17 shows the Hall angle plot of
anomalous Hall resistivity as a function of resistivity. For a material that possess Weyl

semimetallic properties, a large hall angle away from the psug/pxx = 0.1 slope is

observed [115, 116].
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This has been observed for other Weyl semimetal materials such as Co.MnAll,
GdPtBi, and NdPtBi [115, 116]. It means that there is a large Berry phase contribution
from the Weyl point to the anomalous Hall effect. However, this observation is also Fermi
level dependent since the contribution of the anomalous Hall effect from the Berry phase
of the Weyl point decreases drastically as the Fermi level moving away from the Weyl
point. But based on what we can see from figure 6.17, there is an increase in Hall angle as
we increase the Lu concentration of Pt(MnixLux)Sh, which potentially showing the
contribution of the Berry phase from the Weyl point. However, the exact effect of Lu
alloying cannot be determined from the transport measurement alone. Instead, ARPES
measurement of Pt(Mny.xLux)Sb thin film with various Lu concentrations will be need

carefully examined to make conclusive results.
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Figure 5.17. hall angle as a function of pyg Verses pgx for 13 nm Pt(MniLux)Sb
at various Lu concentrations.
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5.4 Initial study of ARPES analysis on PtMnSb thin

film

The ARPES analysis of the 5 nm PtMnSb thin film on 6 nm LuSb buffer was
examined. Figure 5.18 shows the ARPES slice of the PtMnSb along the X —T — X
direction. The APRES measurement of the X — T — X slice is demonstrated on the left
figure of 6.16 where the red line is the X — I’ — X slice on the projected first Brillion zone,
which corresponds to the K — I' — K in momentum space. This is cutting through the bulk
I" point, which is measured at a photon energy of 55 eV. Figure 5.18 shows the Fermi level

cutting through the two spin down (red dotted line) band right at the Fermi level at T" point.
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Figure 5.18. (left) Schematics of the bulk Brillouin zone projected to the (001)
surface Brillouin zone, showing the projected measured kz plane (black square) at
the I' point and E-k spectra directions (red/Green line). (right) ARPES energy
dispersion slices for PtMnSb collected at hv = 55 eV along the X — T’ — X direction
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The estimated experimentally realized Fermi level is indicated by the green dotted line in
figure 5.19 where it is about 0.5 eV below the theoretically calculated Fermi level. By
examining figure 5.18, we can see the crossing of the Ig, I';, and I}, band at the Fermi level
as indicated on the figure, which matched relatively well with the theoretical calculated

band structure.

Theo. expected
Fermi level

\ Exp. realized

Fermi level

Figure 5.19 First principles calculated bulk electronic band structure of PtMnShb
where the black line at E = 0 eV is the theoretically expected fermi level and the
green dotted line is the experimentally realized Fermi level. Image reprinted from
[108] with permission

Unfortunately, the ARPES measurement of the Pt(MnixLux)Sb has not been
performed. Thus, at the moment, we cannot draw direct conclusion as to 1) how the band
gap between the I'; and I are closing, 2) how does the Fermi level shifting with respected
to the band gap closing as well as its position with respect to the Weyl point (if any existed),

3) whether or not there is band cross/band inversion that induced Weyl phases with Lu
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alloying. But what we can conclude is that we are the first group to stabilize the growth of
PtMnSb and the Lu alloyed Pt(Mn1xLux)Sh with LuSb buffer to form high quality thin film
as well as examining the basic characterization of the materials. From transport, by Lu
alloying, the band structure is change and the Fermi level is shifting upward toward the
band closing direction. These effects results in the change in anomalous hall effect as well
as increasing it magnitude but more than 100-fold at high Lu concentrations. In addition,
we are also the first group to about to observe the band structure of PtMnSb using ARPES

measurement.
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Chapter 6

Summary and Future Work

6.1 Summary

In this dissertation, the study of half-metallic full-Heusler compound Co.TiSn has
been performed. Method of growth condition optimization, post-growth annealing process,
and Fermi level tuning has been shown in this study. In chapter 3, a systematic study to
determine the growth of Co2TiSn were performed. The growth condition of 450 °C with

20 nm thickness was determined. However, under XRD-RSM, it was determined to be
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heavily B2 ordering without any additional process. In order to obtain highly ordered L2;
ordering of the Co.TiSn full-Heusler, the process of post-growth annealing step was taken.
The post-growth annealing study shows the Co2TiSn thin film with the expected c(2x2)
surface reconstruction during growth. Under XRD, the expected (002) and (004) Bragg
peak can be observed without additional phases. By using XRD-RSM, the observation of
the (111) Bragg peak can be observed as annealing temperature increase up to 600 “C. For
Co2TiSn thin film, the result from magnetization measurements shows that the low
temperature saturated magnetization at T = 5K of Mg = 1.43 pug and Curie Temperature
above 300K can be observed. From the ordinary Hall effect, the measured carrier density
of ~10%2 cm™3 is relatively high, while the carrier mobility of ~2 cm?/Vs is relatively
low, indicating that charge transport in Co.TiSn is that of metallic, rather than semimetallic
as in TaAs or other Weyl semimetals. The extrapolated Berry curvature also only has
modest contribution to the intrinsic Anomalous Hall effect. It was concluded that the
deviation between the theory and experiment is due to an energy separation of 0.278 eV
between the Fermi level and the relevant Weyl point W}, , expected for Co,TiSn. Thus, the
studies utilizing alloying element to shift the Fermi level toward the Weyl point while
utilizing the high temperature post-growth annealing process from this chapter to realize
the L2; ordering used in Chapter 4.

In Chapter 4, the method of fermi level tunning is used in order to shift the Fermi
level toward the Weyl point for Co.TiSn thin film. This is done by substituting Ni onto the
Co cite. The details of growth have been shown in the chapter. It was shown that the

expected c(2x2) Full Heusler surface reconstruction was observed at all Ni doping
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composition for Co2.xNixTiSn. Under XRD, the expected (002) and (004) peak can be
observed without any additional phases. The XRD-RSM present similar results to the result
from chapter 4 where a high intensity peak of (111) Bragg peak can be observed for all Ni
doped composition. The examination of the surface morphology using STM also has
relative smooth surface with no observation of any surface dislocation. Lastly, the
resistivity as well as magnetotransport of Co2TiSn and Co2-xNixTiSn were compared. The
results showed that both resistivity and Hall resistance increased with Ni alloying. However,
no obvious signature of Berry curvature contribution from the Weyl point was observed
from the transport measurements with Ni concentration up to x = 0.20. It is likely due to
the fact that x = 0.2 of Ni doping was not enough to shift the Fermi level to the Weyl point
as calculated from the theoretical analysis. Thus, the study of using Angle-Resolved
Photoemission Spectroscopy (ARPES) was used in order to determine the effect of Ni-
alloying on Fermi level tuning in Co,TiSn thin film. APRES measurement of Co.TiSn and
its respective Ni-doped thin films were examined. APRES measurement of Co,TiSn and
Co2xNixTiSn thin film shows promising result in observing its electronic structure. In
addition, it was also determined that a Ni doped of x = 0.16 shifts the Fermi level by about
161 meV. This confirms the method of growth and post-growth annealing step in Chapter
3 and the Fermi level tuning method in Chapter 4 was successful. However, in order to
observe the Weyl point, Co2TiSn thin film with more than 20% Ni alloying is required in
order to shift the Fermi level to the Weyl point and determine if any Fermi arc and Weyl

points can be observed using ARPES.
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Lastly, Chapter 5 shows the study on the PtMnSb and Lu-alloying PtMnSb. Using
MBE growth on GaSb (001) substrate and adopting LuSb as buffer layer, epitaxial films
of PtMnSb (001) single phase can be achieved. The structure and morphology of the
PtMnSb was examined using TEM and STM. The TEM image shows very abrupt and
smooth interfaces between the PtMnSb/LuSb and LuSb/GaSb layers. The STM image of
PtMnSb thin film shown large terraces with a root mean square of the surface roughness
of 0.3 nm. From the magnetization measurement, saturation magnetizations at 5K are 4.27
Ug, 3.97 ug, and 3.21 ug for 5 nm, 13 nm, and 33 nm thick PtMnSb thin film respectively.
The calculated magnetic moment for the PtMnSb is expected to be around 3.938 ug from
theory [103], which matched closely with the experimental extracted data from this study.
The transport of the PtMnSb is that of hole type with a carrier density of 4.41x10% cm?,
For the Lu alloyed PtMnSb, the study demonstrated the alloy films of PtMnyLu1xSb with
various Lu concentration x can be achieved by MBE growth on the LuSh-buffered GaSh
(001) substrate. In addition to the systematic change of lattice constant, magnetic moment
and hole density as increasing Lu concentration, low temperature Hall measurements
reveal enhancement of anomalous Hall effect (AHE), and in particular, a sign change of
anomalous Hall resistivity p,4yr around x = 0.35. Such enhancement/sign change of AHE
with reducing the magnetization by Lu doping, strongly indicates significant modulation
of intrinsic Berry phase, which is sensitive to the low-energy band structure change such
as band inversion/Weyl point formation during the topological phase transition from a half

metal to a topological insulator.
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6.2 Future Work

With the growth method, post-growth annealing process, and Fermi level tunning
from this study, further study of using higher Ni-doping composition to shift the Fermi
level by 278 meV toward the Weyl point is promising. As show in Figure 6.1, the Hall
angle plot of the p,, as a function of Anomalous Hall resistance p,y is shown. The dot
points show the result from the magnetotransport measurement of Co,TiSn and
Co1.8Nio2TiSn thin film and several Co.TiGe thin film at various post-growth annealing
temperature. By further increasing the Ni-doping composition beyond x = 0.2, the Hall
angle for Co2TiSn should follow the predicted gray curve shown in the figure 6.1.

The maximum of the curve is where the contribution from the Berry curvature is
the greatest. That will be the composition where Fermi level is tuned right at the Weyl
point. As a result, a systematic study of higher Ni-composition alloying beyond 20% to
Ni2TiSn should be applied in order to determine precise composition of Ni doping that is

needed to shift the Fermi level right at the Wey! point.
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Figure 6.1: Hall angle plot of the p,., as a function of Anomalous Hall resistance.
The result from the Co,TiSn and Co1sNio2TiSn and several Co,TiGe at various
post-growth annealing temperature were shown. By further tuning the Fermi level
with higher Ni-doping, a predicted curve shown in gray is expected to be observed
with its maximum apparent when the Fermi level is at the Weyl point.

After determining the exact Ni composition that is needed for Co,TiSn, a
comprehensive study of the electrical and magnetotransport should be conducted in order
to see if any observation of Weyl semimetallic behavior occurs such as: negative
longitudinal magnetoresistance, giant anomalous Hall effect, and high contribution of
Berry curvature in anomalous Hall effect. In addition, the method of using other lattice
matched buffer layer such as thin layer of Cr buffer on top of MgO substrate or using rare-

earth monopnictides such as LuSh buffer can significantly improve the surface morphology
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of the overlaying CoTiSn thin film. Unlike those of the 111-V substrate, LuSbh buffer layers
are less susceptible to high temperature annealing step and are also relatively well lattice
matched to Co.TiSn. This can provide a new direction in order to obtain sharper bands in
ARPES spectral density and allows more precise measurement of the Fermi-level tuning
as well as potential observation of the Weyl points. Similarly, since there was an
observation of the enhancement/sign change of AHE in Lu-alloyed PtMnSb, it means that
a potential band inversion/Weyl point formation can occurred with increasing Lu
concentration. Thus, in order to observe the change in the band structure, detailed ARPES
measurement and Fermi mapping will be desired to understand how Lu-alloying affected
the band evolution of the PtMnSb thin film and whether a topological phase transition

occurred from the band inversion/Weyl point formation.
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Appendix A - RBS analysis

Overview

Rutherford backscattering spectrometry (RBS) is a non-destructive measurement
that allows the measurement of thin film thickness, composition at the surface, and
contamination. A beam of high energy ion, such as *He™ particles, is accelerated towards
the sample surface. Some of the incident ions are backscattered elastically and collected by
a detector. The change in the energy of the scattered particles depends on the masses of

then incoming and target atoms, which can be expressed in the following equation [117],

E = kZEO (A1)
(M1 cos(8)+ ’MZZ—Mf sin? 9>
k = (A.2)

Where E is the residual energy of the scattered particles, E, is the energy of the incident
ions, M; is the mass of the incident particles, M, is the mass of the target atom, 6 is the
scattered angle of the scattered particle, and k is the kinematic scattering factor. With
known particle masses, scattering angle, and incident energy of ions, one can analyze the
energy spectrum collected from the detector, where the intensity of ions detected are

plotted as a function of their kinetic energy.

Helium is typically used as the incident high energy ions because it does not scattered at

the surface lose energy as they traverse the solid. They lose energy due to interaction with
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electron in the target. Thus, it is also important to understand the energy loss as the ions
traverse the solid. For thin film analysis, it is typically assume that the total energy lost AE

into depth t is only proportional to t for a given target, which can be written as

dE 1 dE
AE = At (k dxiy,  cos@ dxout) (A3)
Where dciE and jE defined as the energies at which the rate of loss of energy for the
in out

inward path and exiting path. For the constantZ—i approximation, the total energy loss

becomes linearly related to depth t. From the plot of intensity as a function of kinetic

dE

energy, one can determined the dd—E, , and AE to determined At, which then is the

Xin GXout

thickness of the target [117].

RUMP software

Analysis of Rutherford backscattering spectrometry (RBS) is an essential part of
this work. This appendix will provide an instruction to perform a high-quality fit to an
example experimental RBS data using the RUMP software [88]. However, this is only one
of many methods to analyze RBS data and is only intended to present the method that was
used for this study. Analysis of a 1-hour growth CoTiSn sample will be presented here.
When first conducting the RBS data measurement, one will need to first determine the
position of the energy channel for each element within a single sample. In the case of

CoTiSn, it is important to make sure none of the peaks are overlapping. In order to do so,
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we will start by creating a theoretical layer of sample by the following commands in figure

A.l:

your service!
Command: layer 1 co Co 1 Ti 1 Sn 1 /
Command: th 28 /g
Command: layer Si1/f
Command: th 206088 /cm2
M Command: plot th

Figure A.1: The code lines for creating a simulating layer of a 20 x10% atoms cm™2 thick
CoTiSn on a Si substrate in RUMP

'|‘_.|
5
5
5
5
5

The SIM command allows you to create a simulated RBS data with multiple layers of
materials included. In the above example, a layer of CoTiSn with 20x10% atoms/cm?
thickness as well as a layer of Si substrate were made. The thickness of the Si substrate
layer can be made abstractly as long it’s thick enough that it does not affect the background

of the analysis. With this, you will obtain a plot with the following result:
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Figure A.2: The RBS plot from the simulated data of a 20x10* atoms cm™~2 thick CoTiSn
on a Si substrate in RUMP

Evidently, we can see that the energy channel spacing among the three elements is
great enough that it is unlikely for them to overlap with a reasonable thickness of sample.
With this in mind, a set of RBS samples for CoTiSn at various flux value can be grown and
examined. After obtained the RBS data from RBS facility, the data is inputted into the
Genplot RUMP freeware either by the “Read” command if the data comes in the format of

RUMP text file or “Swallow” if the data comes in the form of other excel/text data file.

After the data is inputted into RUMP, the next is creating the simulated RBS data to fit to

the actual experimental results.
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points entered into buffer 1
~? sim
nd: layer 1 co Co 1 Ti 1 5n 1 / th 5@ /cm2
2eeeee fcm2

SIM Command: region 160 860
Your wish? plot 1 ov th

Figure A.3: The code lines for creating a simulating layer of a 50 cm™2 thick CoTiSn on
a Si substrate and plot over the actual experimental data in RUMP

Here we created a simulated layer a 50 cm™2 thick CoTiSn on a Si substrate and plot over
the actual experimental data. However, this is incomplete as the experimental parameter

for the RBS measurement is not included. With the active command, one can access the

measurement parameters

Initialized buffer

2.900 MeV 4He 19.80 uCoul
: 3.00 Phi

Figure A.4: The active parameters of the experimental RBS measurement

Now by inputting the correct parameter from the experimental work as shown in figure

A.4, the resulting plot becomes
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Figure A.5: The RBS plot for a simulating layer of a 50x10* atms cm~2 thick CoTiSn
(show in red line) on a Si substrate and plot over the actual experimental data (show in
black line) in RUMP after matching the experimental parameters with the simulated data
set

From here on, some fine adjustment between the “Econv”, “FWHM?”, and “correction” will
help the simulated data to match the edge of each plot. (Econv is channel-to-energy
conversion and FWHM is full wide half maximum). The following plot shows the

simulated data after fitted to the curve edge of the Si front.

131



Energy (MeV)
0.5 1.0 1.5 2.0 2.5

30

25

20

15

Normalized Yield

10

A

0
LA I O O Y L L B B
100 200 300 400 500 600 700 800

Channel

Figure A.6: The RBS plot for a simulating layer of a 50 x10%® atmscm ™2 thick CoTiSn
(show in red line) on a Si substrate and plot over the actual experimental data (show in
black line) in RUMP after adjusting FWHM, Econv, and correction parameters

With this, one can started fitting the simulated data to the RBS data. Generally, two
methods can be used: 1) by using the built-in Perturbation command or 2) by adjusting the
simulated data between the ratio of the element, the thickness of the sample layers, and the
FWHM. We will be using the latter method as the built-in Perturbation command can often
go into an infinite loop when it trying to fit the data. After the fitting, the resulting simulated

data should match well with the actual data as show in the figure below
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Figure A.7: The RBS plot for a simulating layer of a 50 cm™~2 thick CoTiSn (show in red
line) on a Si substrate and plot over the actual experimental data (show in black line) in
RUMP after adjusting the simulation layer’s thickness and composition

With this, one can analysis each peak area by using the “thickness” command to obtain

the Gross and net thickness of each element’s peak area.
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Lhickness
egion with

Figure A.8: The thickness command that allows the calculation of peak area for each
individual simulation peak in order to determine the total thickness of each element in the
unit of atom/cm?. This data along with the total growth time can be used to determine the
flux rate of each element at various temperatures.

Appendix B

Restarting of Metal-Organic Molecular Beam
Epitaxy (MOMBE)

Majority of my first-year research work in the Palmstrem Research Group have
been heavily revolved around the restarting of the Metal-Organic Molecular Beam Epitaxy
(MOMBE) chamber system. The status of the MOMBE chamber was in an idle state with

many parts and components been broken or in needed of repair. The below timeline shows
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some of the highlighted work that was done on the MOMBE chamber as well as the metals

chamber during year 1 and 2.

Dimension Issue  with  Growth
Manipulator: Manipulator removal
and modification

Metal Chamber MOMBE setup: shutter

/gate valve electronic  Repairing
MOMBE Chamber setup &  control  RHEED gun,

mechanism, flux gauge RHEED power

modification, scroll supply

pumps maintenance

Metal chamber down, cryo panel repair, RHEED, Cells, shutter control, etc.

Optimizing RHEED gun 2016 Aug Sept Oct Nov Dec

position/Manipulator 7
height Replaced MOMBE

- ion gauge, modify
Replacing MOMBE manipulator with old and nstall - new
oxide manipulator (same VG80 model),

RHEED power supply fail & “RHEED Gun
disfunction. Long modification and rebuild of
multiple VG RHEED Guns, rewiring and repairing of
RHEED power supplies, and RHEED testing in

cell shutters Leak hunting on Growth

rwxa\ntenar)ze répan’mg and modification on Opened source flange, etched, repaired and Leak hunting on the  John’s shop. Eurotherm/cell power setu chamber & MOMBE
the old oxide manipulator . installed e-gun pockets/modify mini flange and growth chamber{(  electronic rack setup. Modification of RHEED tilted ~ 870Wth bake
. -— ) -—
water connection stage
_—
Jan Feb March April [\ EW June July Aug Sept Oct Nov Dec
Outgas and  gebuild MOMBE prep chamber Metal -maintenance:
install Li and Ge cell, Flux gauge,
outgassing stage, make N
La cell - . outgassing stage, lon
outgassing stage shutter, insta pump  feedthrough, RePair RHEED filament, install QCM, install
Rebuild and installation of E-gun in  dcm, relocated TSP, install b and i d ) bake...etc electronics for flux gauge current measurement
MOMBE prep chamber, repair old E-  Ozome  stage and  modify Co2TiGe Growth and Ni dopping series —
gun power supply. Repair QCM loadlock stage, prep chamber MOMBE RHEED filament  LaSb Growth, Li3Sb growth, and LiMgSb growth
P pply. Rep: oedlock s, o Attempt of Lash growth Lideposition MO “ —
Co2TiGe and Co2TiSn Growth
Jan Feb March April Y EW June July Aug Sept

Figure B.1: Timeline shows some of the highlighted work that was done on the MOMBE
chamber as well as the metals chamber during year 1 and 2

Since | have no prior experience of UHV equipment, working on an MBE system is a new
experience for me. During the first year, | was mainly learning maintenance work of the
MBE system from other group members as well as other UHV equipment. Additionally,
an incident on the metals chamber that required a full vent to remove the damaged
cryopanel. This work includes the removal of the cryopanel from the MBE system, removal
and reinstallation of each individual cell as well as refilling new source materials,
rebuilding of the flux gauge, replacement of RHEED filament, and rebuilding of the shutter
control and units for each cell. With this knowledge, | started to focus on restarting the
MOMBE system. Several major issues arouse after the first check up on the system: many

shutter/gate-valve electronic controls were not setup properly, flux gauge was broken,
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RHEED gun and RHEED power supply were not working, growth manipulator height was
incorrect to allow the usage of the RHEED beam to reflect on the sample. The figure below

shows the measurement of the manipulator to that of the manufacturing dimension.

Measure d Dimension (by Alex) manufacturing Dimenslion
1

212mm

MOMBE Manipulator Old Oxide Manipulator

Figure B.2: dimension of the MOMBE manipulator and the manufactured spec

It was found out that the original MOMBE manipulator was slightly too high such that the
tilt angle that is require for the RHEED beam to hit the sample is beyond the capacity of
the tilt stage. As a result, the manipulator has to be taken apart and additional Moly parts
were required to extend the manipulator stage downward by about 24 mm to have enough
height for the RHEED beam to reflect on the sample. In addition, a major cleaning and
etching of the Moly and tantalum part from both the growth manipulator as well as the

preparation chamber manipulator had to be done.
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Appendix C
Vacuum Suitcase

Vacuum suitcase plays a vital role in this work. It allows the transferring of the thin
film samples from the Palmstrem lab facility to either the Advanced Light Source at
Lawrence Berkeley National Laboratory or SLAC at Stanford University without breaking

the vacuum.

Figure C.1: The ALS vacuum suitcase and its power supply
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Figure C.1 shows the construction of the ALS vacuum suitcase. As it can be seen
from the figure, the vacuum suitcase is composed of 4 components: 1) an adjustable bellow
section that is used to attach to the ALS preparation chamber. The bellow section is
required in order to make fine adjustment for the transfer arm to pass through the chamber
loading port. 2) A double gate valve with a vented port. This is an important component
because the bottom gate valve helps to keep the vacuum section clean while being exposed
to the atmosphere during transfer. It also gives additional protection to leaks as well as
outgassing of the gate valve toward the storage section during bake out. 3) The transfer
arm and the storage section which is where the sample are stored. More specifically, they
are stored in a cassette that is sitting at the end of the transfer arm. 4) The pumping unit; a
NEXTorr UHV Getter pump (NEG) is used that allows a pressure as good as <5x10711
torr to be maintained. With all these components, the vacuum suitcase is loaded with
samples in our APRES loading chamber and transferred to the ALS beamline by car. Figure
C.2 shows the vacuum suitcase loaded onto the preparation chamber at the ALS 10.0.1.2
beamline. The bottom port of the bellow section is mounted onto the gate valve of the
preparation chamber. The bellow section is then pumped out through the bottom gate
valve’s vent port using a turbo pump and baked over night at a temperature between 80-
120 °C. A fan is used to blow over the upper gate valve section to ensure no significant
outgas from the first gate valve can occur while baking the lower section. The overnight
bake can typically bring the bellow section to a pressure of around low 1078 to high 10~°
torr. This bellow section is cooled down in the morning and open to the preparation

chamber before opening up to the transfer arm and cassette for sample transferring.
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Figure C.2: The ALS vacuum suitcase when installed on the 10.0.1.2 beamline preparation
chamber
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