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The desire for a complete understanding of high temperature unconventional superconductivity

has illustrated a necessity for the study of non-magnetic sources of superconducting

enchantment, such as nematically driven fluctuations and charge order fluctuations. BaNi2As2,

a non-magnetic counterpart to high Tc superconductor BaFe2As2, shows a six-fold superconducting

enhancement neighboring charge and nematic orders, positioning it as an excellent candidate

for studying the interactions between charge order, nematic order, and enhanced superconductivity.

In this thesis, I will present X-ray diffraction and electrical transport evidence for the

development of complex charge order within the system as functions of isovalent chemical

substitution via Ba1−xSrxNi2As2 and applied hydrostatic pressure. The discovery of three

separate charge orders will be detailed: an incommensurate charge order at Q = 0.28

and two commensurate charge orders at Q = 0.33 and Q = 0.5. X-ray diffraction

measurements of the Q = 0.28 charge order will be used to show a strong correlation

between it and a previously established nematic order for Ba1−xSrxNi2As2. Applied

pressure of BaNi2As2 up to 10.4 GPa will detail the development of all three charge



orders and be used to show a correlation between pressure and isovalvent substitution in

BaNi2As2. The critical substitution of 71% Sr and the critical pressure of 9 ± 0.5 GPa

will be directly compared by X-ray measurements of their lattice parameters, revealing

a collapsed tetragonal phase. This phase is shown to be analogous to the collapsed

tetragonal phase of the Fe-pnictide superconductors, likely playing a key role seen at

the critical substitution and pressure of BaNi2As2.
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Yizhi Fang, Hoyoung Jang, Jun-Sik Lee, Chris Eckberg, Daniel Campbell,John Collini ,

Johnpierre Paglione, FMF De Groot, Peter Abbamonte. Physical Review Letters

122, 14 (2019)

iii



Manuscripts in progress

• y Charge Order Evolution of Superconducting BaNi2As2 Under High Pressure.

John Collini , Daniel J. Campbell, Daniel Sneed, Prathum Saraf, Christopher Eckberg,

Jason Jeffries, Nicholas Butch, and Johnpierre Paglione

iv



Dedication

This thesis is dedicated to my mother, Hazel M. Collini, who gave and sacri�ced

countless hours to raising me and supporting me wherever my interests took me. Her love,

�ery passion, intellectual curiosity, and persistent drive continues to inspire and guide me.

I have never felt alone in my journey thus far, and I never will for the years ahead. Thank

you, mom. I love you for always.

March 17 1960� November 4 2022

v



Acknowledgments

It takes a village to produce a PhD graduate and I am grateful for all the help and

support I have received on my path here. First I would to thank my advisors, Johnpierre

Paglione and Nicholas Butch, for their years of support and advisement during my development

at the University of Maryland. Through them, I was particularly fortunate to have access

to a large array of equipment, opportunity for travel, and scienti�c support. Thank you

Johnpierre for supporting me through particularly challenging efforts of my experiments

and for encouraging me to apply for so many traveling fellowships. Thank you Nick for

many insightful conversations on my scienti�c problems and my career development.

My laboratory peers were instrumental in providing support and encouragement

over the course of my experiments. I am grateful for the co-supporting relationship I have

developed with Prathum Saraf, who started in this program at the same time as me. Daniel

Campbell, who mentored me as a graduate student and then later as a post doc during

my travels to Lawrence Livermore National Laboratory. Corey Frank and Silvia Lewin,

post docs of Nick's group, who provided me many hours of conversation and teamwork

on experiments and life advise. Christopher Eckberg, a previous graduate student, who

mentored me and layed the scienti�c foundations for much of the work in this thesis.

During my travels I have cultivated a variety of experiences that have shaped me

greatly as a scientist. The summer undergraduate program at the NIST Center of Nuetron

vi



Research with Julie Borchers, committee member Jeffry Lynn, and my advisor Steve

Disseler was particularly instrumental in cementing my inspiration to pursue experimental

condensed matter physics research, and, heavily in�uenced my decision to apply to University

of Maryland. My travels to University of Illinois at Urbana-Champaign at Peter Abbamonte's

lab informed a great deal of my scattering knowledge thanks to support from the students

there, Sangjun Lee and Stella Sun. I also want to thank Jason Jeffries of Lawrence

Livermore National Laboratory for hosting me in his lab for many months and Daniel

Sneed and Daniel Campbell for teaching me the ways of diamond anvil pressure work.

These accomplishments would not be possible if not for support from outside the

lab as well. I'm eternally grateful to my parents, Hazel and John, for supporting and

pushing me to be the best I can be. Despite neither one of them being a scientist or a

college graduate, they have unconditionally supported me and loved me throughout this

process. I also thank my partner, Rowan Tanner, for believing in me, supporting me,

giving me great joy, and loving me throughout the last years of my program. Lastly, I

need to thank the DC west coast swing community at large for being my home away from

the laboratory. Having a community and hobby outside the lab with so many supporting

people has made my adventure through graduate school possible.

vii



Table of Contents

Foreword ii

Dedication v

Acknowledgements vi

Table of Contents viii

List of Tables x

List of Figures xi

List of Abbreviations xiii

Chapter 1: Introduction 1
1.1 Superconductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 BCS Theory and Conventional Superconductivity . . . . . . . . . 3
1.1.2 Unconventional and High Temperature Superconductivity . . . . . 7

1.2 Charge Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.2.1 Introduction and the Peierls Transition . . . . . . . . . . . . . . . 11
1.2.2 Kohn Anomaly . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.2.3 Charge Density Wave Characterization . . . . . . . . . . . . . . . 14
1.2.4 Types of Charge Density Waves . . . . . . . . . . . . . . . . . . 18

1.3 Electronic Nematicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.4 This Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Chapter 2: Methods 28
2.1 X-ray Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1.1 Bragg's Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.1.2 Miller Indices and Momentum Space . . . . . . . . . . . . . . . . 30
2.1.3 Laue condition . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.1.4 X-ray Instrumentation and Tools . . . . . . . . . . . . . . . . . . 38
2.1.5 Reciprocal Space Mapping . . . . . . . . . . . . . . . . . . . . . 41

2.2 Cryogenic Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.3 High Pressure Diamond Anvil Cell X-ray Diffraction Up to 10.5 GPa . . . 47
2.4 High Pressure Piston Cell Electrical Transport Up to 2.5 GPa . . . . . . . 48

viii



Chapter 3: Charge Order Evolution in Ba1� xSrxNi2As2 51
3.1 Introduction to BaNi2As2 and Ba1� xSrxNi2As2 . . . . . . . . . . . . . . 51
3.2 Low Sr Content Region . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.3 Intermediate Sr Content Region . . . . . . . . . . . . . . . . . . . . . . . 63
3.4 Near Critical Sr Content Region . . . . . . . . . . . . . . . . . . . . . . 66

Chapter 4: Charge Order Evolution in pressurized BaNi2As2 70
4.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.3 Low Pressure Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4 High Pressure Region and Piston Cell Resistance of Ba0:30Sr0:60Ni2As2 . . 74

Chapter 5: Discussions and Conclusions 80
5.1 Comparing Ba1� xSrxNi2As2 and pressurized BaNi2As2 to other systems . 80
5.2 BaNi2As2 CDW Characterization . . . . . . . . . . . . . . . . . . . . . . 86
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Bibliography 90

ix



List of Tables

1.1 C2V Multiplication Table . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.2 C2V Character Table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

x



List of Figures

1.1 Conventional superconductivity illustrated characteristics . . . . . . . . . 4
1.2 Cuprate and Iron-pnictide generic phase diagrams . . . . . . . . . . . . . 9
1.3 Peierls Transition of a Charge Density Wave . . . . . . . . . . . . . . . . 12
1.4 An example of Kohn anomaly . . . . . . . . . . . . . . . . . . . . . . . 14
1.5 Example CDW Characterization of TTF-TCNQ . . . . . . . . . . . . . . 15
1.6 Electron diffraction pattern of Dy5Ir4Si10 . . . . . . . . . . . . . . . . . . 17
1.7 NbSe2 CDW properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.8 Diagram of H2O and it'sC2v group elements . . . . . . . . . . . . . . . . 23
1.9 Normal modes of vibration for the D4H system . . . . . . . . . . . . . . 24
1.10 Elastoresistance Example of BaFe2As2 . . . . . . . . . . . . . . . . . . . 25

2.1 Bragg's Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2 Miller Index Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.3 Abbaomnte X-ray Set Up . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4 16-BMD Beamline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5 Theta Integrated Diffraction Image Example . . . . . . . . . . . . . . . . 42
2.6 XRD Pixel to Angles Geometry . . . . . . . . . . . . . . . . . . . . . . . 44
2.7 14T PPMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.8 Livermore DAC High Pressure Cell . . . . . . . . . . . . . . . . . . . . . 48
2.9 C&T High Pressure Piston Transport Cell . . . . . . . . . . . . . . . . . 49

3.1 BaNi2As2 crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2 Ba1� xSrxNi2As2 triclinic distortion as seen in resistance vs temperature . 53
3.3 Ba1� xSrxNi2As2 charge density wave and nematic phase diagram . . . . . 55
3.4 BaNi2� xCoxAs2 and BaNi2As2� xPx phase diagrams . . . . . . . . . . . . 56
3.5 Summery of Ba1� xSrxNi2As2 ARPES measurements . . . . . . . . . . . 59
3.6 BaNi2As2 X-ray Diffraction of IC-CDW1 and C-CDW1 . . . . . . . . . . 61
3.7 BaNi2As2 Momentum Space geometry of IC-CDW, C-CDW1, and C-

CDW2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.8 BaNi2As2 correlation between IC-CDW and nematic order . . . . . . . . 64
3.9 Ba1� xSrxNi2As2 intermediate Sr content X-ray data of IC-CDW, C-CDW1,

and C-CDW2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.10 Ba0:35Sr0:65Ni2As2 X-ray diffraction and elastoresistance showing no IC-

CDW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.11 Ba0:35Sr0:65Ni2As2 X-ray diffraction of C-CDW2 and Triclinic Order . . . 68

xi



4.1 Integrated angle single crystal X-ray diffraction data of BaNi2As2 at 2.4
GPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Pressure-temperature phase diagram of BaNi2As2 . . . . . . . . . . . . . 75
4.3 X-ray data of BaNi2As2 at 2.4 GPa highlighting IC-CDW, C-CDW1, C-

CDW2, and the triclinic distortion . . . . . . . . . . . . . . . . . . . . . 76
4.4 X-ray data of BaNi2As2 at 8.4 GPa highlighting IC-CDW, C-CDW1, C-

CDW2, and the triclinic distortion . . . . . . . . . . . . . . . . . . . . . 77
4.5 Selected piston cell electrical transport data of Ba0:30Sr0:60Ni2As2 up to

2.55 GPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.1 Fe-pnictide collapsed tetragonal lattice parameters . . . . . . . . . . . . . 81
5.2 Fe-pnictide collapsed tetragonal as seen in dAs� As . . . . . . . . . . . . . 82
5.3 Lattice constants of Ba1� xSrxNi2As2 and pressurized BaNi2As2 . . . . . 84
5.4 Raman and phonon energy measurements of BaNi2As2 . . . . . . . . . . 87

xii



List of Abbreviations

CDW Charge Density Wave
SDW spin density wave
EPC electron-phonon coupling
IC-CDW incommensurate charge density wave atQtet =0.27 in Ba1� xSrxNi2As2

C-CDW1 commensurate charge density wave atQtri =0.33 in Ba1� xSrxNi2As2

C-CDW2 commensurate charge density wave atQtri =0.5 in Ba1� xSrxNi2As2

QMC Quantum Materials Center at University of Maryland, College Park
UIUC University of Illinois at Urbana-Champaign
EPEC Equilibrium Physics at Extreme Conditions
APS Advanced Photon Source at Argone National Laboratory
ICAM Institute for Complex Adaptive Matter
DAC Diamond Anvil Cell
PPMS Physics Property Measurement System
Tc Superconducting transition temperature
r.l.u reciprocal lattice units
CT collapsed tetragonal phase

xiii



Chapter 1: Introduction

1.1 Superconductivity

Superconductivity was �rst discovered by cryogenics pioneer Heike Kamerlingh

Onnes in 1911 while investigating the low temperature resistance of pure mercury [5]. He

observed a sudden drop in electrical resistance from a �nite value to zero upon cooling

through 4.2 K, the superconducting transition (Tc) temperature for mercury. In the years

to follow, superconductivity would continue to be found in many more elements and

compounds at low temperatures. It was found through further study that superconductivity

has three unique properties: zero resistance, the ability to expel magnetic �elds (the

Meissner effect) [6], and macroscopic quantum coherence. All three of these characteristics

show extraordinary technological promise and invite signi�cant fundamental physical

research. However more than 100 years later, we have yet to see a technological leap

inspired by superconductivity primarily because all known superconductor transition temperatures

are well below room temperature at ambient pressures.

The desire for both high temperature superconductivity and a complete understanding

of superconductivity has inspired a century's long study into new superconductors and

their underlying mechanisms. Notable to these efforts are the 1957 works of John Bardeen,

Leon Cooper, and Robert Shrieffer, whose microscopic theory of superconductivity successfully

1



explained the behavior for the vast majority of known superconductors at the time [7].

Following this theory in 1986, a particularly notable discovery of superconductivity was

discovered in a class of copper-oxide ”cuprate” compounds [8], which would later show

signi�cantly higher transition temperatures than all previously discovered superconductors.

Crucially, some of these cuprate superconducting transition temperatures reached above

77 K, the liquid nitrogen boiling point, granting superconductivity a new level of technological

accessibility. Not long after their discovery was it found that the mechanism responsible

for the cuprate's superconducting phase was distinctly different than all previously known

superconductors. This spurred a widespread investigation into it's superconducting mechanism

that continues to this day. Cuprates would stand alone as the only materials class capable

of highTc superconductors until 2008 with the discovery of high temperature superconductivity

in the iron-pnictides [9]. As with the cuprate class of superconductors, it was also found

that the iron-pnictide possess a superconducting mechanism differing from the conventional

mechanism seen in many low temperature superconductors. The discovery and widespread

study of these unconventional superconducting classes have indicated that our understanding

of superconductivity remains incomplete. Such gaps in knowledge have helped inspire the

bevy of works found in quantum materials research pertaining to the study of new exotic

superconductors and other exotic quantum materials.

This thesis aims to shed light on the particular case of a nickel-pnictide superconductor,

BaNi2As2, a non-magnetic conventional superconductor with unconventional superconductivity

enhancement from neighboring charge ordered and nematically ordered phases. The

remainder of this chapter will continue with an introduction to superconductivity followed

by introductions to charge density waves, nematicity, and an outline to the remaining

2



chapters of this thesis.

1.1.1 BCS Theory and Conventional Superconductivity

From the time of superconductivity discovery to the mid 1900s, researches remained

in the dark on the microscopic origins of superconductivity. These origins were �rst

illuminated by John Bardeen, Leon Cooper, and Robert Shrieffer (BCS) in 1957. The

following is a simple and brief introduction to their results, as well as, their immediate

applications to conventional superconductivity. These results are presented for the purposes

of illuminating the few superconducting measurements in this work. Treatment discussed

below of BCS theory is inspired by Tinkham [10], where a a detailed derivation can be

found.

We begin by noting the macroscopic experimental evidence on superconductivity

up until the mid 1900s that motivated BCS theory. Measurements in electrical transport of

course note the rapid transition into a zero resistance state atTc. Heat capacity is shown to

have a discontinuous jump atTc followed by an exponential decay, implying the presence

of an energy gap in the superconducting state that narrows and eventually closes atTc.

Measurements in �eld noted a critical �eld at which the superconducting state would

vanish. Magnetic �eld penetration studies demonstrated an exponential decay of �eld into

the bulk superconductors, which was argued to require long range quantum coherence.

The microscopic BCS theory therefore needed to satisfy zero resistance, determine an

energy gap, explain the speci�c heat jump atTc, exponentially screen magnetic �elds,

�nd the critical �eld, and include long range quantum coherence.

3



Figure 1.1: Idealized characteristic measurements and diagrams for
conventional superconductivity.a.) resistance at low temperatures for a
normal metal and a superconductor with a superconducting transition at
Tc. b.) Speci�c heat as a function of temperature for a superconductor
and a normal metal.c.) Magnetic �eld strength penetration decay into a
superconductor with a natural decay rate,L , otherwise known as London
penetration depth.d.) ande.) Magnetic �eld vs temperature phase diagrams
for a type I and type II superconductor respectively. Type I shows an upper
critical �eld B c(T) and type II shows separate critical �elds of Bc1(T) and
Bc2(T). Figures have been adapted from [11,12].
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BCS theory stems from a few starting assumptions and demonstrations. First in

the development of electron pairs near the Fermi level,E f , experiencing an attractive

potential,Vk;k 0 with momentumk andk0. Only electrons within a small energy range,

Ec = �h! c are chosen to experience the attractive potential,Vk;k 0. Cooper had shown

that the formation of such pairs is unstable at the Fermi surface and a great number of

generated pairs would open a gap. Each pair is also given zero net momentum, assigning

the individual momenta ask and� k, as well as, opposing spins to form a singlet pair. In

the limit of weak interaction (smallV present for states within a narrow energy range of

�h! c), the energy of a pair is given as,

E = 2E f � 2�h! ce
� 2

N (0) V (1.1)

whereN (0) is the electronic density of states atE f . Because this energy is lower

than the normal state energy of two independent electrons,2E f , the state is energetically

favorable.

Solving the system of many pairs gives an equation for energy gap in the superconducting

state,

� = 2� h! ce
� 1

N (0) V (1.2)

The energy gap can be shown to be directly related toTc for this weakly interacting

limit as,

5



�
kB Tc

= 1:764 (1.3)

The temperature dependence of� remains mostly constant until the temperature

begins to approachTc. This can be approximately modeled as,

�( T) � 1:74(1�
T
Tc

)1=2�(0) (1.4)

Interestingly, the gap is not found to be a function ofk, implying the gap is symmetric

on the Fermi surface.

From solving the gap as a function of temperature, the fermionic excitation energies

can be determined and used to �nd entropy, and therefore, speci�c heat. BCS theory

succeeds in �nding the experimentally measured discontinuity for speci�c heat atTc,

noting the gap size,�C , correctly as,

�C = 1:43Cnorm (Tc) = 1 :43(
2� 2

3
N (0)k2

B Tc) (1.5)

whereCnorm is the normal state electronic speci�c heat of a metal aboveTc. Below

the transition temperature, BCS also correctly guesses the low temperature exponential

form of C as,

C(T) / e
� 2�(0)

k B T (1.6)

BCS theory is able to make strong predictions about the characteristics of superconductors

based upon the assumption of a present interaction potential,V k ;k 0 but it is not speci�c

6



about that interaction's origin. For many of the superconductors discovered at this time,

that interaction is rooted in the exchange of phonons. Assuming the weak coupling limits

of BSC theory, equations 1.2 and 1.3 can be combined to show

kB Tc = 1:13�h! D e
� 1
� (1.7)

where! D is the Debye frequency for a given superconducting material and� is a

constant related to the strength of the electron-phonon coupling and the electronic density

of states.

The combination of BCS theory and the introduction of an electron-phonon coupling

interaction makes up conventional superconductivity. The core makeup of such superconductors

are: a symmetric superconducting gap independent ofk on the Fermi surface (i.e. s-

wave), spin singlet pairing, a speci�c heat modeled via equations 1.5 and 1.6, and phonon

mediated pairs with a relationship governed by equation 1.7.

1.1.2 Unconventional and High Temperature Superconductivity

As successful as the conventional superconductor model of phonon mediated pairing

was for many early discovered superconductors, there would come classes of superconductors

later that would show signi�cantly different behavior. These classes would include the

cuprates, iron-pnictides, heavy fermions, Sr2RuO4, UTe2, and topological superconductors

to name some. This section will focus on the behaviors of the cuprates and iron-pnitcides

as their physics will provide the best point of comparison to BaNi2As2.

Both the curprates and iron-pnictides are magnetic and non-superconducting compounds

7



in their unperturbed states. However, both are capable of high temperature superconductivity

(with transition temperatures sometimes reaching above liquid N2) through chemical

substitution and applied pressure. Such perturbations reveal incredibly complex phase

diagrams including magnetic order, charge order (in the cuprates), nematicity (in the iron-

pnictides), and more in addition to the aforementioned high temperature superconducting

phases (Figure 1.2).

The high transition temperatures of these compounds cannot be solely attributed

to phonon mediated pairing. Measurements of the electron-phonon coupling strength

in the iron-pnictides predict aTc that is tens of times smaller than the experimentally

measured results [15, 16]. However, measurements of the isotope effect in the iron-

pniticdes indicates that phonon-meditation may be playing at least a partial role in pairing

[17]. In the cuprates, the picture becomes more complicated with many competing theories

and measurements ranging from electron-phonon coupling not being strong enough [18–

20], actively working against pairing [21, 22], a key contributing factor in pairing [23–

25], or possibly part of a new phonon-spin-charge interaction model rather than the

conventional BCS model [26–28]. While conventional electron-phonon interactions cannot

completely explain these superconducting phases, they cannot be completely disregarded

either.

Additional evidence for the unconventional pairing mechanisms in the cuprates and

iron-pnictides can be found in their phase diagrams (Figure 1.2). Through the perturbations

of chemical substitution and applied pressure, long range magnetic order in these compounds

becomes suppressed towards a zero temperature quantum critical point. It is about this

magnetic quantum critical point that we �nd superconductivity emerges and becomes
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Figure 1.2: Generic phase diagrams for the cuprates [13] and the iron-
pnictide [14] systems.
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maximized. It has been suggested from their phase diagrams and many experimental

probes that magnetic excitations play a key role in their pairing. A particularly strong

piece of experimental evidence for this comes from the observation of a linear correlation

betweenTc and magnetic excitation energies taken from inelastic neutron scattering on the

cuprates and iron-pntictdies [29,30]. This phenomena of high temperature superconductivity

within close proximity of magnetism is quite surprising when remembering that superconductivity

is generally at odds with magnetism.

The phase diagrams of the cuprates additionally suggest charge ordering as a possible

in�uence on the superconducting pairing mechanism. Likewise for the iron-pnitices,

nematicity also could play a role on it's superconducting pairing mechanism. Theoretical

work has demonstrated that �uctuations associated with an electronically nematic quantum

critical phase can enhance superconducting phases with few requirements [31,32]. Directly

examining the role of these electronic interactions on the pairing mechanisms within these

compounds becomes challenging when considering the close proximity to the magnetic

phases, as well as, the high upper critical �elds of 10's and sometimes 100's of Telsas

needed to suppress the superconducting phases in the iron-pnictides and cuprates respectively.

The subject of this study, BaNi2As2, is a superconductor that has shown unconventionally

strong superconducting enhancement within proximity to charge order and nematicity

without any detected magnetism, making it an excellent candidate for studying the possibility

of charge order and nematic driven pairing enhancement. Introductions to both charge

ordering and nematicity will be given in the upcoming sections. An introduction to

BaNi2As2 will be presented in Chapter 3.
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1.2 Charge Order

The observation and manipulation of charge order via charge density waves (CDW)

played a critical role in my studies of BaNi2As2. This chapter aims to provide a modern

introduction to charge density waves for the reader. This introduction is inspired by the

reviews and works of refs [33–37].

1.2.1 Introduction and the Peierls Transition

Broadly, a charge density wave is a periodic reconstruction of the electron density

within a crystal that differs from the periodicity of the underlying lattice. Sometimes

CDWs will also accompany a periodic distortion of the atomic lattice. There are a few

known mechanisms responsible for producing CDWs with more mechanisms remaining

unknown that will be describing in the following sections.

One of the simplest CDW producing mechanism to understand is a method �rst

theorized by Peierls in his book,Quantum Theory of Solids[38] (Figure 1.3). First, take

a one dimensional chain ofN atoms spaceda distance apart �lled to a Fermi momentum,

kf . The band energy of the system can be described by a tight binding energy,E(k), and

by a periodic electron density that peaks at each atomic center [33, 35–37, 39]. Peierls

theorized that the total energy of the system could be further lowered by introducing a

periodic lattice distortion. This distortion sees each atom moving closer to one neighbor

and further away from another neighbor in an alternating periodic fashion (Figure 1.3 gray

panel). This distortion causes the electron density periodicity to double, earning the phase

it's name of charge density wave. The introduction of this distortion lowers the overall

11



Figure 1.3: Illustration showing the occurrence of Peierls type charge density
wave on a one dimensional toy model. In the normal state, a crystal is
represented by a one dimensional chain of atoms all separated by a distancea.
The electronic band structure is described by a tight binding model with one
electron per site, placing the Fermi energy level,E f , halfway to the maximum
and intersecting points in k space atkf = � �= 2a. Electron density is
slightly peaked at each atomic position. When the charge density wave state
is entered (gray panel), several physical changes from the normal state occur.
A structural distortion onsets, slightly moving each atom periodically close
to one neighbor and further away from another, creating a new periodicity in
the system of 2a. A gap is opened atE f , creating an overall energy savings
relative to the normal state and inducing a metal insulator transition. The
electron density reacts to the structural distortion by creating a new larger
periodicity relative to the normal state (a superstructure) at a wavevector of
2kf , nesting the gap formed in the electronic structure.
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system energy by introducing a gap at the Fermi energy. Here the electrons closest to

the Fermi energy have “folded over” yielding a lower energy compared to the previous

normal state. This gap formed therefore predicts that Peierls CDWs have a metal-insulator

(or potentially, a metal-semiconductor) transition accompanying them. Additionally, the

atomic lattice and electron density develop a new periodicity of2a in real space with an

associatedQCDW vector,QCDW = 2kf = �=a , which also connects the energy gap points

formed in momentum space. This phenomenon is otherwise known as “Fermi nesting”,

in which theQCDW formed by the new state neatly connects the gap points created on the

Fermi surface (or, Fermi “line” for this 1D example). A Peierls-like CDW may form in

real materials if the energy savings of entering the CDW state overcome the energy cost

needed to reconstruct the atoms and electron density below some transition temperature,

and if the Fermi surface geometries are favorable for nesting atQCDW . The temperature

at which this transition into a CDW state occurs will be denoted in this work asTCDW .

1.2.2 Kohn Anomaly

An additional effect also occurs in theQ-dependent phonon spectra for Peierls

transitions known as the Kohn anomaly. As the temperature is lowered towardsTCDW ,

all phonon energies atQCDW begin to decay to zero. These phonons hit zero energy at

TCDW and below this point become imaginary, indicating a static reconstruction of the

lattice has occurred as a result of a CDW phase. Kohn anomaly also acts as indication

of the strength of electron-phonon coupling strength associated with the CDW [33]. An

idealized example and a real material example of Kohn anomaly can be seen in Figure
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Figure 1.4:a.) A one dimensional idealized picture of Kohn anomaly for a
CDW. This example normal stateQ dependent phonon spectra (thick dashed
lines) is shown at higher temperatures. As temperature is lowered towards
TCDW (think dashed lines), the spectra begins to dip centered onQCDW =
2kf . WhenTCDW is reached (solid line), the spectra has sharply dipped and
reached zero energy at2kf . This example plot is borrowed from ref [34].b.)
A real example of Kohn anomaly as observed in ZrTe3 (TCDW = 63 K) via
inelastic x-ray scattering [40]. At room temperature, a slight dip can already
be observed at2kf . As temperature is lowered towardsTCDW , the phonon
softening becomes more pronounced.

1.4.

1.2.3 Charge Density Wave Characterization

To properly characterize a CDW, a wide array of experimental techniques must be

used. X-ray, neutron, and electron diffraction are used to determine theQCDW andTCDW .

Electrical transport can also sometimes determine theTCDW , as well as, the associated

metal-insulator transition (if it exists). Angle resolved photoemission spectroscopy (ARPES)

is used to determine the band structure and view the Fermi surface contours. Scanning

tunnel microscopy (STM) and spectroscopy are used to �nd the wavelength of the charge
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