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The BaAl4-type structure hosts a variety of interesting and exotic properties, with descendant

crystal structure resulting numerous interesting ground states of matter including magnetic, super-

conducting and strongly correlated electron phenomena. BaAl4 itself has recently been shown to

host a non-trivial topological band structure, but is otherwise a paramagnetic metal. However,

the other members of the 1-4 family, such as SrAl4 and EuAl4, exhibit symmetry-breaking

ground states including charge density wave (CDW) and magnetic order, respectively. SrAl4

hosts a second transition at 94K that is hysteretic in temperature and is a structural transition

to a monoclinic structure. Here I report on the charge density wave in SrAl4 and the effect of

the structural transition on the physical and electronic properties of the material. The structural

transition is extremely subtle with deviation of around 0.5 degrees from the tetragonal structure

but shows significant changes in resistivity, Hall and magnetic susceptibility measurements. This

transition is extremely sensitive to disorder and can be suppressed completely by substituting 1%



Ba nominally or using less pure Sr during crystal growth. Furthermore, magnetoresistance in this

material is extremely large, and can be up to 140 times at 2K. A combination of magnetoresistance

and Hall measurements are used to fit the data to a two band model to extract carrier density

and mobility of the charge carriers at 2K. Finally, work was done on the evolution of the charge-

ordered state in high quality single crystals of the solid solution series Ba1�xSrxAl4, using transport,

thermodynamic and scattering experiments to track the 243 K CDW order in SrAl4 as it is

suppressed with Ba substitution until its demise at x =0.5. Neutron and x-ray diffraction measure-

ments reveal a nearly commensurate CDW state in SrAl4 with ordering vector (0,0,0.097) that

evolves with Ba substitution to (0,0,0.18) and (0,0,0.21) for x=0.8 and x=0.55, respectively. DFT

calculations show a softening of phonons in SrAl4 hinting at electron phonon coupling strength

being the source of the charge order in this material. Similar calculations are done on the Ba

substitutions to investigate the nature of the charge density waves. With very little change in the

lattice parameters in this series, this evolution raises important questions about the nature of the

electronic structure that directs a dramatic change in charge ordering.
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Yamane, A. Jayaraj, J. Sławińska, M.B. Nardelli, S. Yonezawa, Y. Maeno, and J. Paglione,

“Quasi-two dimensional Fermi surface of superconducting line nodal metal CaSb2.” Phys.

Rev. B 106, 075151 (2022).

• S. Ran, I.L. Liu, S.R. Saha, P. Saraf, J. Paglione, N.P. Butch, “Comparison of Two Different

Synthesis Methods of Single Crystals of Superconducting Uranium Ditelluride.” J. Vis.

Exp. (173), e62563 (2021).

• D.J. Campbell, Z.E. Brubaker, C. Roncaioli, P. Saraf, Y. Xiao, P. Chow, C. Kenney-

Benson, D. Popov, R.J. Zieve, J.R. Jeffries, and J. Paglione, “Pressure-driven valence

ii



increase and metallization in the Kondo insulator Ce3Bi4Pt3.” Phys. Rev. B 100, 235133

(2019).

Manuscripts in progress

• yP. Saraf, E.M. Clements, D. Sokratov, S. Saha, P. Zavalij, T.W. Heitman, J. Lynn, S.

Biswas, R. Valenti and J. Paglione, “Evolving Incommensurate Charge Order in Ba1�xSrxAl4.”

Manuscript, (2023).

• P. Saraf, R. Sharma, H. Kim, C. Roncaioli, W. Weiss, D. Graf and J. Paglione, “Disorder

in YPtBi.” Manuscript, (2023).

iii



Dedication

I would like to dedicate this thesis to my family. My mother, Renu Saraf, who has ceaselessly

believed in me and always encouraged me to do the right thing. My father, Sudhanshu Saraf,

whose bravery and sacrifice has made all of this possible. And my sister, Khyati Saraf, who

never fails to inspire and support me.

iv



Acknowledgments

This work would not have been possible without the support of many extraordinary people.

It would be impossible to express my gratitude in a way that would do justice to the help I have

received, nevertheless I will attempt to acknowledge everyone the best I can.

I would firstly like to thank my research advisor Johnpierre Paglione. Apart from providing

me with immense support and responding to countless frantic emails and messages at all hours, he

has provided me with an extremely potent environment for learning and research. His enthusiasm

and openness for discussion have been great motivators for me. There have been many times I

have anxiously entered his office but I have never left his office feeling anxious.

None of the experiments I have conducted at the University of Maryland would have been

possible without many research scientists, post-docs and graduate students who took time out

to teach me and train me. Connor Roncaioli, Daniel Campbell, Chris Eckberg, Hyunsoo Kim,

Halyna Hodovanets, Shanta Saha and Yun Suk Eo have spent countless hours helping me run my

experiments. I would also particularly like to thank Shanta Saha, Brian Straughn, Josh Higgins

and Doug Bensen for keeping the lab running and being the people I run to for solutions to any

equipment problems.

I would also like to acknowledge all the post-docs, graduate students and undergraduate

students I have had the pleasure of working with in the Paglione group including Rahul Sharma,

Ian Hayes, Hyeok Yoon, Ram Kumar, Pampa Mandal, Tara Sarkar, Danila Sokratov, John Collini,

v



I-Lin Liu, Wen-Chen Lin, Tristin Metz, Jarryd Horn, Mark Zic, Nick Poniatowski and Yash

Anand. All these people have not only motivated me but have either directly worked with me

or taught me and given me ideas through countless conversations. In particular, I would like to

acknowledge Danila Sokratov for contributing to this work and John Collini for providing me

with support from start to finish, especially through trying times.

This work has been possible due to collaboration from not only within the Paglione group

but also outside the group. The work presented here would not have been possible without Jeffrey

Lynn (NIST), Eleanor Clements (NIST/ ORNL), Tom Heitman (University of Missouri), Sananda

Biswas (Goethe-Universität Frankfurt) and Roser Valenti (Goethe-Universität Frankfurt).

The support I have received from my friends and family has made such a big difference

and I will inevitably forget some people but that does not diminish your role in this work. I want

to start my list by thanking my grandparents. I am a combination of both sets of grandparents

and that has been invaluable to me. I would like to thank my parents, who have supported me

throughout my academic career and always provided me with better than their best. To my

siblings and cousins Khyati, Swarnabh, Cheena, and Sargam, you have made being far from

home so easy. I would also like to thank Anando Bhaiya for indulging my curiosities since I was

four years old and all my friends who have supported me throughout all of this from near and far.

In particular, I would like to thank Anton, Hadi and Wade for going through graduate school with

me, Jessica, Utkarsh, Shinara, and Mohit for being my rocks throughout this process, and Aman,

Vidur, Chiara, Athreya, and Pranav for never letting me feel the distance between us. Finally, I

want to thank my partner Nikita for going through every bad day, every failed experiment, every

broken piece of equipment and every failed growth with me over the last few years. I am grateful

for your support and optimism in a challenging period for me.

vi



Table of Contents

Foreword ii

Dedication iv

Acknowledgements v

Table of Contents vii

List of Tables ix

List of Figures x

List of Abbreviations xii

Chapter 1: Introduction 1
1.1 Charge Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Peierls Transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.2 Characterization of Charge Order . . . . . . . . . . . . . . . . . . . . . . 5
1.1.3 Charge Order in Materials . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 Topological Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.1 Chern Number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.2 Dirac and Weyl Semimetals . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Electronic Nematicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.1 Point group . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Chapter 2: Methods 17
2.1 Single Crystal Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Liquid Solvent Flux growth . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Chemical characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.1 Energy Dispersive X-ray Spectroscopy . . . . . . . . . . . . . . . . . . . 23
2.3 Structural Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 Bragg’s Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.3.2 Miller Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.3 Powder and single crystal X-Ray Diffraction . . . . . . . . . . . . . . . . 27
2.3.4 Neutron Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.4 Cryogenic Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

vii



2.5 Resistivity and Hall measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.5.1 Drude Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.2 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.6 Bulk characterization techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.6.1 DC Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.7 Strain Cell: Nematicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.8 DFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Chapter 3: Background on AAl4 43
3.1 Parent Compounds: SrAl4 and BaAl4 . . . . . . . . . . . . . . . . . . . . . . . . 43

3.1.1 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1.2 SrAl4: Charge density wave and structural transition . . . . . . . . . . . 45
3.1.3 BaAl4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.1.4 SrAl4: Magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 Other AAl4 materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Chapter 4: SrAl4 51
4.1 Growth and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 Resistivity Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3 Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.4 Hall Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.5 Magneto-transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.6 Charge Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.6.1 Neutron Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.6.2 X-Ray data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.7 Nematic Susceptibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.7.1 Failed experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Chapter 5: Ba1� xSrxAl4 78
5.1 Growth and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.2 Resistivity Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.3 Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.4 Charge Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.4.1 Neutron data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.4.2 X-ray data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.4.3 DFT work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Chapter 6: Conclusion 91
6.1 Summary of Main Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Bibliography 97

viii



List of Tables

1.1 C2v multiplication table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.2 C2v character table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 Comparison of Lattice parameters forI 4=mmm structures . . . . . . . . . . . . 45

4.1 Measured Lattice Parameters for SrAl4 . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 Lattice Parameters for 4N SrAl4 at various temperatures . . . . . . . . . . . . . . 52
4.3 Summary of features in SrAl4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.4 Summary of �t parameters for two band model �tting for SrAl4 . . . . . . . . . . 68

ix



List of Figures

1.1 Illustration of Peierls type charge density wave . . . . . . . . . . . . . . . . . . . 4
1.2 A one dimensional picture of the phonon softening due to a charge density wave . 6
1.3 Electron diffraction spectra of Dy5Ir4Si10 at 100 K and 298 K . . . . . . . . . . 7
1.4 Irreducible representation drawing forD4h point group . . . . . . . . . . . . . . 14

2.1 Phase Diagram of Sr and Al . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Diagram of the crystal growth process . . . . . . . . . . . . . . . . . . . . . . . 20
2.3 Pictures of Crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Illustration of Bragg's Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.5 Image of cryogenic systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.6 Resistance measurement diagram . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.7 Circuit Diagram for Resistivity and Hall measurements . . . . . . . . . . . . . . 37
2.8 Diagram of Elastoresistance measurements on a piezo stack . . . . . . . . . . . . 40
2.9 Diagram of Elastoresistance measurements on a strain cell . . . . . . . . . . . . 41

3.1 Structure of AAl4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Published resistivity vs temperature for SrAl4 . . . . . . . . . . . . . . . . . . . 46
3.3 BaAl4 calculated band structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4 Resistivity vs magnetic �eld in SrAl4 . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1 Comparison of Resistivity for SrAl4 . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2 Comparison of magnetic susceptibility for SrAl4 . . . . . . . . . . . . . . . . . . 57
4.3 Comparison of Hall measurements on 4N SrAl4 and Ba0:01Sr0:99Al4 . . . . . . . 59
4.4 Two band �tting of Hall measurements on 4N SrAl4 and Ba0:01Sr0:99Al4 . . . . . 61
4.5 Hall coef�cient vs temperature for SrAl4 . . . . . . . . . . . . . . . . . . . . . . 62
4.6 Symmetric component of Hall measurement for 4N SrAl4 . . . . . . . . . . . . . 63
4.7 Magnetoresistance vs magnetic �eld for SrAl4 and Ba0:01Sr0:99Al4 . . . . . . . . 65
4.8 Resistivity vs temperature at constant magnetic �eld for SrAl4 . . . . . . . . . . 66
4.9 Analysis of magneto-transport data . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.10 Neutron diffraction scans for SrAl4 . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.11 X-ray diffraction for SrAl4 at 65 K . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.12 Nematic susceptibility for 2N SrAl4 . . . . . . . . . . . . . . . . . . . . . . . . 73
4.13 Rxx component of Nematic susceptibility for 4N SrAl4 . . . . . . . . . . . . . . 75

5.1 Measured parameters from X-ray diffraction in substituted samples . . . . . . . . 79

x



5.2 Normalized resistivity vs temperature data for Ba substituted SrAl4 . . . . . . . . 81
5.3 Magnetic susceptibility vs temperature data for Ba substituted SrAl4 . . . . . . . 83
5.4 Integrated intensity as a function of temperature extracted from Gaussian �ts to

the data for x = 1, 0.8 and 0.55. . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.5 Temperature dependence of the �rst order CDW superlattice peaks for Ba1� xSrxAl4

(x=0.55 and 0.8) measured in the (H,0,L) scattering plane . . . . . . . . . . . . . 86
5.6 X-ray diffraction measurement of the x=0.8 single crystal. . . . . . . . . . . . . 87
5.7 Phonon spectrum for Ba1� xSrxAl4 for x = 0, 0.5, 0.75 and 1. . . . . . . . . . . . 90

xi



List of Abbreviations

ARPES Angle Resolved Photoemission Spectroscopy
BZ Brillouin Zone
CDW Charge Density Wave
DFT Density Functional Theory
EDS Energy Dispersive X-ray Spectroscopy
EPC Electron Phonon Coupling
FSN Fermi Surface Nesting
MPMS Magnetic Property Measurement System
MR Magnetoresistance
PPMS Physical Property Measurement System
RRR Residual Resistivity Ratio
SDW Spin Density Wave
SOC Spin Orbit Coupling
STM Scanning Tunneling Microscopy
SQUID Superconducting Quantum Interference Device
VSM Vibrating Sample Magnetometer
XRD X-ray Diffraction

xii



Chapter 1: Introduction

The study of condensed matter physics is closely related to symmetry. A crystal is different

from free space due to constraints presented by the periodicity of the atoms and breaking of

translational symmetry. Furthermore, the crystalline systems that are studied show behavior and

emergent phases in accordance to the constraints put upon them due to various symmetries. This

work, studies these phases in the crystalline system of AAl4.

The study of the AAl4 system was motivated by previous work done on Ba1� xSrxNi2As2

[1]. Ba1� xSrxNi2As2 has the same crystal structure as BaAl4 and SrAl4. In the NiAs system,

the crystal's symmetry changes as temperature is lowered and results in a change of the crystal

structure and overall reduction in the symmetry of the crystal. This structural transition is

accompanied by a periodic reconstruction of the electronic density in the crystal that is different

from the periodicity of the crystal, this is known as a charge density wave. Across the series, as

we move from BaNi2As2 to SrNi2As2 these emergent phases are suppressed. Eckberg, et al. show

that this suppression coincides with the electronic structure of the crystal breaking the rotational

symmetry of the crystal (known as electronic nematicity) and this enhances superconductivity in

this system. In the parent compound of BaNi2As2, below the charge order a similar response is

seen but the study shows that a symmetry breaking order is already present.

SrAl4 has all the ingredients that BaNi2As2 has except superconductivity. The added

1



feature in SrAl4 is that the charge density wave and the lower temperature structural transition

are separated in temperature by around 150 K. Due to this, this system could exhibit similar

properties such as the charge order leading to a symmetry breaking transition as well as a structural

transition. This system also gives a larger temperature range to uncover the features seen in

BaNi2As2, particularly the symmetry breaking order present in BaNi2As2 to give a clearer picture

on such a transition.

In order to understand and study this system, chapter 2 covers the methods used to investigate

this system, chapter 3 covers a summary of previous work done on the AAl4 system and chapter

4 presents a study of the charge order and structural transition in SrAl4. Particularly studying

the effects of the structural transition on the electronics of the system. Furthermore, chapter 5

presents Ba substitution in SrAl4 in order to see the effects of substitution as well as its effect on

the charge order and the structural transition and chapter 6 will summarize and discuss the main

results of this work as well as provide some interesting future experiments.

This chapter attempts to introduce topics that are presented in this thesis. The three topics

covered are charge density waves, topology, and nematic susceptibility. These concepts will be

key to understanding the data presented in chapters 3-6. Charge order is present in SrAl4 and

many materials in the AAl4 series posses topological bands. A basic understanding of these

concepts could prove important for discussion on this material. .

1.1 Charge Order

The subject of charge order has been studied in the context of condensed matter physics for

a long time and has lead to many questions, including the role of charge order and its competition

2



with various other phases like superconductivity. Along with this, the nature and emergence of

charge density waves in solids has been long in question. This section goes over the physics of

charge density waves.

1.1.1 Peierls Transition

A charge density wave was �rst theorized in the book Quantum Theory of Solids written

by Peierls [2]. This theory suggested that in a one dimensional chain of atoms the energy of the

system could be lowered by introducing a period lattice distortion.

Taking a one dimensional chain of atoms spaceda distance apart �lled to a Fermi momentum

of kf , the band energy dispersion relation described by the tight binding model can be expressed

as:

E 1(k) = � 2t cos (ka); (1.1)

wheret is the hopping integral andt is positive.

Now if we consider a distortion in the lattice where the atoms move away from their original

position by a distance ofb(for this purpose lets say that even atoms move to the left and odd move

to the right) we can express the new hopping integral as:

t0(a � b) = t � � (1.2)

Using this relation we can get a new energy dispersion relation that is:

3



Figure 1.1: Illustration of a Peierls type charge density wave: (a) Normal
state of a crystal represented by a 1-d chain of atoms all separated by a
distancea. The band structure is describes using the tight binding model
with one electron per site putting the Fermi energy half way through the
band and thekf = � �= 2a. (b) Distortion causing atoms to move closer to
one neighbor and further from the other neighbor by a distance of� causing
a change in the periodicity of the lattice. As a consequence, a energy gap
for 2� to open up at the Fermi level inducing a metal to insulator transition.
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E 2(k) = � 2
q

t2 cos2 (ka) + � 2 sin2 (ka) (1.3)

In the case where there is one electron per site, i.e the band is half �lled, the second

dispersion relation shows that a gap opens up at the Fermi level forkf = � �= 2a. This gap at

E f is what causes the overall energy of the system to reduce and as a consequence leads to a

metal insulator transition. The lattice and the electron density develops a new periodicity for2a

with an associatedQCDW vector equal to2kf = �=a . TheQCDW vector connects the gap points

formed in momentum space at the Fermi level and this phenomena is known as Fermi nesting .

In real materials, a Peierls-like CDW can form if the energy cost of the lattice distortion is less

than the energy saved by forming this band gap and if the Fermi surface geometry is favorable

for nesting at momentumQCDW . The temperature of such a transition, is calledTCDW [3–8].

The Q-dependent phonons are also affected by a Peierls transition. As the temperature of

the system approachesTCDW the energy of the phonons begins to decrease hitting 0 atTCDW .

Below the transition temperature, the phonons become imaginary indicating a static reconstruction

of the lattice which is expected in the CDW phase. This effect is known as Kohn's anomaly and

also acts as an indication of the strengthening of the electron-phonon coupling that comes along

with the CDW [3].

1.1.2 Characterization of Charge Order

The two main quantities that are used to characterize a CDW are the transition temperature

(TCDW ) and the wave-vector of the charge order (QCDW ). A variety of techniques can be used

to determine one or both of these. Commonly, X-ray diffraction (XRD), electron diffraction or
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Figure 1.2: A one dimensional picture of the phonon softening due to a
charge density wave. This effect of the CDW on the Q-dependent phonons
is known as Kohn's anomaly. The dashed line represents the spectra high
aboveTCDW and as the temperature is lowered the spectra starts to dip at
QCDW until it goes to 0 atTCDW . Plot is borrowed from [4].

neutron diffraction are used to measure the wave-vector and the transition temperature. Sometimes,

we can also measure the transition temperature and the metal to insulator transition, if it is

present, using transport measurements like resistivity measurements. Any measurement like

angle resolved photo emission spectroscopy (ARPES) that measures the Fermi surface can be

used to measure the wave-vector of the charge order. Measurements like scanning tunneling

microscopy (STM) can be used to �nd the wavelength of the modulation, and the electronic

transition temperature.

In this work, the charge order presented is characterized mainly using resistivity, heat

capacity measurements, neutron diffraction and XRD. The determination of wave-vector for

the CDW is done by neutron diffraction and XRD. Diffraction patterns were measured at room

temperature and lower temperatures, below the transitions observed in resistivity. The patterns

showed a Bragg peak as well as super-structure peaks that appear at fractional miller indices, in
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Figure 1.3: Electron diffraction spectra of Dy5Ir4Si10 at 100 K and 298 K
(inset). Super structure peaks can be seen at [0 0 0.25] in the T< T CDW

(100 K) between the bragg peaks but only the bragg peaks are present in the
298 K spectra. Figure taken from [9]

between neighboring Bragg peaks. The value of these super-structure peaks corresponds to the

periodicity of the CDW and hence, the Q-vector. Figure 1.3 is an example of such an electron

diffraction pattern in Dy5Ir4Si10, where we can clearly see the super-structure peaks in the 100 K

spectra at [0 0 0.25] but not in the 298 K spectra. Since the Q-vector for the CDW is [0 0 0.25],

which is a rational fraction of the [HKL] miller indices, this CDW is called a commensurate

CDW. If the Q-vector were an irrational fraction, it would have been an incommensurate CDW.

The peaks at [0 0 0.5] are present due to a structural transition in Dy5Ir4Si10 that doubles the

c-axis [9].
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1.1.3 Charge Order in Materials

Although Peierls' picture laid the foundation for our understanding of CDW order, it does

not commonly present itself in three dimensional materials. Many materials like the transition

metal dichalcogenides and the cuprates do not �t into this Peierls picture. For instance, in NbSe2

the QCDW does not appear to be nested in the Fermi-surface. This along with the absence of

a metal to insulator transition indicates that these materials cannot be explained by the Peierls

picture. In the NbSe2 example there is evidence of the phonon softening as predicted by the

Kohn anomaly but this occurs over a large range of momentum space when compared to what is

expected in a Peierls transition [3,7].

There has been some work to connect CDW in materials with EPC strength. As of now,

measurement of this parameter cannot be directly measured but can be estimated from measurements

of phonon energies, linewidths and quasiparticle interactions [3, 4, 10–14]. Presently, there is

no standard operating procedure to connect EPC strength to CDWs and different measurements

claim different evidence for such a mechanism. While Zhu, et al. have offered a way to approximate

the EPC stregth, this method is not widely used [3,4].

To complicate this further, CDWs in the highTc cuprate superconductors seem to stray

further from both EPC strength and Peierls picture. A striped CDW phase was seen n La1:6� xNd0:4SrxCuO

[15, 16], a checkerboad phase was seen in Bi2Sr2CaCu2O8+ � [17, 18], and long range CDWs in

YBa2Cu3O6+ x [19]. Studies have shown that neither Fermi surface nesting nor EPC strength are

responsible for the charge order in these materials [20]. Instead, STM studies have indicated that

they are likely driven by antiferromagnetic and Coulombic interactions [21].
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1.2 Topological Materials

Generally, topology is concerned with the study of global properties. A classic example of

a topological invariant is the comparison between a sphere and a doughnut. A sphere cannot be

transformed into a doughnut without disturbing the continuity of the surface. The only way for a

sphere to turn into a doughnut or vice versa is for some sort of discontinuous operation to change

the surface such as cutting or pinching together. On the other hand a similar way a doughnut can

be continuously changed into a coffee mug or a straw. The understanding of such closed physical

surfaces is formalized in the Chern-Gauss-Bonnet Theorem [22].

1.2.1 Chern Number

As is the case with many topics of condensed matter physics, we will start with Bloch's

theorem. The single particle Bloch wavefunction that represents an in�nitely periodic lattice is

a good approximation for real materials since the number of lattice sites are near in�nite. The

Bloch wavefunction in momentum space can be represented byjun (k) > , wheren is the band

that the wavefunction originates from.jun (k) > de�ned on the �rst Brillouin zone (BZ) de�nes

all available states for the system since higher Brillouin zones are related by reciprocal lattice

vectors.

In three dimensional materials, we can de�ne a quantity called the Berry connection as:

A(k) = < u n (k)ji� kun (k) > (1.4)

and a conjugate �eld known as Berry curvature as:
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( k) = r A (1.5)

Berry connection and Berry curvature can be viewed as the gauge potential and the gauge

�eld associated with the Berry phase. These two quantities are useful for any adiabatic path

through a quantum mechanical system and particularly in crystalline systems as they satisfy the

constraints placed upon states due to Bloch's theorem [22]. Integrating the Berry curvature over

a closed surface gives a quantity called the Chern number:

Ci =
I


 dS (1.6)

The Chern number is quantized and in a real crystalline system it is zero when integrated

over the �rst BZ due to lattice symmetries of the system. However, it is possible to integrate over

a subsection of BZ to get a non-zero value for the chern number. It follows then that for each such

subsection of the BZ, there will be another subsection of BZ that will have equal but opposite

chern number whereCi = � Cj [23–25].

The fact that non-zero valued Chern number subsections of BZ come in pairs along with the

fact that minor perturbations that alter the band structure cannot affect the Chern number unless

they annihilate two pockets of opposite Chern numbers, also known as topological protection,

leads to existence of topologically protected surface states. In other words, to transition from a

topologically non trivial band structure to a vacuum, it is necessary for such a pairwise annihilation

to occur on the surface between the two and this leads to topologically protected surface states

[23,25].
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1.2.2 Dirac and Weyl Semimetals

In the last few years, the study of topological materials has gained a lot of interest, particularly,

topological insulators, Weyl semimetals and Dirac semimetals [26–31]. Within these three types

of topological materials, Weyl semimetals and Dirac semimetals are of particular interest since

they not only possess areas of non-zero Chern number, but also have non-zero density of states

near the Fermi-surface which results in accessible conduction states in the bulk of the material

that are topologically protected.

The Dirac equation in three dimensions can be written as:

(i �h
 � � � � mc) = 0 (1.7)

where
 � are matrices that form the basis of clifford algebra. For massless particles in three

dimensions, one can extract a Weyl hamiltonian:

H � = � p � � (1.8)

wherep is the momentum of the quasiparticle and� is a vector composed of the Pauli spin

matrices.

A key characteristic of the Hamiltonian is that there it entails momentum-spin locking,

which means that knowledge of a particle's momentum also �xes its spin. This locking is

notable since spin-locked hamiltonians are robust against non-magnetic back-scattering since

any scattering process must reverse both spin and momentum [32] and is therefore forbidden.

One of the ways to get these Dirac bands in semimetals is via space groups that require
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unremovable Dirac singularities in their band structure and allow for band �lling such that the

chemical potential is near these points. These types of Dirac semimetals are known as symmetry-

enforced Dirac semimetals. BaAl4 is such a material where the Dirac point is protected by

crystalline symmetry [33].

1.3 Electronic Nematicity

Nematicity is the breaking or reducing of rotational symmetry. In crystals, there are many

types of transitions that can break roational symmetry, such as a structural transition. But recent

interest has grown for systems that hostelectronicnematicity. This is when the electronic orbital

structure of the crystal breaks the rotational symmetry. Having said that, usually a transition

that breaks rotational symmetry electronically, is accompanied by a structural transition that also

breaks the rotational symmetry. The question that these measurements try to answer is what is

causing what. Is a structural transition leading or the electronic nematicity leading. Since the

focus of this work is not the measurement of a nematic transition, we will derive what we are

measuring but will skip some of the �ner details of the theory.

1.3.1 Point group

In order to understand nematicity it is important to understand point groups. Point groups

are sets of mathematical operations that map one space to another space that keep a single point

�xed that obey the axioms of closure, invertibility, identity and associativity. In real materials,

these point groups correspond to operations like rotation or re�ections that preserve the original

location of the lattice or molecule. As an example we can study theC2v point group and use
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water as an example for a molecule of theC2v group.

For the water molecule, the elements of aC2v multiplication table include E, which is

the identity operator,C2, which is a 180 degree rotation about thez axis, � xz which is an in-

plane re�ection, and� yz, which is a re�ection about the yz plane. ForC2v, table 1.1 shows the

multiplication table. It shows when two operations are done what is the equivalent operation.

C2v E C2 � xz � yz

E E C2 � xz � yz

C2 C2 E � yz � xz

� xz � xz � yz E C2

� yz � yz � xz C2 E

Table 1.1:C2v multiplication table.

The other common way the symmetries are represented are in a character table. Table

1.2 shows the character table forC2v. In this, � i are all irreducible representations of different

vibration, translational or rotational modes.

� i E C2 � xz � yz

A1 1 1 1 1

A2 1 1 -1 -1

B1 1 -1 1 -1

B2 1 -1 -1 1

Table 1.2:C2v character table.

Any symmetry breaking operation can be described by a combination of the these irreducible

representations. For SrAl4, the point group isD4h. For nematicity, we will focus on irreducible

representations that are symmetric with respect to the symmetry center of the point group as these

are the relevant ones to nematic distortions, leaving us with four irreps. In �gure 1.4 we can see
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Figure 1.4: The vibrational modes for aD4h point group crystal. The solid
lines are the static shape where the symmetry is preserved and the dotted
lines are the vibrational modes [34].

thatA1g is an expansion or contraction of the entire unit cell and maintains all symmetries of the

point group. This means we have three channels that break rotational symmetry. This work will

focus on theB2g channel.

1.3.2 Theory

The free energy of a nematic system will depend on many external tune-able parameters

like temperature, magnetic �eld, pressure, etc, but will also depend on symmetry breaking strain

and an electronic nematic order parameter . If we assume the free energy is analytical at all

temperatures, we can expand the free energy as:

F ( ; � ) � Fo +
a
2

 2 +
b
4

 4 +
c
2

� 2 +
d
4

� 4 � � � + :::: (1.9)
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where is the electronic nematic order parameter and� is the symmetry breaking structural

nematic order. The constants are a function of other parameters like magnetic �eld, temperature

and pressure. The �rst order term in this equation would give a constant order parameter at all

temperatures and is hence ignored while the third order term is ignored for simplicity.

Above the transition, all the constants are positive but in order for a symmetry breaking

transition to occur, one of the temperature constants must be negative at temperatures below

Tnem . For an electronically driven nematic transition, in the simplest case we can expand a to

�rst order in temperature as:

a = ao(T � Tnem ): (1.10)

We can de�ned a nematic susceptibility as@ 
@�. If we take the derivative of the free energy

with respect to while it is in equilibrium we get:

a + b 3 � �� = 0: (1.11)

Differentiating again with respect to� to �rst order we get:

@ 
@�

�
�
a

: (1.12)

Using equation 1.10 we can get that a nematic susceptibility will diverge at the ordering

temperatureTnem :

@ 
@�

�
�

ao(T � Tnem )
: (1.13)

This order parameter is not uniquely de�ned but it can be captured by resistance. This

means that by measuring the slope of the resistance strain curve we can measure the nematic
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susceptibility and expect it to diverge atTnem for an electronically driven nematic system. In the

next chapter, section 2.7 will explain how elastoresistance is used to measure this quantity.
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Chapter 2: Methods

A variety of different experimental techniques were used to obtain the data presented in

this thesis. Synthesis of crystals, powder XRD and EDS measurements presented were done by

me and Danila Sokratov. Low temperature transport and magnetic measurements like resistivity

measurements, Hall measurements, magnetic susceptibility measurements as well as the nematic

susceptibility measurements were done by me with help from Danila Sokratov at the Quantum

Materials Center at the University of Maryland. Further Chemical and structural characterization

measurements like single crystal XRD measurements were done at the Department of Chemistry

at the University of Maryland by Dr. Peter Zavalij. The Neutron scattering data was taken at the

NIST center for Neutron Research and at the University of Missouri by Dr. Eleanor Clements,

Dr. Jeffrey Lynn and Dr. Thomas Heitman. DFT calculations were done at Goethe-Universit

at Frankfurt by Dr. Sananda Biswas and Dr. Roser Valenti. In this section I will describe the

techniques presented in this work.

2.1 Single Crystal Growth

In order to study the materials, crystals needed of proper size, structure and stochiometry

are needed. The crystals presented in this work were grown in a molten metallic �ux.
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2.1.1 Liquid Solvent Flux growth

Flux growth is done by heating solid metal well above its melting point. This metal is

known as the �ux. Once this metal is in its liquid form it dissolves the other elements, or solutes,

present in growth. An everyday example of this is dissolving table salt in water. Even though

NaCl has a melting point of 801oC it can be dissolved in water at room temperature. Once

everything is in a solution, cooling down the solution will cause it to get supersaturated, at which

point a single site of nucleation will begin crystals precipitating out of the solution.

Fig. 2.1 shows the phase diagram for Sr and Al and gives us the basis for growing crystals

of SrAl4. In order to precipitate out crystals of SrAl4, any ratio below 20:80 of Sr to Al will give

us the necessary solution. The crystals in this study have been grown in a ratio of 1:16 Sr to Al

although a few different ratios have been tried and have shown no difference in properties of the

crystals. The Ba-Al phase diagram is very similar, hence for the substituted materials the ratio of

Ba : Sr : Al was (1-x) : x : 16.

In order to grow these crystals, component materials were put into an alumina crucible of

either 2.5mL or 5mL. Since Ba and Sr are air sensitive, their mass is measured out in a glovebox

in a nitrogen environment. Alumina crucibles are used to hold the materials at high temperatures

since it is a stable oxide, melts at 2000oC and does not react with many metallic elements. A

second crucible �lled with quartz wool is also added as a catch crucible and is used to �lter out

the �ux and separate the �ux from the precipitate when the crystal growth process is �nished as

seen in �gure 2.2. The assembly of crucibles is placed inside a quartz tube along with quartz

wool on the ends as cushioning for the contact points between the quartz tube and crucible as

well as serving as thermal insulation for the sealing process. The quartz tube is then melted and
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Figure 2.1: Phase Diagram of Sr and Al. The blue region is where the
mixture is in a liquid solution. In order to precipitate out SrAl4, excess Al
is needed, at most a ratio 20:80 of Sr:Al.
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Figure 2.2: Diagram of the crystal growth process. Material is put in a
sealed quartz tube inside alumina crucibles. The assembly is sealed in an
inert argon environment and is inserted in a furnace. After heating and slow
cooling the mixture is centrifuged to separate crystals from the molten �ux.

almost sealed using a hydrogen-oxygen torch. A small path is left open for the quartz tube to be

evacuated and re�lled with argon for an inert environment. This process is known as necking.

After the necking process, the quartz tube along with the assembly is attached to a vacuum pump

that removes the air inside the quartz tube and is re�lled with argon. This process of pumping

and purging is repeated three times to ensure a relatively inert environment. It is worth noting

that the quartz tube will soften around 1200oC and our choice of �ux and ratio used is determined

by materials that would dissolve the solutes below this temperature. During the �nal re�lling of

argon, the pressure inside the tube is set to around1
5 of atmospheric pressure. Using the ideal

gas law, this gives an estimate of 1 atm at 1200oC further stabilizing the quartz tube in case of

softening.

Once the quartz tube is sealed in an argon environment, it is inserted into a furnace. As
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seen in �g 2.1, even at a ratio of 1:4 Sr to Al the mixture would be in liquid form at 1040oC.

Just to make sure everything is in liquid form but still well below the 1200oC limitation put forth

by the quartz tube, the mixture is heated to 1100oC at 50
oC
hr . The mixture is held there for 12

hours to ensure that all the solutes have dissolved and everything is in liquid form. After the 12

hour wait the mixture is cooled at 5
oC
hr until 720oC, which is well above the 660oC melting point

of the Al �ux. Looking at the phase diagram in �gure 2.1, as the solution is cooled it hits the

liquidus line and begins to precipitate out SrAl4. The ratio of the mixture continuously changes

as it travels along the liquidus line. Once the mixture hits 720oC, it is �ipped over then put into

a centrifuge to separate the solid crystals from the liquid �ux. The liquid �ux is transferred into

the catch crucible, and the crystals are left in the crucible on the material side or are caught by

the quartz wool �lter.

For most growths that use the �ux method, the rate of cooling, temperature of centrifuging,

ratio of �ux to solute and time spent at highest temperature can have a great effect on crystal

size and quality and will often need to be tweaked to get crystals of reasonable size and quality.

During the growth of this series, these parameters were played around with but did not show

much difference when changed. This might be due to this growth being of a binary compound

that has a large region of growth. The biggest difference was made when the quality of starting

ingredients changed and this will be further discussed in a later chapter.

Although these crystals grow pretty large, as seen in �g 2.3, they do end up having inclusions

of Al embedded within them. As mentioned before, the growth parameters were changed to see

if it made a signi�cant difference to this particular issue but it did not seem to signi�cantly alter

the presence of inclusion. It is dif�cult to conduct a study for this but since the crystals grow

relatively large, it has been relatively simple to avoid areas with inclusions for measurements like
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Figure 2.3: Pictures of crystals that were grown using the �ux method across
the series. The non-crystalline metal seen on the surface of the material is
leftover �ux from the growth process. The crystals themselves grow pretty
large, at times larger that 2mm a side. The �at surface seen in the bottom
left image is the ab plane.
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resistivity.

The crystals themselves grow in either thick plate like structures where the shortest axis

is the c-axis or at times in stacked plate like structures with a �at square or rectangular surface

which is the ab plane. If left in air, the crystals will oxidize and deteriorate over time on the scale

of days. For this reason the crystals are stored in a nitrogen environment.

2.2 Chemical characterization

After the growth process, there is a need to ensure the chemical composition and structure

of the crystal, especially for the substituted crystals to understand the difference in nominal vs

actual substitution. The chemical characterization serves to ensure that the crystals made were

of the correct compound, i.e. SrAl4 and not some other binary like SrAl2. This section will

introduce the one of the techniques used to characterize these samples. Energy Dispersive X-ray

Spectroscopy and X-Ray diffraction on powders and single crystals will be discussed in the next

section.

2.2.1 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) was conducted using a Hitachi S-3400 Variable

Pressure SEM at the University of Maryland. During the measurement, the crystal surface is

exposed to a bombardment of electrons which produce characteristic X-ray emissions for the

atomic components. This helps �nd the ratio of the materials present in the crystal and can

indicate the phase of the crystal based on that as well as the substitutions percentage.

Crystals are attached to a glass slide using carbon tape that is also used to ground the
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sample since it is conducting. This is important since a ground is needed for the electron beam.

The electron beam used is set to 10-15 keV and 50mA. The spectra collected are analyzed by the

ESPIRIT software package and are compared to materials that might be present in the material.

Oxygen, silicon and carbon are usually present. Several different spots are checked to ensure

that the composition is relatively stable and to reduce chances of errors due to picking non-

characteristic spots. It is important to note that these measurements are surface sensitive and do

not penetrate to the bulk, hence the measurement is only sensitive to surface composition.

2.3 Structural Characterization

In order to characterize these crystals, two different diffraction techniques were used, x-

ray diffraction and Neutron diffraction. X-ray diffraction on powders and single crystals helped

con�rm chemical makeup as well as the structure of the crystal. Neutron diffraction was used to

con�rm the CDW wavevector in these materials.

2.3.1 Bragg's Law

X-ray diffraction works on the basic principles of Bragg's Law, and is the same principle

for neutron diffraction. Bragg's Law is a condition for constructive interference from x-rays

re�ecting from different layers of a crystal. As the x-rays penetrate the crystal, the x-rays will

re�ect off different layers with the crystal. In �g 2.4, we can see two x-ray beams hitting two

different layers of a crystal at an angle� . If the distance between the two layers is d, it then

follows that the extra distance covered by the x-ray hitting the second layer isdsin(� ). The

re�ected x-ray will be also have an angle of� with respect to the lattice. This means that the
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extra distance covered by the second x-ray is:

Figure 2.4: Illustration of Bragg's Law showing incident x-rays hitting the
surface of a crystal at an angle� . The distance between the layers is d
and the re�ected x-rays leave the sample at the same angle� . Hence the
distance covered by the x-ray hitting the second layer is2dsin(� ) more than
the distance covered by the x-rays hitting the �rst layer.

� R = 2dsin(� ): (2.1)

In order for the two re�ected beams to constructively interfere,� R must be an integer

multiple of the x-ray wavelength. This gives us Bragg's law:

n� = 2dsin(� ): (2.2)

Hence Bragg's law gives us a condition to measure the periodicity of a lattice as a function

of measured angle of re�ection.
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2.3.2 Miller Indices

Since Bragg's Law gives information about the periodicity of the lattice, a natural way to

interpret the data is to visualize it is in momentum space, using the reciprocal lattice vectors. For

a crystal with lattice vectorsa1; a2; a3 a position in a three dimensional real space can be written

as:

R = n1a1 + n2a2 + n3a3: (2.3)

The reciprocal lattice vector for an orthogonal system, like a tetragonal system can be

written as:

b i =
2�
ai

â i : (2.4)

Now for such a system we can express a position in reciprocal space as:

G = H b1 + K b2 + Lb3: (2.5)

The coef�cients of these reciprocal lattice vectors[HKL ] are known as miller indices. For

orthogonal systems,[HKL ] can be seen as frequencies along the real space axes (a, b andc).

This nomenclature is used to describe crystal planes, CDWs, diffraction peaks and many other

periodic features in crystal systems and is not speci�c to x-ray diffraction and will be used for

the neutron diffraction data as well.
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2.3.3 Powder and single crystal X-Ray Diffraction

Both single crystal and powder x-ray diffraction were conducted on these materials. Looking

at the Bragg's Law relation we can understand what single crystal diffraction would mean and we

can treat a diffraction pattern collected from a powder as a mixture of randomly oriented crystals.

Diffraction in such a powder will occur from the planes of these crystals that are oriented at the

correct angle to ful�ll the Bragg condition.

Powder diffraction patterns were collected using a Rigaku Mini�ex Benchtop x-ray Dif-

fractometer, however the data were not of ideal resolution for the performance of full re�nement

but were used to ensure the correct phase and crystal structure of the grown crystals. The single

crystal pattern was collected in a Bruker APEX-II CCD system equipped with a graphite mono-

chromator and a MoK� sealed tube (� = 0.71073	A). Crystal structure re�nement was performed

using the Bruker ShelXTL software package. These data were used to provide an accurate

re�nement of the lattice as well as the elemental occupation. All single crystal measurements

were performed by Dr. Peter Zavalij in the Chemistry Department at the University of Maryland.

2.3.4 Neutron Diffraction

The theory behind Neutron Diffraction measurements is similar to that of x-ray diffraction

discussed in the previous section. There are key differences between the two techniques but for

the purposes of this work, the structure and CDWs are measured with neutrons satisfying Bragg's

condition for Bragg peaks and superstructure peaks of the CDW.

Neutron diffraction measurements were performed with the BT-7 triple axis spectrometer at

the NIST Center for Neutron Research using a �xed incident wavelength� = 2.359 	A , horizontal
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collimations set to open -50'-50'-120', pyrolytic graphite monochromator and analyzer, and

pyrolytic graphite �lters to suppress higher order wavelengths. To reduce the possibility of

introducing strain to the sample, wire or glue were avoided for mounting. Instead, the crystal

was mounted to an aluminum post by gently wrapping it with aluminum foil. A closed-cycle

refrigerator with a base temperature of 5 K was used to control the sample temperature. Scans in

reciprocal space were measured as a function of H and L on warming from 5–255 K. All Neutron

diffraction measurements were conducted by Dr. Eleanor Clements, Dr. Jeffrey Lynn, and Dr.

Thomas Heitmann and analysis of the data was done by Dr. Eleanor Clements and Dr. Jeffrey

Lynn.

2.4 Cryogenic Technology

Measurements of resistivity, Hall, magnetization and strain were done in cryogenic environments

using commercially available cryostats manufactured by Quantum Design which offer a temperature

range between 1.8 K and 400 K. For resistivity, Hall, and strain measurements either a 9 Tesla,

14 Tesla or 14 Tesla Dynacool Quantum Design Physical Property Measurement System (PPMS)

were used for measurements. Magnetization measurements were done on the 7 Tesla Quantum

Design Magnetic Property Measurement System (MPMS) 3. All of these systems have magnetic

�eld sweeping as well up to the �eld mentioned in their name.

In these systems, the sample is loaded into a chamber that is then sealed in a helium

environment and brought to a low pressure of around 10 Torr. The sample chamber is then

cooled by pulling helium gas past it which is cooled from either a liquid helium bath (14 T and 9

T PPMS) or a closed-cycle refrigeration loop (14 T Dynacool and MPMS3). This process allows
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Figure 2.5: Image of two cryogenic systems used. On the left the 9 T PPMS
is shown. PPMS systems were used to do resistivity measurements, heat
capacity and strain measurements. The left image is of the MPMS3 7 T
system. It was used to measure DC magnetization. Both the systems have a
superconducting magnet.
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for accurate control over a temperatures range of 400 K and 10 K. From 10 K to 1.8 K, liquid

helium is transferred to a 1 K pot which is then pumped to further cool the liquid helium below

its boiling point of 4.2 K. It is noteworthy that the systems cooled using a refrigeration loop have

less noise due to vibrations and hence most Hall and strain measurements presented in this work

were done using the 14 T Dynacool.

The PPMS system contains a 12 concentric pin connector at the base of the sample space.

Twisted pairs of copper wires run through up the sample space and are fed through a vacuum

feed-through. Pucks made by Quantum Design plug into the concentric pin connector in order

to do the various measurements. A custom probe and puck was designed in order to do strain

measurements. Generally, measurements are conducted using the electronics provided with the

PPMS and are controlled using the MultiVu software provided by Quantum Design. For certain

measurements (like Hall and strain measurements), a custom electronic setup was used along

with a custom software that was made in LabView to control and automate these measurements.

2.5 Resistivity and Hall measurement

Electrical transport data gave much of the initial insights into this material. The transition

temperature for the CDW as well as the structural transition were seen in resistivity and motivated

much of the other experiments that were conducted. In order to motivate these measurements,

this section will �rst explain a simple theory of electrical transport that was developed by Paul

Drude [35].
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2.5.1 Drude Model

Metals can be treated as systems where charges move freely and scatter at some character-

istic relaxation time� . Hence, the classical equation of motion for charge carries in a metal that

has applied electric �eld and magnetic �eldE andB can be written as:

d
dt

p(t) = q(E +
p(t) � B

m
) �

p(t )
�

(2.6)

wherep is the momentum, q is the charge and m is mass of the charge carrier.

In the case ofB = 0, the expectation value of the momentum of the charge carrier in

equation 2.6 will be

hpi = qE�: (2.7)

We can also write the current densityJ as:

j = nqhvi : (2.8)

Combing equations 2.7 and 2.8 we can get the relation:

j = (
nq2�

m
)E: (2.9)

Equation 2.9 shows that the current density and electric �eld are linearly proportional and

is know as Ohm's Law. It is noteworthy that the entire argument for this derivation makes no

mention of quantum mechanics and is entirely classical but this same relationship is found in
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quantum mechanical free electron model with a Fermi-Dirac distribution [8]. The constant that

relatesJ and E is the conductivity (� ). In a real crystalline material, the lattice complicates

this slightly. The lattice can cause quantities like the mass m and the relaxation time� to be

anisotropic. Therefore the conductivity in a crystal is a rank two tensor which is written as� ij .

The inverse of this tensor is known as the resistivity tensor� ij .

Using equation 2.6 we can also derive an equation for understanding Hall measurements.

In equation 2.6 a Hall measurement considers the steady state solution, meaningdv
dt = 0, and

using the relation thatj = nqv, we can arrive at the equation:

E =
m

nq2�
j �

1
nq

j � B (2.10)

The �rst term of the equation 2.10 is the same as the equation 2.9 which describes the

current parallel to the electric �eld. The second term describes an electric �eld that is perpendicular

to both current and magnetic �eld. This means that if a current is applied through a material and

a magnetic �eld is applied perpendicular to it a voltage develops in the direction perpendicular

to the current as well as the magnetic �eld. This is known as the Hall effect. The voltage across

the material is known as the Hall voltage and the proportionality constant is called resistivity and

can be expressed as� B
nq .

The cause of this Hall voltage is due to the Lorentz force experienced by the travelling

charges. The charges are de�ected in a direction perpendicular toB andj . The de�ection causes

an imbalance of charge which is what leads to the electric �eld and Hall voltage.

The relationship between current and electric �eld can be written succinctly as:
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E i =
X

j

� ij j j (2.11)

wherei; j are[x; y; z] and� is the resistivity matrix. The diagonal elements are the same as when

the magnetic �eld was turned off but the off diagonal elements whenB is in thez direction are:

� xy = � � yx = �
B
nq

� � RH B (2.12)

whereRH is the Hall coef�cient. This shows that by measuring the Hall resistivity we can

determine not only the type of charge carrier, which depends on the sign of the Hall coef�cient,

but also the density of the electrons in the material.

In this work, different components of the resistivity tensor have been measured. Since the

values of the elements of this tensor are related to the dynamics of the Fermi-surface, it is sensitive

to many types of order including magnetic order, structural transitions, superconductivity and

charge order. Since measuring the various elements in this resistivity tensor can be an arduous

job, in this work we have focused on measuring the resistivity mostly in the a-b plane of the

crystal. The electrical transport data that are presented in this work will mostly focus on� xx , � yy

and� xy where x and y refer to the a and b lattice parameters which are equivalent in the tetragonal

unit cell.

2.5.2 Experimental Details

The values of the resistivity tensor elements for a particular material can be measured by

running current and measuring the corresponding voltage drop in the appropriate direction. Most

33



metals have a relatively small resistivity value, including the materials presented in this work.

In principal the measurement can be done using a multimeter or a two wire connection but that

would result in the measurement of the resistance of the entire circuit and wiring used. The circuit

as a whole can have a larger resistance than the sample being measured and can cause the signal

from the material to be obscured. Hence, it is important to isolate the resistance response of the

material and exclude the resistance from the circuit as a whole. Therefore much care is taken to

isolate the signal and ensure that the resistance being measured is from the crystal.

In order to eliminate the resistance of the circuit, a four-wire geometry is used to conduct

these measurements. In the four wire geometry we run current through the outer two wires

and measure the voltage drop across the the inner wires (placement depends on what we are

measuring). This con�guration ideally prevents current from passing through the voltage leads

and the hence the only voltage drop being measured is across the sample. Figure 2.6 shows the

two con�gurations used for the resistance measurement and Hall measurement. The resistance

is then calculated using the relationsR = V
I and this depends on the geometry of the sample.

Resistivity is an intrinsic property of the material and can be extracted from the resistance value

using the relation:

� ii = Rii
wt
l

(2.13)

for the diagonal elements of the resistivity tensor and

� ij = Rij t (2.14)

for the off diagonal terms. In these equationsl; w andt are the length, width, and thickness of
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Figure 2.6: Diagram of crystal wired for a four-wire resistance and Hall
measurements. The gold wires are attached to sample using either a
silver paste or a silver epoxy. The relevant geometric parameters for each
measurement are marked in the diagram.l is the length between the voltage
leads,w is the width of the crystal andt is the thickness of the crystal.

the sample and are also shown in �gure 2.6.

Since the measurements being done are on metallic samples with low resistivity, it is

bene�cial for the measurements to maximize the voltage drop or resistance being measured in

order to maximize the signal. For this purpose, the crystals are polished, cut or cleaved in a

manner to minimize thewt
l ratio. The wires shown in �gure 2.6 are attached to the surface of the

sample using either Dupont 4929N silver paste or EPO-TEK H20E silver epoxy both of which

are conducting. The Dupont 4929N silver paste is diluted with 2-butoxyethyl acetate and mixed

thoroughly to form a consistent �uid mixture. A gold wire is then dipped in the paste to form

a coating of the silver paste on the wire and the wire is then carefully placed on the surface of

the crystal. As the 2-butoxyethyl acetate evaporates in air at room temperature, the paste starts

drying and adheres to the surface of the sample producing low resistance contacts. For the silver

epoxy a similar method is used. The silver epoxy has two parts which are mixed together in a
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1:1 ratio. The same method of coating the wire and placing it on the surface is then used but the

epoxy does not cure at room temperature. Hence, the crystal along with the contacts are heated

to 100oC for 12 minutes for the curing of the epoxy. Once cured, the contacts are mechanically

strong but at times need some current annealing to make them electrically better. In general for

the materials presented in this work, epoxy contacts are mechanically superior to silver paste

contacts but silver paste contacts are electrically superior.

The wired samples are then attached to the PPMS pucks using either N-grease or GE-

varnish. Most of the resistivity measurements done were done using the internal electronics of

the PPMS but the Hall measurement and magnetoresistance (MR) measurements were done using

external electronics and recorded and controlled using LabView. The external electronics used

were Stanford SR830 lock-in ampli�ers and SR554 transformer pre-ampli�er. A sine wave of a

certain frequency is taken from the lock-in ampli�er and run through a resistor with a resistance

that is much greater than the sample (usually between 5 and 100k
 ). The resultant current is

passed through the current leads on the sample. The signal from the voltage leads is taken and run

through a transformer pre-ampli�er which provides a gain of -500 and subtracts the two signals

to give the voltage drop across the sample. This circuit is shown in �gure 2.7. The output from

the pre-ampli�er is fed to the lock-in ampli�er and is recorded on a computer using LabView.

While processing the data, the voltage is converted to a resistance by dividing by the gain as well

as the current supplied.
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Figure 2.7: Circuit diagram of the setup used to measure resistance and
Hall voltage. A sine wave voltage runs through a resistor with resistance
much greater than the sample resistance. This approximately supplies a
constant current to the circuit which is fed to the sample. The output voltage
runs through a transformer pre-ampli�er which not only subtracts the two
voltages to give the voltage drop across the sample but also provides a gain
of -500 to the signal. The output voltage is then measured by the lock-in
ampli�er.

2.6 Bulk characterization techniques

Measurements like resistivity tend to be sensitive to inhomogeneity within the crystal due to

electrical current traveling through the path of least resistance. In some cases the sample current

can be shorted due to some inclusion and provide misleading results. Although attempts are

made to ensure the absence of shorts and inclusions, it makes experiments of the bulk of crystal

important in order to con�rm the �ndings. For this work, DC magnetometry measurements were

used to further characterize the crystals. This section will introduce this technique.

2.6.1 DC Magnetometry

As mentioned in a previous section, magnetization was measured in a Quantum Design

MPMS 3 system which is equipped with a 7 T magnet. The quantity measured in this work

is magnetic susceptibility,� , which can reveal the magnetic properties of materials. In this
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measurement a small magnetic �eld (either 0.1 T or 0.3 T for the measurements in this work) was

applied and the crystal's response was measured. The magnetic susceptibility can be measured

in two ways in this system, either using a DC super conducting quantum interference device

(SQUID) or a vibrating sample magnetometer (VSM). In this work the measurements were done

using the SQUID. The SQUID is extremely sensitive and has a sensitivity of10� 8 emu.

The DC SQUID measurement in the MPMS works by moving the sample through super-

conducting coils that are sensitive to changes in magnetic �elds within the coils [36]. These coils

are inductively coupled to a SQUID, which is a superconducting loop that has two Josephson

junctions on opposite sides.

In theory the principle behind this set up is, as the magnetic �ux (� ) through the SQUID

changes, the phase difference between the two Josephson junctions changes. This phase difference

can be shown to be:

� b � � a =
2e
�h

� (2.15)

wheree is the charge of an electron,�h is Planck's constant and� is the �ux. This means we can

write the phases through the two Josephson junctions as:

� � = � 0 �
e
�h

� (2.16)

The total current can be written as the sum of the two currents from the two junctions. Using the

Josephson current phase relation we can get the equation:

I s = 2I 0sin(� 0)cos(
q
�h

�) (2.17)
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Using this equation we can input a known �ux in order to measure the2I 0sin(� 0) term. Now, the

only unknown term that remains is� . In practice, the voltage across the SQUID changes with

changing �ux and that is measured as a function of position and these data are used to extract the

magnetization of the material.

For this experiment, as mentioned before, the crystal is moved through the superconducting

coils. In order to do this, the crystal is attached with a small amount of GE-varnish to a quartz

rod. A quartz rod is used since quartz has a very low magnetic response and can minimize the

background signal.

2.7 Strain Cell: Nematicity

In order to measure the nematic response of SrAl4 elastoresistance measurements were

done on a commercially available Razorbill CS100 strain cell. The sample was polished and

shaped using sandpaper and alumina lapping �lms to around a 100� m. Gold wires and silver

epoxy was used to wire the sample before it was mounted on the strain cell using Loctite Stycast

2850 FT with Catalyst 24LV. The strain cell is then mounted on a custom designed probe and

inserted into the PPMS. The resistance measurement for this work was done using the same

circuit as for the resistivity measurements in �gure 2.7.

In order to measure elastoresistance on SrAl4 the samples needed to be prepared in a

particular direction. While using a piezo stack you can measure two samples at one time and

the geometry can be seen in �gure 2.8. Figure 2.8b shows the Montgomery technique to measure

the one crystal forB1g. You are still required to do two measurements but you can do it them on

the same crystal. This was used to measure theB1g channel on the strain cell.
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Figure 2.8: Diagram of elastoresistance measurements. a and b shows two
crystals being measured forB1g while c shows the geometry for measuring
theB2g channel. The current direction in all cases is along thea-axis. Figure
taken from [37]

.
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Figure 2.9: Diagram of elastoresistance measurements. a shows two crystals
being measured forB1g while b shows the geometry for measuring theB2g

channel with two samples. Thex andy axes inb are pointing along thea
andbdirection in the crystal. Figure taken from [37]

.

In order to measure the B2g response, a similar measurement can be done if the axis of the

strain and current is rotate by�4 . The geometry can be seen in �gure 2.9. Figure 2.9b shows two

crystals being measured to extract theB2g component. We can now use a similar set up as we

did for B1g as long as we shape the crystal such that the a and b axes are 45o off from the strain

direction. This was used to measure theB2g component on the strain cell in SrAl4 [37].

2.8 DFT

Dr. Sananda Biswas and Dr. Roser Valenti performedab initio density functional theory

(DFT) calculations in order to obtain the phonon dispersions using the �nite difference method

for three experimental structures - two parent compounds, BaAl4 and SrAl4, and 50% doped

structure, Ba0:5Sr0:5Al4 whose lattice constants were taken to be same as the 55%doped structure.
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We used the Viennaab initio simulation package (vasp) + PHONOPY implementation, with

plane-wave basis set (cutoff of 650 eV) and projected augmented wave (PAW) pseudopotentials

with PBE exchange-correlation functional including spin-orbit coupling (SOC). For all three

compounds, we have used a supercell of size2 � 2 � 2 and the convergence of the phonon

bands was checked with respect to the K-point sampling with Gaussian smearing of the width.

Additionally, we have performed geometric optimization of these experimental structures

until the forces on each atom were less than –eV=	A. We �nd that the relaxed structures differ

from the corresponding experimental lattice constantsa and c by a maximum of 0.25% and

0.50%, respectively. Our calculations also con�rm the experimental �ndings that the crystal

structure, e.g.,c=aratio remains mostly unchanged with different percentage of doping.
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Chapter 3: Background on AAl4

There has been some recent interest in the AAl4 series [33, 38, 39] where A = Ba, Sr, Eu

and Ca. The AAl4 series, and the family of compounds that have derived structures from the

BaAl4 structure type host an array of interesting phenomena [40]. This chapter will present some

background on these materials as well as delve into the two parent compounds, BaAl4 and SrAl4.

3.1 Parent Compounds: SrAl4 and BaAl4

This section will introduce the two ends of the series that this work focuses on. The

properties of this material will be discussed to establish some background for the work that will

be presented in chapter 4 and chapter 5.

3.1.1 Structure

The room temperature structure for BaAl4 and SrAl4 is the same tetragonalI 4=mmm

structure. Below around 90 K, SrAl4 undergoes a structural transition to a monoclinic structure

which is like CaAl4 [38]. The room temperature structure can be seen in �gure 3.1. The

interesting thing about the structure is the bonding between the two layers of the Al tetrahedrons

that form a cage around the A atom. This is different from other tetragonal structures like the Fe-

based superconductors and BaNi2As2 structure and causes the structure to be a lot more compact
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Figure 3.1: Room temperature structure for BaAl4 and SrAl4. The grey
atoms are Ba or Sr and the blue atoms are Al. The Al atoms form a cage
around the center Ba or Sr atom making the structure a little more sturdy to
change in lattice parameters.

particularly along thec-axis and prevents dramatic changes in thec-axis length as the central A

atom is changed. A comparison of the lattice parameters can be seen in table 3.1.

Even though the changes inc-axis are not dramatic, the properties of the two materials are

different in two key ways. Namely, SrAl4 has a CDW along thec-axis and undergoes some sort

of hysteretic structural transition to a monoclinic phase. This indicates the structure's sensitivity

to the A atom present.

44



a (nm) c (nm)

BaAl4 0.4566 1.1250

SrAl4 0.4461 1.1209

BaNi2As2 0.4112 1.154

SrNi2As2 0.4137 1.0188

Table 3.1: Room temperatures lattice parameters for variousI 4=mmm
crystal structures. The values for BaAl4 and SrAl4 were from the measured
values by single crystal x-ray. The BaNi2As2 and SrNi2As2 are from
published values [41,42].

3.1.2 SrAl4: Charge density wave and structural transition

Studies of SrAl4 have shown two transitions in resistivity [38] as seen in �gure 3.2. The

�rst transition occurs at 243 K and is not a hysteretic transition while the second one occurs

around 87.5 K and shows some hysteresis in both resistivity and magnetization as a function of

temperature [38]. The �rst transition is a CDW transition with a wavevector aroundqCDW =

[0; 0; 0:11] [38].

The lower temperature transition which is hysteretic in temperature is seen in both magnetization

and resistivity. In previous work the transition was believed to be a structural transition to a

monoclinicC2=m structure since CaAl4 at room temperature has that same structure with a high

temperature transition to the BaAl4 type tetragonalI 4=mmm structure [38]. The conjecture is

based on the idea that as the A atom in AAl4 reduces in size, the monoclinicC2=m structure is

energetically more favorable.
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Figure 3.2: Published resistivity vs temperature for SrAl4. Figure taken
from [38].

3.1.3 BaAl4

BaAl4, unlike SrAl4, has no such transitions in its metallic resistivity. The theoretical

Fermi-surface of the two materials is also different [38]. The interesting physics occurs due

to BaAl4's topological band structure. BaAl4 has a Dirac point in the� to Z direction that is

protected by the symmetry of the crystal as can be seen in �gure 3.3. It has a linear dispersion

along thekz direction but a quadratic dispersion in thekx=ky direction making it a semi-Dirac

point where both massless and massive fermions can exist ink space [33].

As a consequence of this semi-Dirac point, Wang, et al. observe extremely high magneto-

resistance (MR) in this material. A high MR can be a result of perfectly compensated electron

and hole pockets and although in BaAl4 electron and hole pockets coexist, quantum oscillation,
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Figure 3.3: BaAl4 calculated band structure. A and b show band structure
without and with spin orbit coupling respectively. C shows the crystalline
symmetry protected Dirac point. D and e show the point in different
direction showing that the Dirac point is a semi-Dirac point. Figure taken
from [33].
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Hall resistivity and ARPES data show that they possess different densities. This along with an

extremely small residual resistivity (� 90 n
 .cm) for a low carrier density material (� 1020 cm� 3)

suggests that the large MR is due to a topology derived mechanism [33].

3.1.4 SrAl4: Magnetoresistance

Just like BaAl4, SrAl4 also has a Dirac point in the� to Z direction which has linear

dispersion alongkz and quadratic dispersion alongkx=ky [43]. Even though there are key

differences in the system like a structural distortion as well as a CDW, this system shows a large

MR as well as seen in �gure 3.4 [44]. The system is also a compensated metal with a carrier

density of n = 1.4� 1021 cm� 3 [38]. This puts into question the source of this MR in SrAl4.

Feng, et al. studied the MR of SrAl4 and found that at low �elds the MR is linear with

magnetic �eld [44]. This is unusual since for most materials MR is quadratic with applied �eld.

In the same study, they measured the spin density wave material (SDW) GdSi, which showed

similar behavior, namely a large MR and linear MR at low applied �elds. Their theory is that

this linear MR is due to the small Fermi surface pockets in these materials and the turning of the

charge carriers around sharp corners in the Fermi-surface. These sharp corners may arise in CDW

or SDW systems from avoided crossings of the nested Fermi-surface [44]. Although there are a

few reasons SrAl4 could have large MR, such as a compensated metal or a topologically driven

mechanism, they do not explain the low �eld linear MR. BaAl4 and SrAl4's MR and resistivity at

�xed �eld looks very similar but the source of it is seemingly different.
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Figure 3.4: Resistivity vs magnetic �eld in SrAl4. A shows high
magnetoresistance of over 70 times at a 14T magnetic �eld. B shows a
plot of resistivity vs magnetic �eld at low �elds that shows a combination
of linear and quadratic response. Figure taken from [44]
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3.2 Other AAl4 materials

There are two more materials that are relevant to this work from the AAl4 family. Firstly,

CaAl4 due to the presence of the structural transition which is seen in SrAl4. Secondly, EuAl4

since it has the same structure but also has a CDW like SrAl4.

CaAl4 has a transition from the tetragonalI 4=mmm structure to the monoclinicC2=m

structure at 170oC (443 K) [45]. First principles calculations reveal a Dirac nodal line around

the� point in theZ � � � L plane [46]. This Dirac point is protected by inversion, mirror and

time reversal symmetry. The nodal line opens a small gap (< 3meV) with the inclusion of spin

orbit coupling (SOC). Like SrAl4 and BaAl4, CaAl4 also shows a large unsaturated MR. The

Hall resistivity reveals a multiband feature like the �rst principles calculations. According to the

multiband �tting, the electron-hole pockets are not compensated in this material which does not

match the calculations that predict compensation. Further study of the quantum oscillations in

this material do show a nontrivial Berry phase and also agree with the calculations showing an

ellipsoidal FS that is compensated. Xu, et al. attribute the discrepancies in the Hall and quantum

oscillation data to using an over simpli�ed model for the Hall data. They also conjecture that

the large MR is due to carrier compensation and topological nontrivial bands with high carrier

mobility [46].

EuAl4 is the magnetic counterpart of these materials and shares theI 4=mmm tetragonal

structure. It also possesses a CDW withTCDW = 140 K andQCDW = [0; 0; 0:17][38,47]. EuAl4

also has four consecutive antiferromagnetic transitions below 16 K [48] atTN = 15.4 K, 13.2 K,

12.2 K and 10.0 K. Just like the other materials in this series, EuAl4 has topological bands and

shows a topological Hall effect [47,49].
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Chapter 4: SrAl4

4.1 Growth and structure

The growth process is explained in Chapter 2. SrAl4 was grown using either a 99% (2N) or

99.99% (4N) pure Sr. Crystals grown from both these purities were measured using EDS, powder

XRD and single crystal XRD. The structure and stochiometry using these various techniques

matched quite well to one another as seen in table 4.1.

2N (taken at 250 K) 4N (taken at 220 K)

a (	A) 4.4633 4.4569

c ( 	A) 11.2107 11.2034

V ( 	A
3
) 223.33 222.544

Rint (%) 2.22 5.31

Table 4.1: Measured values of various crystallographic quantities. They
match each other quite well and differences might be due to temperature
differences.

The 4N purity crystals were also measured down to 55 K. This is below the hysteretic

structural transition that is seen in this material. Just like in the published work presented in

Chapter 3 [50], R values were used to �nd which structure �ts best. For these data, not only

were the tetragonalI 4=mmm and the monoclinicI 2=m considered, they were also �tted to the

triclinic I � 1 structure. The various crystallographic parameters are in table 4.2.
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220 K (I 4=mmm) 95 K (I 2=m) 55 K (I � 1)

a (	A) 4.4569 4.4511 4.4493

b ( 	A) 4.4569 4.4492 4.4493

c ( 	A) 11.2034 11.1924 11.1918

V ( 	A
3
) 222.544 221.644 221.547

� (o) 90 90 89.490

� (o) 90 90.496 89.910


 (o) 90 90 90.010

Rint (%) 5.31 4.64 4.39

Table 4.2: Lattice Parameters for 4N SrAl4 at various temperatures. The
�rst row shows the temperature and the structure that the data were re�ned
to.

The values presented in table 4.2 do not show much deviation from the tetragonal cell. The

angles only deviate by around 0.5o from the 90o in the tetragonal cell. Even the R-factor (not

shown in the table) changes negligibly across the temperature range and can be re�ned to any of

the crystal structures mentioned. The only indicator of a better �t is in Requiv which shows the

difference in equivalent re�ections. The deviations in this transition are extremely subtle.

The very recent single crystal XRD study tries to shed some light on this transition. Ramakrishnan,

et al.'s results suggest that the structural transition leads to a twinned crystal where the monoclinic

lattice distortion is visible as split re�ections along thec� direction [50]. Their data are able to

distinguish between the tetragonal and monoclinic structure on the basis ofRint values which

shows that the structure is monoclinicF 2=m.

Ramakrishnan, et al. also measured speci�c heat on the crystals of SrAl4 that they made.

The interesting result from their work is that although there is an anomaly at the CDW transition,

the second transition is not seen in their speci�c heat data [50]. They explain, that it might be due
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to lattice defects leading to a suppression of the transition as the crystal used was an as grown

crystal. Such an effect has been previously found in CuV2S4 where there is a similar suppression

of a transition which can be recovered by annealing the crystal [51] although the nature of that

transition is unclear and could be due to a locking-in of the CDW at that temperature. Regardless,

these data show that the transition in SrAl4 is extremely subtle at least physically.

4.2 Resistivity Data

As mentioned in Chapter 3, SrAl4 undergoes two transitions in resistivity as temperature is

lowered. The �rst one is the CDW transition and the second one is the structural transition which

is hysteretic. In �gure 4.1 we can see the two transitions clearly in the 4N sample. The �rst

transition occurs atTCDW = 244 K and the second one atTs = 94 K. For the second transition the

approximate mid point of the hysteresis is used as the transition temperature. The two transition

temperature seen in the 4N sample compare well to literature where the values areTCDW = 243

K andTs = 87.5 K [38]. The difference inTs transition could be due to a difference in where the

transition is measured since it is quite broad.

Figure 4.1 also shows two other resistivity vs temperature measurements. The �rst one

being a 2N sample. The curve for the 2N sample is quite different to the one for the 4N sample.

Firstly, the room temperature resistivity is much higher and the Residual Resistivity Ratio (RRR)

is much lower. This might be expected since the 2N Sr has more impurities which might increase

scattering and therefore the resistivity. Secondly, the transition temperature for the CDW is at

TCDW = 235 K which is 9 K lower than the 4N sample. The suppression of the CDW could be

some substitution or doping effect depending on the impurities or the CDW could be sensitive to
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the impurities as well. Lastly, the lower temperature transition is not present in the 2N sample.

This is quite a stark difference between the two and even with impurities present such a sudden

suppression of the structural transition is unprecedented. The transition as measured by single

crystal XRD does seem rather subtle in its deviation which could indicate that any impurity sites

in the lattice could well be stabilizing the structure or leading to a sudden suppression of the

transition.

The third curve in �gure 4.1 is resistivity of a sample where 4N Sr was used but during the

growth process 1%4N Ba was added. This was done to purposely introduce impurities in order to

study the effects in a more controlled manner. Again, as expected the RRR and room temperature

resistivity are both lowered by the introduction of a small amount of disorder although it seems

to be less than the 2N sample if these values are taken to be an indication of disorder. The CDW

transition temperature is also suppressed toTCDW = 239 K which is 5 K lower than the 4N sample

but is still higher than the 2N sample. Even though this 1% sample lies between the 4N and 2N

sample, we still see the complete suppression of the second hysteretic transitionTs. For context,

in BaNi2As2, Sr substitution up till Ba0:3Sr0:7Ni2As2 shows a structural transition [1]. Although

this transition is going from Sr to Ba, a substitution of 1% suppressing a structural transition

shows how this sort of subtle transition is extremely sensitive to changes in lattice and disorder

in the material.

Table 4.3 shows a summary of the results seen in the resistivity data. The difference

between the three types of growths done show how disorder affects the CDW phase as well

as the suppression of the transition due to the addition of disorder. As the RRR is lowered in this

system (or residual resistivity is increased), the CDW transition is suppressed and the hysteretic

transition disappears.
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Figure 4.1: Comparison of resistivity of SrAl4 grown with different raw
materials during the growth process. The total resistivity and RRR depends
on the purity of Sr used or whether some Ba impurities were added. The
2N SrAl4 has the highest room temperature resistivity as well as the lowest
RRR. The sample that used the 4N Sr has the lowest resistivity and highest
RRR and also is the only one that shows the hysteretic transition at around
97 K. TheTCDW also varies slightly with purity ranging from around 235
K to 245 K.

4N SrAl4 Ba0:01Sr0:99Al4 2N SrAl4

RRR 70 40 8

TCDW (K) 244 239 235

Ts (K) 94 NA NA

Residual Resisistivity (� 
 .cm) 0.21 0.45 2.8

Table 4.3: Summary of the features seen in SrAl4 for different growth
processes.
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4.3 Magnetometry

Magnetic susceptibility was also measured on the 2N and 4N samples. Previous measurements

of the magnetic susceptibility have shown a slight change of slope below theTCDW and a

hysteretic transition that is more prominent when the �eld is along thec-axis [38]. In �gure

4.2 three measurements on different crystals can be seen. There are two curves measured on the

4N crystals with different �eld directions (a andc direction) and one on a 2N sample with the

�eld along c. The shapes of these curves and low temperature values of the susceptibility are

comparable to the published values but there are some key differences.

The biggest difference is in the 2N and 4N crystals with the �eld along thec-axis. The

susceptibility at room temperature is negative and crosses over to positive. This could either

mean that there is some negative background during the measurement of the crystal or there is

some diamagnetic behavior. The curve does look like there is a shift in the curve compared to the

data collected by Nakamura, et al. [38]. The source of this diamagnetism could be the GE-Varnish

used but the crystals were measured using a straw with no GE varnish and the diamagnetism was

still present. The 4N crystal with magnetic �eld along thea-axis does not seem to have this

diamagnetic response.

Like resistivity, the 2N sample shows no indication of any transition occurring down to 2

K while the 4N sample with �eld along a shows a slight indication of some transition but it is

subtle. The 4N sample with �eld alongc shows a clear transition with a large hysteresis. The

behavior of the 4N sample is like the published data, where the transition is clear with �eld along

c but not as obvious with �eld along a [38]. The structural transition in magnetic susceptibility is

lower than the one measured in resistivity. The transition occurs around 87 K which is closer to
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the value measured by Nakamura, et al. [38].

The magnetic susceptibility corroborates the other data on these crystals. The data match

what is expected from the resistivity measurements and the subtle structural transition seems to

be more easily measured with susceptibility measured along the [001] axis. The X-ray data show

that the change of the angle is also along thec-axis as� changes once you go into the monoclinic

phase.

Figure 4.2: Comparison of magnetic susceptibility of SrAl4. The top and
bottom curves are measurements on the 4N sample in different magnetic
�eld directions. The middle curve is magnetic susceptibility on a 2N sample
with the �eld along thec-axis. The reference lines are the transitions seen in
the resistivity data. There seems to be some change of slope near the CDW
transition although it is lower in temperature. The structural transition seems
to be lower in the susceptibility. The two 4N measurements are on different
samples.
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4.4 Hall Data

Hall measurements were done on SrAl4 and Ba0:01Sr0:99Al4 crystals in order to better

understand the differences between the two samples as well as study the effects of the structural

transition. The results of the study can be seen in �gure 4.3. Hall voltage was measured at

various temperatures ranging from 2 K to 100 K for the 1% crystal and 2 K to 200 K for SrAl4

while sweeping magnetic �eld from -14 T to 14 T. Due to some amount of misalignment of the

leads used to measure the sample, a mix ofVxy andVxx is measured using the lock-in ampli�ers.

In order to separate the components, the data were interpolated and anti-symmetrized to isolate

the Hall resistivity. The symmetric component corresponds to the magnetoresistance which is

discussed in the next section. In �gure 4.3, the anti-symmetrized data are presented and the data

for each temperature are shifted for clarity. The �eld direction for all the Hall measurements

presented is along [0 0 1] (c-axis) and current is along [1 0 0] (a-axis).

For a single carrier system, a linear Hall resistivity is expected as a function of �eld as

discussed in chapter 2. In �gure 4.3, a linear response is seen down to around 70 K before both

the systems start to develop some curvature. This curvature could be due to the presence of the

two bands, since the system is nearly compensated and does have a hole and electron pocket [38].

Apart from the curvature, in SrAl4, around 200 K the linear curve �attens. Nakamura, et

al. also see the Hall coef�cient go to zero at that temperature and see a change in sign above that

temperature [38]. Since the Hall coef�cient is the slope of the line, the Hall coef�cient also goes

to zero for these data.

Comparing the two data sets in �gure 4.3, there are a few differences. Mainly, at low

temperature a kink develops at low �eld which is not present in the 1% crystal. If we view the
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