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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 transitid)(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 high T, 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,
BaNi,As,, 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 stdite ldeat capacity is shown to
have a discontinuous jump 8¢ followed by an exponential decay, implying the presence
of an energy gap in the superconducting state that narrows and eventually cldses at
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 jumpTat exponentially screen magnetic elds,

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



Figure 1.1: Idealized characteristic measurements and diagrams for
conventional superconductivitya.) resistance at low temperatures for a
normal metal and a superconductor with a superconducting transition at
T.. b.) Specic 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,otherwise known as London
penetration depthd.) ande.) Magnetic eld vs temperature phase diagrams
for a type | and type Il superconductor respectively. Type | shows an upper
critical eld B¢(T) and type Il shows separate critical elds of,8T) and

B (T). Figures have been adapted from [11, 12].



BCS theory stems from a few starting assumptions and demonstrations. First in
the development of electron pairs near the Fermi lekgl, experiencing an attractive
potential, Vi.xo with momentumk andk® Only electrons within a small energy range,

E. = h! . are chosen to experience the attractive potentiglp. 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 dsand Kk, as well as, opposing spins to form a singlet pair. In

the limit of weak interaction (sma¥W present for states within a narrow energy range of

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

E=2E 2h! eov (1.1)

whereN (0) is the electronic density of statesiat. Because this energy is lower
than the normal state energy of two independent elect&ifys, the state is energetically
favorable.

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

State,

=2 hl evov (1.2)

The energy gap can be shown to be directly relater} for this weakly interacting

limit as,



= 1:764 (1.3)

ke Tc

The temperature dependence ofremains mostly constant until the temperature

begins to approach,. This can be approximately modeled as,

(T) 1741 TI)F2 (0) (1.4)

Interestingly, the gap is not found to be a functiokpimplying 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 ¢ hedt,at

noting the gap sizeC , correctly as,

2 2
C =1:43Chom (Te) =1 :43(?N (0)k3 Te) (1.5)

whereC,orm is the normal state electronic speci ¢ heat of a metal abivdBelow
the transition temperature, BCS also correctly guesses the low temperature exponential

form of C as,

C(T)/ etat (1.6)

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

based upon the assumption of a present interaction potevitiak but it is not speci c



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

kgTe=1:130 pe— (1.7)

where! 5 is the Debye frequency for a given superconducting material aisch
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 independett of the Fermi surface (i.e. s-
wave), spin singlet pairing, a speci ¢ 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;uQ,, UTe,, 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 BAN.

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



in their unperturbed states. However, both are capable of high temperature superconductivity
(with transition temperatures sometimes reaching above liqyidtiNough 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 &, 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

8



Figure 1.2: Generic phase diagrams for the cuprates [13] and the iron-
pnictide [14] systems.



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
betweerl, 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, Baps,, 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

BaNi,As, 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 Bapis,. 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 booQuantum Theory of Solid88] (Figure 1.3). First, take
a one dimensional chain &f atoms spaced distance apart lled to a Fermi momentum,
ki . The band energy of the system can be described by a tight binding eBékjyand
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
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Figure 1.3: lllustration 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 detance
The electronic band structure is described by a tight binding model with one
electron per site, placing the Fermi energy leizl, halfway to the maximum

and intersecting points in k space lgt = =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 @ A gap is opened &, 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
2k; , nesting the gap formed in the electronic structure.

12



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 periodicitfaah real space with an
associate@Qcpw vector,Qcpw =2k = =a, which also connects the energy gap points
formed in momentum space. This phenomenon is otherwise known as “Fermi nesting”,
in which theQcpw 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 nesti@tgly . The temperature

at which this transition into a CDW state occurs will be denoted in this work-ag, .

1.2.2 Kohn Anomaly

An additional effect also occurs in th@-dependent phonon spectra for Peierls
transitions known as the Kohn anomaly. As the temperature is lowered toWgsds,
all phonon energies &cpw begin to decay to zero. These phonons hit zero energy at
Tcpw 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 sta@ dependent phonon spectra (thick dashed
lines) is shown at higher temperatures. As temperature is lowered towards
Tcow (think dashed lines), the spectra begins to dip centereQdyw =

2k: . WhenTcpw is reached (solid line), the spectra has sharply dipped and
reached zero energy 2k; . This example plot is borrowed from ref [34].)

A real example of Kohn anomaly as observed in 4rf&pw = 63 K) via
inelastic x-ray scattering [40]. At room temperature, a slight dip can already
be observed aZk; . As temperature is lowered towardigpy , the phonon
softening becomes more pronounced.

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 determiri@gdhg andTcpw .

Electrical transport can also sometimes determin€elthgy , 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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