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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. BaNiyAs,,
anon-magnetic counterpart to high 7. superconductor BaFe, Ass, 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 Ba; _,Sr,NiyAs, and applied hydrostatic pressure. The discovery of three
separate charge orders will be detailed: an incommensurate charge order at () = 0.28
and two commensurate charge orders at () = 0.33 and = 0.5. X-ray diffraction
measurements of the () = 0.28 charge order will be used to show a strong correlation
between it and a previously established nematic order for Ba; ,Sr,NisAs,. Applied

pressure of BaNisAsy 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
BaNiyAssy. The critical substitution of 71% Sr and the critical pressure of 9 + 0.5 GPa
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tetragonal phase of the Fe-pnictide superconductors, likely playing a key role seen at
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Chapter 1: Introduction

1.1 Superconductivity

Superconductivity was first 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 finite value to zero upon cooling
through 4.2 K, the superconducting transition (7.) 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 fields (the
Meissner effect) [6], and macroscopic quantum coherence. All three of these characteristics
show extraordinary technological promise and invite significant 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



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
significantly 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 7. 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,
BaNiyAss, 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 first
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 at 7,.. Heat capacity is shown to
have a discontinuous jump at 7. followed by an exponential decay, implying the presence
of an energy gap in the superconducting state that narrows and eventually closes at 7..
Measurements in field noted a critical field at which the superconducting state would
vanish. Magnetic field penetration studies demonstrated an exponential decay of field 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 specific heat jump at 7., exponentially screen magnetic fields,

find the critical field, and include long range quantum coherence.
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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, experiencing an attractive
potential, Vj, ;> with momentum k and k’. Only electrons within a small energy range,
E. = hw, are chosen to experience the attractive potential, V}, ;. 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 as k and —k, as well as, opposing spins to form a singlet pair. In
the limit of weak interaction (small V' present for states within a narrow energy range of

hw.), the energy of a pair is given as,

E = 2B} — 2hw.e OV (1.1)

where N (0) is the electronic density of states at £;. Because this energy is lower
than the normal state energy of two independent electrons, 2F, the state is energetically
favorable.

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

state,

A = 2w, e VOV (1.2)

The energy gap can be shown to be directly related to 7. for this weakly interacting

limit as,



= 1.764 1.
i 76 (1.3)

The temperature dependence of A remains mostly constant until the temperature
begins to approach T,. This can be approximately modeled as,

A(T) ~ 1.74(1 — %)1/%(0) (1.4)

c

Interestingly, the gap is not found to be a function of k, 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 find entropy, and therefore, specific heat. BCS theory
succeeds in finding the experimentally measured discontinuity for specific heat at 7,
noting the gap size, 6C, correctly as,

2
5C = 1.43C, 0 (T) = 1.43(%]\[(0)%@) (1.5)

where C,,,,.,, 1s the normal state electronic specific heat of a metal above 7. Below
the transition temperature, BCS also correctly guesses the low temperature exponential
form of C as,

—2A(0)

C(T) x e *8T (1.6)

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

based upon the assumption of a present interaction potential, Vi s but it is not specific



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

kpT. = 1.13hwpe > (1.7)

where wp is the Debye frequency for a given superconducting material and A 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 of k on the Fermi surface (i.e. s-
wave), spin singlet pairing, a specific 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 significantly different behavior. These classes would include the
cuprates, iron-pnictides, heavy fermions, SroRuO,, 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 BaNisAs,.

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 liquid Ny) 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 a 7, 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 find superconductivity emerges and becomes
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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
between 7, 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
influence 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 fluctuations 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 fields 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, BaNisAs,, 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

BaNiyAs, 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 BaNiyAss. 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 first
theorized by Peierls in his book, Quantum Theory of Solids [38] (Figure 1.3). First, take
a one dimensional chain of /V atoms spaced a distance apart filled to a Fermi momentum,
k¢. The band energy of the system can be described by a tight binding energy, (%), 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
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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 distance a.
The electronic band structure is described by a tight binding model with one
electron per site, placing the Fermi energy level, E;, halfway to the maximum
and intersecting points in k space at k; = =£m/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 at Fy, 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.
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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 of 2a in real space with an
associated Q)¢ pw vector, Qcpw = 2ky = /a, which also connects the energy gap points
formed in momentum space. This phenomenon is otherwise known as “Fermi nesting”,
in which the Q¢ py 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 at () pyy. The temperature

at which this transition into a CDW state occurs will be denoted in this work as T-py .

1.2.2  Kohn Anomaly

An additional effect also occurs in the ()-dependent phonon spectra for Peierls
transitions known as the Kohn anomaly. As the temperature is lowered towards T¢pyy,
all phonon energies at (Qcpw begin to decay to zero. These phonons hit zero energy at
Tepw 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 state () dependent phonon spectra (thick dashed
lines) is shown at higher temperatures. As temperature is lowered towards
Teopw (think dashed lines), the spectra begins to dip centered on Qcpw =
2k¢. When T¢pyy is reached (solid line), the spectra has sharply dipped and
reached zero energy at 2k¢. This example plot is borrowed from ref [34]. b.)
A real example of Kohn anomaly as observed in ZrTes (T¢opw = 63 K) via
inelastic x-ray scattering [40]. At room temperature, a slight dip can already
be observed at 2k¢. As temperature is lowered towards 7¢pw, 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 the Q¢ pw and Tpyy -
Electrical transport can also sometimes determine the T-py, 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 find the wavelength of the charge
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Figure 1.5: Example CDW characterization measurements of TTF-TCNQ
(Tepw = 54 K). a.) and b.) STM characterization above and below
Tepw [46]. The real space reconstruction of the charge and the lattice in
the CDW phase can be seen. c¢.) Resistivity vs temperature measurements
at different pressures showing the Peierls metal-insulator transition at 7T pw
[41]. d.) ARPES measurements just above 7 py showing the Fermi surface
just before becoming gaped and nested by Q¢cpw [42]. e.) Inelastic nuetron
measurements displaying a Kohn anomaly at QQcpy for specifically the
longitudinal acoustic (LA) phonon mode [43]. It should be noted upon further
review, these measurements were called into question by the authors [44],
but are still shown for this thesis for pedagogical completeness. f.) The
orthorhombic crystal structure of TTF-TCNQ consisting of parallel stacks of
the organic compounds TTF and TCNQ along the b axis [45].

modulation and the electronic transition temperature. Inelastic X-ray and neutron scattering
can measure the temperature dependence of the phonon dispersion needed for Kohn
anomaly. A series of example CDW characterization measurements for a real Peierls
material, Tetrathiofulvalinium Tetracyanoquinodimethane (TTF-TCNQ) (Tcpw = 54 K),
is shown in Figure 1.5 [34,41-45].

Determination of Q)¢py can be performed using X-ray or electron diffraction by
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finding CDW induced superstructure peaks in the diffraction pattern at low temperatures
when compared to high temperatures. These superstructure peaks appear at fractional
Miller indices ([H K L]) between neighboring Bragg peaks in what are known as satellites
peaks (Miller indices will be expanded upon in Chapter 2.1.2). The fractional value of
these satellite peak locations the Qcpw, and therefore the periodicity, of the CDW. As
an example, we can examine an electron diffraction study of a CDW material Dy5Ir,Si;q
in Figure 1.6 [47]. In this study, diffraction patterns of Dy;Ir,Siy are taken in the b-c
plane at a high temperature, 298 K, and low temperature, 100 K. The high temperature
diffraction pattern shows the normal state with only the Bragg peaks from the crystalline
structure visible. At low temperatures new peaks have formed in-between the Bragg
peaks corresponding to the new CDW state. Along the c direction new peaks are seen at
1/4 of the way to the next Bragg peak (such as ([0, 0, 1/4], [0,2,1/4], [0, —2,1/4]) and
1/2 of the way to the next Bragg peak. The peaks positioned at 1/4 of the way to the
next peak correspond to a CDW at Qcpw = [0,0,1/4], meaning that this CDW has a
periodicity of 4 unit cells along the c¢ direction when compared to the room temperature
crystalline structure. This CDW can be referred to as a commensurate CDW, because its’
satellite peaks occurs at a rational fractional values of [H K L], meaning it’s periodicity
corresponds to an integer multiple of the underlying unit cell periodicity. Incommensurate
CDWs are also possible, whose satellite peaks instead occur at irrational fractional values
of [H K L], corresponding to a periodicity that is uncorrelated with it’s underlying lattice.
The peaks positioned at halfway between each Bragg peak correspond to a structural

transition that has occurred in Dy;Ir,Si;( causing a unit cell doubling along the ¢ direction.
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Figure 1.6: Electron diffraction patterns of DysIr,Siy( taken at 100 K and
298 K (Insert) [47].
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1.2.4 Types of Charge Density Waves

Recent studies have challenged the Peierls picture for the origin of CDWs in a
majority of real materials, noting that many studied CDW materials do not experience key
Peierls CDW features, such transition metal dichalcogenides NbSe,, TaSe,, and CeTes.
As an example, ARPES measurements of the NbSe, Fermi surface do not show Q¢cpw
properly nested within it. A Kohn anomaly does occur, however, the phonon softening
occurs over a vastly larger range of () space than what is expected for Peierls transitions.
Additionally, and resistivity vs temperature measurements do not show much change at
Tepw, indicating no metal-insulator transition has occurred [33,37] (Figure 1.7).

Instead, it would seem features in the () dependent electron-phonon coupling (EPC)
are a stronger determining factor for the origin of CDWs in many real materials rather than
a Peierls transition. Direct measurements of the electron-phonon coupling matrix |g(Q)|?
are presently not possible. However, the strength of the electron-phonon interaction
as a function @) can be inferred from measurements of the phonon energies, phonon
linewdiths, and quasiparticle interactions [33, 34,48-52]. For these types of EPC driven
CDWs, one should expect a large response in the phonon energies and linewdiths with no
direct relationship to nesting.

This divergent view of many CDWs separated from the Peierls picture and instead
focused on () dependent EPC is rather new as of the writing of this thesis. As such,
there does not yet appear to be a standard method by which one would measure and
quantify the relationship of a CDW to the EPC mechanism. While Zhu [33,34] does offer
%

ways to approximately calculate the EPC matrix element, |g(Q)|*, from experimental
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Figure 1.7: Measurements probing the NbSe2 CDW. a.) Low temperature
resistance showing a small anomaly at T-py as well as, a superconducting
transition [53]. b.) Phonon energies about Qcpw [48]. ¢.) and d.) ARPES
measurements showing the lack of Fermi surface nesting and gapping related

to Qcpw [33,34,49].
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measurements of the phonon linewidths and energies, such methods have not been widely
adopted. In the literature, each author studying a CDW material dependent on a EPC
mechanism shows evidence for their claims using different measurements and calculations.
Such examples would be wide Kohn anomalies and phonon linewidths [33, 34,48], peaks
in the photoemission spectra [54], and in some cases, phonon energies hardening instead
of softening at Q)cpw [55]. As the interest continues to build for CDW materials, a need
presents itself for a matured methodology and language for measuring and discussing ()
dependent EPC driven CDW phases.

CDWs have also been detected in the high 7, family of cuprates where they are
believed to be at competition with the superconducting phase. The mechanisms for
charge ordering in the cuprates further stray from both the Peierls picture and the EPC
picture [34]. In this high 7, family, several different forms of charge ordering have been
detected, such as a stripe phase in La; _,Ndg 4Sr,CuO [56,57], a checkerboard phase in
BiySr,CaCuy0g. 5 [58,59], and long ranged CDWs in YBay;Cu3Og,. [60]. Comin et al.
have shown that FSN cannot be the driving force behind charge order in the cuprates [61].
Zhu et al. have also shown that EPC in the cuprates is not strong enough to drive a Kohn
anomaly or charge order [33]. It therefore becomes clear here that charge ordering in the
cuprates is derived from neither Fermi Surface Nesting (FSN) or EPC. STM studies [62]
have shown instead that these charge ordered phases are unconventional, in that they are
more likely driven by antiferromagnetic and Coulombic interactions.

Thus, we can categorize CDWs into three types based on their underlying mechanisms
[33,34]. Type I being Peierls-like CDWs, which usually materialize in quasi-one dimensional
systems. Type II being EPC driven CDWs, with no strong ties to Fermi surface nesting
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and are unrelated to metal-insulator transitions, such as in NbSe,, TaSe,, CeTes. Type
III are unconventional CDWs with no clear Peierls or EPC signatures, such as in the

Curprates. Discussion on which type BaNiyAs, charge order is will occur in Chapter 5

1.3 Electronic Nematicity

New measurements in electronic nematicity are not included in this thesis. However,
an understanding of basic nematicity is critical to understanding the impact of the research
presented. Here, I will give a brief introduction to electronic nematic susceptibility and
electronic nematic order tailored to understanding the physics at play in BaNisAss.

A nematic transition is one that breaks rotational symmetry. Important to the discussion
to rotational symmetry breaking is the mathematical formalism of point groups. These
groups are sets of mathematical operations that map one space to another space that keep a
single point fixed that obey the axioms of closure, invertibility, identity, and associativity.
Within the application of real materials, these point groups are used to describe the set
of operations, such as rotations and reflections, upon a single molecule or unit cell that
preserves the original locations of the atoms present. Common ways to examine the
characteristics of a point group are through a multiplication table and a character table.
As an example, we can examine the (5, point group multiplication table and character
table, representative of the H,O molecule.

The elements used in the (', point group include E, the identity, C,, a 180 degree
rotation, and o, the reflections, about a given ab plane (Figure 1.8). All of these

operations represent a complete group of symmetries for the H,O molecule. A set of
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Table 1.1: C'5, Multiplication Table

[ Co | E [ C | 0w [ 04 |
E E | C | 0. || 0y
C2 C2 E Oyz Oxz
Oz Ozz | Oyz E C2

Oyz Oyz Oxz C2 E

irreducible representations can be calculated from this table, representing a basis set of
the group. These irreducible representations of a given point group are well known and

described by a character table.

Table 1.2: (5 Character Table

| L [B[Co 0w [ 04 |

Ayl 1] 1 1 1| 2292 22
Ay |l 1| 1 | -1 -1 Ty
B 1]-1 1 -1 Tz
By || 1] -1] -1 1 yz

Here, each symbol in the left most column is a name for each irreducible representations,
I'; of Cy, while the following columns represent the different elements of C5,. The far
most right column shows the functional form of that irreducible representation. Each
irreducible representation for (', is able to represent a vibrational mode, translational
mode, or rotational mode of H,O with the shape of each mode matching the functional
form of it’s given representation and can be detected in infrared or Raman spectroscopy.

BaNi,As, has a tetragonal unit cell structure, meaning, a = b # cand o = [ =
v = 90. More specifically, it’s belongs to the ThCr,Sis-type crystal structure family
(Figure 3.1). The point group associated with BaNiyAs, is Dy, representing an inversion
symmetric tetragonal system. This point group has 16 unique operations, including, the
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CZ ’ O'yz

Figure 1.8: Diagram of the H,O molecule and it’s (5, group elements.
The pale orange plane shows the o, reflection plane. The dashed red line
indicates the o, reflection planes as well as the C rotation axis.
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Figure 1.9: The allowed normal modes of vibration for the D, system as
represented by specific characters of the Dy, group. The black solid line
represents the static shape of the structure and the red dashed line represents
the shape of a vibration of that shape for a given character. Figure shown here
is taken from [63]
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Figure 1.10: Example elastoresistance showing a nematic susceptibility
signal in BaFe,As (in the Dy, group) [64]. a.) Elastoresistance (1) measured
as a function of strain for temperatures between 240 K and 140 K. b.) nematic
susceptibility as a function of temperature taken as the slope of 7). ¢.) diagram
of the experimental set-up used for elastoresistance on BaFe,As,. A sample
is placed on top of a piezoelectric stack with strain gauges placed on top of the
sample and below the piezo. The sample is wired for a four-wire resistance
measurement and aligned such that strain is accessing the B, symmetry
channel (Figure 1.9) with I along [1, 1, 0] and perpendicular to [1, —1, 0].

identity, a 90 degree rotation, 180 degree rotations, reflections, improper rotations, and
an inversion. Within the D,;, point group there are two characters that will be of great for
interest my discussion into BaNiyAs,: the By, character representing the 22 — y? normal
mode and the By, character representing xy normal mode (Figure 1.9).

One way to detect nematicity is by performing elastoresistance measurements as
outlined by Chu in BaFe;As; [64] and Eckberg in BaNiyAs, [65] (Figure 1.10). In

this measurement a sample is wired for resistance and placed on top of a piezoelectric
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device or other form of strain applying device. The sample is specifically placed to apply
stain along a particular symmetry channel of interest from the material’s allowed point
group characters. Resistance is then measured as a function of applied strain for a set of
temperatures of interest. A change in resistance of the sample as a function of strain (if

present) can then be attributed to a nematic susceptibility.

1.4 This Work

In this thesis, I describe the evolution of charge order and crystal structure in
Ba;_,Sr,NiyAs; and pressurized BaNiyAs, and show how the charge order system in
this material is related to nematicity and superconductivity enhancement. This works will
further demonstrate why BaNisAs, is an excellent candidate to study superconductive
enhancement from non-magnetic sources.

In Chapter 2, I will discuss the experimental methods I used to characterize and
study the charge order and the crystal structure of Ba;_,Sr,NisAs,. This will include
a description of cryogenic techniques and technologies I used, resistivity measurements,
elastic x-ray diffraction, high pressure piston cell electrical transport experiments, and
high pressure diamond anvil x-ray diffraction experiments.

In Chapter 3, I will present my findings contributing towards a complete phase
diagram for charge order and crystalline structure in Ba;_,Sr,NiyAs, as detected from
elastic x-ray diffraction measurements. Highlighted in this Chapter will be a detailed
description for three separate charge orders detected in the Ba; ,Sr,NiyAsy system: an

incommensurate charge density wave in the tetragonal system at Q¢.; = 0.28 (IC-CDW),
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a commensurate charge density wave in the triclinic system at ();,; = 0.33 (C-CDW1),
and an additional commensurate charge density wave in the triclinic system at ()y,; = 0.5
(C-CDW?2). Included will also be a discussion on how the IC-CDW is strongly correlated
to the nematic order in Ba;_,Sr,NisAs,.

In Chapter 4, I will present my findings on and a complete phase diagram for charge
order and crystal structure in pressurized BaNisAs, as detected by x-ray diffraction and
electrical transport. Descriptions on the evolution of each charge density wave, IC-CDW,
C-CDW1, and C-CDW?2 under pressure will be highlighted here.

In Chapter 5, I will present an analysis comparing the Ba; _,Sr,NiyAs, and pressurized
BaNiyAs, systems. Additional data on the lattice constants of both systems will also be

presented here for this analysis.
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Chapter 2: Methods

The results I present in this thesis were obtained through a variety of different
experimental techniques including low temperature electronic transport, x-ray diffraction,
piston cell high pressure transport, and diamond anvil cell single crystal and powder x-ray
diffraction.

All crystals of Ba; ,Sr,NisAsy used here were grown by previous student Dr.
Christopher Eckberg at the Quantum Materials Center (QMC) of the University of Maryland.
Electrical transport and high pressure piston cell transport of Ba; . Sr,Nis Asy was performed
at QMC. Here I lead the piston cell efforts of QMC.

X-ray diffraction of Ba;_,Sr,NiyAs, was performed at the University of Illinois at
Urbana-Champaign (UIUC) in collaboration with professor Peter Abbamonte’s lab during
two separate fellowship funded visits via the Institute for Complex Adaptive Matter ICAM).
While visiting UIUC, Sangjun Lee and Stella Sun taught me how to use their laboratory’s
custom X-ray diffraction system. I then co-lead the experiments on Bag 35St 65Niz Asowith
students Sangjun and Stella. Data analysis was primarily handled by myself once back
at UMD with technical support from Sangjun. During my second ICAM sponsored visit
to UIUC, we began in-situ strain and X-ray diffraction experiments on Ba; . Sr,NisAs,.

During this trip I also assisted in further developing their X-ray data reciprocal space
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mapping software in Python, where I was able to speed up their algorithum by roughly
75 %.

High pressure diamond anvil cells for studying BaNi; As, were prepared in collaboration
with Equilibrium Physics at Extreme Conditions (EPEC) group of Livermore National
Laboratory during a fellowship funded visit via the Department of Energy’s Graduate
Research Fellowship. X-ray diffraction of these DACs were performed at the Argonne
Advanced Photon Source (APS) via additional fellowship funding support from ICAM.
While visiting EPEC, post-doctorates Daniel Sneed and Daniel Campbell instructed me
on how to prepare their DACs for X-ray diffraction experiments. After using these lessons
to build my own DACs, I used them at the 16-BMD beamline at APS to perform X-ray
diffraction measurements under pressure and at low temperatures with technical support
from the 16-BMD beamline staff and EPEC group leader, Jason Jeffries

In this chapter, I will describe and outline the experimental techniques I used to

complete this work.

2.1 X-ray Diffraction

Critical to the success of this work is the use of X-ray diffraction for observing
charge density waves and structural phase transitions. X-ray scattering is a vast topic with
a myriad of experimental techniques and uses. As such, this section will only cover the
basics of elastic x-ray diffraction required for understanding crystal structure and charge

density wave identification.
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2.1.1 Bragg’s Law

Pivotal to the practice of X-ray diffraction is Bragg’s Law, which governs the
condition for constructive interference between X-ray wavelength, incident X-ray angle,
and atomic layer spacing. Bragg’s Law is a deceptively simple relationship that can
be derived using a basic geometrical constructive interference argument (Figure 2.1).
Imagine a beam of X-rays from a lab source incident on a single crystal sample surface at
angle . This single crystal is made up of a periodic lattice of atoms with atomic planes
all spaced at a distance, d, from one another. As the X-rays penetrate this sample, each
layer passed will have the beam partially reflect some X-rays back out of the sample at
the same angle 6. In order for the reflected beams to constructively interfere and exit the
sample, the path lengths traveled by each beam must be an integer multiple of the X-
ray wavelength. This path length traveled at each reflection between layers is 2d sin(6).

Knowing this, we can arrive at Bragg’s Law

nA = 2dsin(0) (2.1)

2.1.2 Miller Indices and Momentum Space

Bragg’s Law shows a condition for constructive interference from scattering between
periodic atomic planes, but it alone shares no information for which specific set of atomic
planes are involved in the process. Instead, Bragg’s Law naturally involves the periodic

spacing, d, between a group of crystal planes. Therefore, translating the language of
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Figure 2.1: Illustration showing geometry of Bragg’s Law for X-ray
diffraction. Incident X-rays penetrate the sample at an angle 6 relative to
the sample’s normal. Each horizontal atomic layer is spaced a distance d
apart. Reflected X-rays from each atomic layer exit the sample at the same
angle . Each reflected beam travels an extra path length of 2d sin(f) relative
to reflected X-rays of the layer above.
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crystals from real space to ““ spacial frequency” space becomes a convenient coordinate
system when examining diffraction data, as well as, a multitude of other characteristics of
crystals. This frequency space is typically denoted reciprocal space or momentum space.

The following description of how to construct reciprocal space is adapted from
Stephen H. Simon’s The Oxford Solid State Basics [39]. Given a crystal structure with

lattice vectors, a, b, ¢, one can give the real space position of any point in a crystal as,

R = nia -+ ngb + nscC (22)

A set of reciprocal lattice vectors, b, can then be formed if they satisfy the relationship,

aj - bj = 27r(5ij (23)

The reciprocal lattice vectors can be formed using vector product relationships, and
follow the general relationship of

27raj X ak

b; = (2.4)

aj - Az X ag

Note that for orthogonal unit cell structures, such as cubic, tetragonal, and orthorhombic,
this relationship shows a clear reciprocal relationship, with each reciprocal space vector

being proportional to the inverse to the corresponding real space vector.

2
by = 214 (2.5)

a;
We can now express any position in reciprocal space as a linear combination of
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these reciprocal space vectors.

G = Hb; + Kby + Lbg (2.6)

the coefficients used here, [H, K, L], are known as the Miller indices (Figure 2.2).
These indices are used commonly as coordinates for describing crystal planes, charge
density waves, diffraction peaks, and any other form of periodic geometry or physics
that occurs within crystals. For orthogonal crystal systems, /, i and L can intuitively
be thought of as spacial frequencies along each crystallographic direction, a, b and c in
reciprocal lattice units (r.1.u). For example, [1,0,0] would describe the set of crystal planes
that repeat once every unit cell along a but do not repeat along b and c. [2,0,0] describes
the set of crystal planes that repeat twice every unit cell along a but do not repeat along
b and c. [2,2,0] describes the set of crystal planes that repeat twice along a and b but do
not repeat along c.

Importantly for this work, [, K, L] can have fractional values, and therefore correspond
to periodicities larger than the unit cell, also known as superstructures. These fractional
values correspond to two cases, commensurate and incommensurate. Commensurate
[H, K, L] are rational fractions and correspond to superstructures that repeat for an integer
numbers of unit cells. For example, [% ,0,0] is commensurate and corresponds to a superstructure
that repeats every 2 unit cells along the a direction. Incommensurate [H, K, L] are
irrational fractions and correspond to superstructures that do not repeat for an integer
number of unit cells. For example, [0.27,0,0] is incommensurate (as we can usually

only accurately measure out to two or three decimal places of reciprocal space) and
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Figure 2.2: Geometric examples of perioidic crystal planes for a simple body-
centered cubic lattice described using Miller indecies. The [1,0,0], [1,1,0] and
[0,0,2] crystal planes are shown. For each set of crystal planes, the associated
d spacing used in Bragg’s Law is shown.
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corresponds to a superstructure that repeats roughly every ﬁ = 3.703703... unit cells

along the a direction, never quite matching up to the underlying lattice grid.

2.1.3 Laue condition

Using the knowledge of reciprocal space, an equally valid and informative model to
Bragg’s Law can be formed for describing X-ray diffraction known as the Laue condition.
First, we can use definition of a real space vector given by equation 2.2 and the definition
of a reciprocal space vector given in equation 2.6 along with equation 2.3 to create a

relationship between any new real and reciprocal space vectors,

G- -R=2mm 2.7

where m is an integer. Next, we can describe a generalized scattering event as
an incident X-ray upon a crystalline sample of wavevector k and an exiting X-ray of
wavevector k. A generalized scattering event can be described by Fermi’s golden rule,
which is typically covered in most graduate level quantum mechanics courses,

L(r) = —|(K|V [k)|*§(Ew — Ex) (2.8)

2w
- |

where I is the transition rate per unit time of a partical scattering from k into k” and
we have chosen to model the sample as a potential, V. We’ll select |k| = |k’| to account
for the delta function, meaning we will be conserving energy between the incident and

exiting X-rays (otherwise known as elastic scattering). We can now write the matrix

element as
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—ik/-r ikr i(k'—k)-r

r (& 6(
N4

K|V k) = V(r) = [ dr——V(r) (2.9)

N v

noting that the v is the crystal volume and just accounts for normalizing the wavefunction.
Seeing that r is any real space position in the crystal, we can rewrite r in terms of a real
space lattice vector, R, plus the remainder, x. Doing this we can now rewrite the matrix

element as,

K|V k) = Z/dxe I~k B+)1/(R 4+ x)) (2.10)

Because the crystal is spatially periodic with R, we assume the potential must also

be periodic. This gives us V(R +x) = V(x). We can now rewrite the matrix element as,

VK = [Z e“k’k)'R] / dxe Y (x) .11

R

From complex analysis, the bracketed term will become zero unless

(kK —k)-R =2mn (2.12)

where n is any integer. Using equation 2.7, we can select n = m and find the
condition on the X-rays and the reciprocal lattice,

kK -k=G
(2.13)

k| = |k

This is the Laue condition for X-ray diffraction. Note that these are simply a
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statements on the conservation of momentum and energy of the incident and outgoing X-
rays. Sometimes you will hear X-ray diffraction experts refer to this as “the conservation
of crystal momentum”.

This condition can also be shown to be equivalent to Bragg’s Law. To do this,
multiply each side of equation 2.13 by G remembering the geometry shown in Figure 2.1

: _ 27 _2m
and knowing k = =t as well as G = =,

K-k -G=G-G

27 2T

T(sin 0" — sin 6’)? = G?
47 . 47
ﬁ(2 Sin 6) = ?

1 1

A = 2dsinf

Thus we now have two different but equivalent ways to view X-ray diffraction:
Bragg Law’s geometric and constructive interference interpretation and Laue’s quantum
scattering and momentum interpretation. Both views of X-ray diffraction can be helpful

to consider for different situations.
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2.1.4 X-ray Instrumentation and Tools

The X-ray experiments I performed on Ba; _,Sr,Nis Ass at ambient pressure occurred
at Peter Abbamonte’s UIUC X-ray lab using their group’s Huber 4-circle diffractometer
(Figure 2.3). The X-ray source for the system is a Xenocs GeniX3D Mo K, microspot
source. It provides 2.5 x 107 photons/sec with a beam size of 130 pm at the sample
location. The intensity profile as a function of energy is given in Figure 2.3-b, showing
most of the intensity peaked at 17.48 keV, corresponding to the Mo K ,; emission peak.
Experiments performed on Ba; ,Sr,NisAss used this Mo K,; peak with scattering from
the K,o and K3 peaks excluded from data analysis. The samples were enclosed in
a closed-cycle helium cryostat with working base temperature of 8.9 K. The dome of
the cryostat was made of Be, allowing X-ray transmission into and out of the sample
environment. X-ray diffraction images were collected using a Mar345 image plate detector
with an active area of 345 nm in diameter and single photon sensitivity.

The X-ray experiments I performed on BaNiyAs, under pressure occurred at the
Advanced Photon Source using the 16-BMD beamline (Figure 2.4). This beamline is
primarily designed for High-pressure X-ray diffraction, X-ray absorption spectroscopy,
and X-ray transmission computed tomography. The beamline is capable of an energy
range between 6 and 60 KeV with an intensity profile as a function of energy given in
Figure 2.4 and in [66]. The energy is selected by the user upstream from the DAC using
Si monochrometers. While the raw intensity of the beam peaks for 20 KeV, it peaks after
transmission through DACs at 25 KeV. For my experiments, I selected 30 KeV, as it was

the best compromise between beam intensity and number of Brillouin zones present on
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Figure 2.3: a.) Single crystal X-ray diffractometer used to measure XRD on
Ba;__Sr,NiyAss in Peter Abbamonte’s Lab. A 4-circle Huber diffractometer
is used to control # for the sample. The sample is enclosed within an X-ray
transparent Be shroud and vacuumed sealed. Cooling power is brought to
the sample via the closed circle cryostat underneath it. Diffracted X-rays are
counted on the mar345 Image plate. Direct, undiffracted X-rays are stopped
and measured by a photodiode. X-rays are sourced to the sample by a Xenocs
GeniX3D Mo K, microspot source. b.) The output energy spectrum of the
X-ray source.
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Figure 2.4: a.) 16-BMD beamline used to measure single crystal x-ray
diffraction of BaNisAs,under pressure. The DAC and sample are housed
in an on-beamline closed cycle cryostat. A motor stage below rotates the
cryostat through 6. b.) Energy spectrum of the 16-BMD beamline post-
pinhole (blue) and after transmission through a DAC (red) [66]. The energy
spectrum peaks at 20 keV post-pinhole but is reduced and upshifted towards
higher energies after transmission through a DAC. ¢.) The path of X-rays
from the APS source to the 16-BMD beamline [66]. Energy of the beam
is selected upstream using Si [1,1,1] monochrometers. The beam is then
shaped using a collection of X-ray optics before arriving at the sample stage
for diffraction.

the detector. A Pilatus 1M detector was used with a size of 1043 x 981 pixels. This
beamline allowed me to change the DAC pressure via a gas inlet on top of the DAC,

change the temperature of the cryostat, and move all relevant motors from outside the

hutch
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2.1.5 Reciprocal Space Mapping

Reciprocal space mapping is the procedure of converting X-ray data from pixels on
a detector to X-ray data in [H, K, L] space. During my experiments, samples were staged
on 6-circle geometry instruments at Peter Abbamonte’s UIUC lab, as well as, and the
16-BMD line at the Advanced Photon Source. In both labs, a 2D plate detector was used
to capture single crystal X-ray diffraction images. Typically for this set-up, the sample
stage would rotate 6 from a starting to ending point in small increments, taking X-ray
diffraction images at each stop point. For experiments performed on Ba; ,Sr,NisAsy in
Abbamonte’s lab, I rotated 6 from 0° to 20° in 0.05 ° steps for each temperature, creating
400 images per temperature. For each 400 image set, I created a “0 integrated” image
by assigning each pixel on that new image with the maximum X-ray intensity value for
that pixel across the 400 image set (Figure 2.5). For experiments performed at 16-BMD
on BaNiyAs, under pressure, I was limited in my range for 6 due to the windows on the
pressure cell and the cryostat. I rotated 6 from -4.5 ° to 4.5 ° in 0.3 ° steps for each
temperature and pressure, creating 30 images per temperature and pressure. For these
experiments, | also took long exposures while slowly rotating from -4.5 ° to 4.5 ° in order
manually obtain 6 integrated images.

Each X-ray data set for a given temperature and pressure contains X-ray intensity
data as a function of (Zpizer,Ypizer,n) Where n is the image number within a set. A reciprocal
space mapping was built for each temperature and pressure to convert data from pixel
coordinates (Zpigel,Ypizer,n) to angular coordinates (0,7,0) and finally to reciprocal space

coordinates [H, K, L]. The geometry used for pixel to angular coordinate conversion is
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Figure 2.5: Example X-ray diffraction data of Ba; ,Sr.NisAsy at room
temperature. A full € integrated image is shown on the left with each Bragg
peak indexed. Intensity found along the rings is a powder XRD pattern from
the Be dome. Four examples of individual 6 diffraction images are shown on
the right. A set of 400 images comprising # = 0 ° to # = 20 ° make up a
composite ¢ integrated image for each temperature measured.
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given in Figure 2.6. Using the direct beam position on the detector along with the distance
from the sample to the detector, one can describe the position of any pixel position on the
detector using the distance from the sample to that pixel, r, along with two angles showing

the offset in the x and y directions, v and ¢:

r=/(z =202+ (y — yo)? + &2

v = arcsin — (2.14)
r

d = arcsin y~— %

Additionally, € can be computed simply from the image number and the step size

of # between images

0 = nBysep (2.15)

With the data now given as a function of angles (,7,0) in the lab frame, we must
now convert from the lab frame to the crystal’s frame using the basis of [H, K, L] for a

given crystal using what is known as “U B” matrix formalism,

Qi =2rUB | (2.16)
L

where Q) is the lab frame’s momentum space, B is the transformation between

[H, K, L] and a Cartesian coordinate system tied to the sample, and U is the transformation
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Figure 2.6: Scattering geometry used for single crystal X-ray experiments
on Ba;_,Sr,NiyAs,. The sample lies at a perpandicular distance from the
detector, d. The direct beam position on the detector are given by the pixel
coordinates (z¢,yp). Any position on the detector, (z,y) can be described
using a set of angles (y,0) along with a radial distance from the sample, .

between the crystal’s Cartesian coordinate system and the lab’s Cartesian coordinate
system. The details of this formalism are greatly spelled out in [67, 68].

I calculated the U B matrix for each X-ray data set using the X-ray software, SPEC.
This procedure involved properly indexing (or identifying) the [H, K, L] associated with
each Bragg peak with their given (Zpizer,Ypizer,n) coordinate on the detector. The pixel
coordinates of each Bragg peak are then converted to the angular lab frame coordinates,

(,7,0) using equations 2.14 and 2.15. SPEC is then used to calculate a U B using the
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indexed Bragg peaks with their respective angular positions. Once the U B matrix is
calculated, the reciprocal spacing mapping procedure is complete. Any pixel coordinate
position, (ZpigelYpizel-N), can now be converted to [H, K, L] using the U B matrix and
angular conversion equations. The conversion of pixel coordinates to [H, K, L] using
calculated U B matrices in this thesis was completed using custom Python software co-

developed my myself and Sangjun Lee, former graduate student of Peter Abbamonte.

2.2 Cryogenic Technologies

For my measurements investigating the charge order of BaNiyAs,, I needed cryogenic
experimental environments capable of being tuned down to very low temperatures. All
transport experiments were conducted in commercially available Physical Property Measurement
Systems (PPMS) manufactured by Quantum Design, offering intuitive measurement controls
for electrical transport between 1.8 K and 400 K (Figure 2.7). All x-ray diffraction
measurements were performed using smaller, beamline appropriate closed cycle cryostats
with x-ray transparent windows and materials. The cryostat used with UIUC’s group was
able to reach 11 K and the cryostat provided to me by the APS for the 16-BMD beamine
was able to reach 38 K.

When using a PPMS, the sample is loaded into the chamber under a partial helium
pressure of around 10 torr at room temperature. To cool the sample, cold helium gas from
a liquid helium bath is pulled past the sample chamber, giving the user temperature control
between 10 K and 300 K. Below 10 K, liquid helium is transferred to a 1 K pot. Helium

vapor is pulled from this pot, allowing for evaporative cooling of the helium below it’s

45



THIS SPACE UST BE KEPTI
CLEARATALLTINES B8

Figure 2.7: Quantum Design 14T PPMS system used to complete high
pressure electrical transport measurements of Ba; ,Sr,Ni;Ass. Electrical
transport apparatuses of measurement interest are loaded from the top down a
thin cylindrical chamber. The sample environment is then purged and sealed
at vacuum before beginning measurements.
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natural 4.2 K boiling point to 1.8 K. Temperature and measurement control of the PPMS

for my experiments were handled using their MultiVu software.

2.3 High Pressure Diamond Anvil Cell X-ray Diffraction Up to 10.5 GPa

In collaboration with the Livermore High Pressure Physics Group, EPEC, I employed
the used of their diamond anvil cells (DACs) to study single crystal X-ray diffraction
BaNiyAsy up to high pressures of 10.5 GPa (Figure 2.8). In these DACs, samples of
interest are housed inside a gasket hole tightly confined by two co-aligned diamond culets.
The culet sizes used in these DACs can range from 500 pm to around 100 pm, with
smaller culets being used to reach higher pressures and smaller culets being used for
lower pressures and finer pressure tuning. For experiments into BaNisAs,, 500 um and
300 pm culet cells were prepared to reach the desired final pressures of around 10 to
12 GPa. The diamonds sat on Tungsten-carbide seats due to their X-ray transparency.
Inside the gasket housing, samples of Ruby are also placed as a pressure manometer. The
laser florescence of Ruby is well known as a function of temperature and pressure [69].
The gasket hole was filled with Ar gas as a pressure medium.

Pressure can be applied to the system manually by turning pistons. However for
beamline operations, He gas can be used to control the pressure remotely. He gas can
be fed in through a He inlet to a He membrane at the top of the DAC. If the screws are
removed, pressure can be held applying He gas to the He membrane. Pressure can then

be added by supplying more He gas to the membrane.
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Figure 2.8: Schematic showing the major components of EPEC’s DACs. A
detailed description is given in the text.

2.4 High Pressure Piston Cell Electrical Transport Up to 2.5 GPa

A high pressure piston cell from C&T Factory Co. was used to to perform resistivity

vs pressure and temperature measurements on Bag 30Stg 690Niz Ass(Figure 2.9). The feedthrough

houses 7 twisted wire pairs that are used for 4 wire connections with the sample, A
manganin coil, and a thin peice of Pb wire. The manganin coil is used a pressure manometer
for room temperature. This is done by measuring the change in resistance as a function

of pressure using the equation [70]

Rp
Ry—1

1000

248 (

) (2.17)

where P is the measured pressure in units of kbars, Rp is the resistance of the
manganin coil at a pressure, P, and Ry is the resistance of the coil at ambient pressure.

The Pb wire is used as a pressure manometer for base temperature. The pressure can
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Figure 2.9: a.) Schematic of each part of the C&T High Pressure Piston
Transport Cell. b.) Selected low temperature resistance measurements
of a Pb wire pressure manometer showing the change in 7 .for increasing
pressure. Curves have been vertically separated for clarity. ¢.) A completed
feedthrough showing a maganin coil, Pb wire, and sample wired to twisted
wire pairs. The red sample shown is ReOj.

be calculated by measuring the change in the Pb superconducting transition at pressure to

ambient pressure using [71],

_ TcO - TcP

0.0361 (2.18)

where P is the calculated pressure in units of kbar, T, is the 7. of the Pb strip at
ambient pressure, and 7.p is the T, of the Pb strip at pressure, P.

Construction of the piston pressure cell begins with preparing a feedthrough plug
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with 7 twisted wire pairs sealed by stycast. A manganin coil, thin lead wire, and a sample
are then each wired to their own two sets of wire pairs to create 4 wire contact resistance
measurements. All three components of the feedthrough as then tightly packed into a
Teflon cap while submerged in Arcros Organics Perfluoro-compound FC-770™ fluid
acting as the pressure medium. The feedthrough plus Teflon cap are inserted into the
NiCrAl inner cylinder along with a driving piston on top. A series of top and bottom
screws are inserted in the top and bottom of the cell. A hole is present in the top screw,
where a hydraulic press is able to apply forces on the order of 1000’s of psi to the driving
piston, applying pressure to the feedthrough cap. Once a desired pressure is reached,
the top screw is pushed further in to relieve force from the driving piston and maintain
pressure for a measurement. Custom PPMS adaptors, fashioned by the UMD Physics
machine shop, are screwed into the top and bottom screws for attachment onto a PPMS

puck and use in the 14T PPMS machine.
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Chapter 3: Charge Order Evolution in Ba;_,Sr,NiyAss

The following chapter will outline my work on the observation of charge density
wave order via X-ray diffraction in Ba; ,Sr.NisAss. The work presented here was
performed in collaboration with Peter Abbamonte’s X-ray group at UIUC and has been
published in “Multiple Charge Density Waves and Superconductivity Nucleation at Antiphase
Domain Walls in the Nematic Pnictide Ba; ,Sr,NiyAsy” Sangjun Lee, John Collini, et.
al. Physical Review Letters (2021) [3], “Absence of precursor incommensurate charge
order in electronic nematic Bag 3551y65NizAsy” John Collini, et. al. Physical Review
B (2022) [1], and “Sixfold enhancement of superconductivity in a tunable electronic

nematic system” Christopher Eckberg,...John Collini, et.al. Nature Physics (2020) [65].

3.1 Introduction to BaNisAsy and Ba;_,Sr,NisAs,

BaNiyAs, is tetragonal and exists in the ThCrySis structure (Figure 3.1). This
structure consists of Ba layers spaced in-between Ni-As layers along the c-axis. BaNiyAs, is
isostructual to its famous iron-based counterpart, BaFe;As,, at room temperature. At
140 K, BaFe;As,; undergoes a 1st order tetragonal to orthorhombic structural distortion
[72], meaning a # b # c and o = = v = 90° for this new structure. BaNi,As, instead

undergoes a first-order tetragonal to triclinic structural phase transition at 7 = 135 K,
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Figure 3.1: Crystal structure of room temperature BaNisAs, in the tetragonal state.
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Figure 3.2: Resistance of BaNiyAs, and Bag 3551( ¢5NisAsy normalized to
300 K data. Bag 35Srg45NizAsy has been offset from BaNiyAs, for clarity.
The triclinic distortion in BaNiyAs, can be seen in resistance at 135 K on
cooling and at 138K on warming and in Bag 35S51( 65Niz Ass at 40 K on cooling
and at 58K on warming. The 7, of BaNiyAs, and Bag 3551)65NizAss is
measured at 0.6 K and 3 K respectfully. [1]

meaning a # b # cand o # [ # v # 90° for this new structure. The onset of this
transition can be seen in X-ray as well as resistance [1-3,65] (Figure 3.2). The tetragonal
and triclinic phases of BaNiyAs, are denoted by sets of distinct Bragg peaks that index
to the space groups of /4/mmm and P1 respectively. Here I will use (H, K, L);¢; and
(H, K, L),; separately to describe positions in momentum space for each phase.
Accompanying the orthorhombic transition in BaFe,Ass is the onset of a spin density

wave (SDW) order [72]. However for BaNisAs,, neutron measurements have shown no
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evidence of a magnetic structure in its low temperature phase or anywhere else [73].
BaNiyAs, also becomes superconducting at 7, = 0.7 K [74], and thermal conductivity
measurements suggest that this superconducting state is fully gapped and likely conventional
[75]. The other end member, SrNisAs,, shows no evidence for a structural distortion or
magnetic order, but also superconducts below 7. = 0.62 K [76]. Isovalent substitution
of Sr for Ba in Ba;_,Sr,NiyAs, has been shown to suppress 7 toward absolute zero
temperature and enhance 7. up to a maximum value of 3.5 K at =0.71 [65]. Additional
substitutions of Co for Ni and P for As have also been studied for BaNiyAs, (Figure 3.4)
Elastoresistivity measurements of Ba;_,Sr,NisAs, probing the B, channel, corresponding
to the symmetry-breaking strain along the [100] and [010] tetragonal crystallographic
directions, have revealed a large nematic susceptibility throughout the range of Sr substitution
[65]. In addition, this experiment also revealed striking non-reversible hysteretic behavior
in the nematic response just above the triclinic distortion between =0 and x=0.5, implying
the presence of an ordered electronic nematic in the tetragonal structural phase. With
increasing Sr content, this nematic order begins to fade until a crossover to electronically
driven nematic fluctuations occurs in the intermediate region around x=0.5. Further
increasing Sr content to x=0.6 expels the nematic order. Continued increase in Sr content
yields a strong nematic susceptibility emerging at x=0.71, just above the maximum in 7..
X-ray measurements performed on Ba;_,Sr,NisAs, by myself and Sangjun Lee
have uncovered three separate CDW states evolving in the system as a function of x
(Figure 3.3). These charge ordered states consist of an incommensurate CDW (IC-CDW)
in the tetragonal state at ) = (0.28,0.28, 0);;, a commensurate charge density wave state

(C-CDW1) in the triclinic state at ) = (0,0.33,0).;, and an additional commensurate
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Figure 3.3: Ba;_,Sr,NisAs, phase diagram at ambient pressure showing the
triclinic state, IC-CDW, C-CDW 1, C-CDW?2, superconductivity state, as well
as, an overlap of the nematic susceptibility. [3]
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charge density wave state (C-CDW2) in the triclinic state at ¢ = (0,0.5,0);.;. The
following sections of this chapter will spell out the appearance and evolution of these
CDW states in three separate regions of the Ba; ,Sr,NisAs, phase diagram: a low Sr
content region (0 < x < 0.4), an intermediate Sr content region (0.4 < x < 0.6),
and a near critical 7, Sr content region (0.6 < z < 1). ARPES measurements of
Ba; ,Sr,NiyAs, have shown no Fermi surface nesting evidence of these charge density
waves and instead show a Lifshitz transition near the critical Sr concentration, as well as,
Fermi surface nesting evidence for the nematic state

Interestingly, one may also view the phase diagram shown in Figure 3.3 in reverse
from x=1 to x=0.71 noting a 6 fold increase in 7, for a conventional superconductor
where the only notable other change is an increase in nematic susceptibility. As discussed
in Chapter 1, BSC theory for a phonon mediated pairing mechanism shows 7, being
primarily driven by the Debye frequency and the density of states. Between x=1 and
x=0.71, these factors remain steady and are unable to explain the large increase seen in
T, [65].

Lederer [78] has shown that nematic fluctuations coupled to a weakly interacting
conventional superconductor can dramatically increase 7.. Nematic fluctuations may
induce an attractive interaction between fermions for momentum transfers sufficiently

larger than the nematic correlation lengths. This potential takes the the form of,

Vem(k; @) = —h(k)d(k — q) (3.1

where h(k) governs the coupling between fermions and the nematic state. Lederer

57



then shows a new pairing eigenvalue, A\ = Ay + 0\, where )\, is pairing eigenvalue
expected in conventional phonon-mediated pairing and d\ is the additional piece coming
from interactions with the nematic state. The assumption is made that A\g > A so that
phonon mediation remains the dominate pairing mechanism. The corresponding changes

to 1., and the gap structure are then calculated as,

Te . sxa2
—~ = 3.2
T 2 (3.2)

2=+ (D GE bl 63

where v (k) is the Fermi velocity. Note that 7, enhancement can become large
despite 6\ /) being small if 6\ > \2. Additionally note that the introducing the nematic
attraction to BCS theory has broken the inherently s-wave symmetry of the gap function.
ARPES measurements of Ba;_,Sr,NiyAsy have shown no Fermi surface nesting
evidence of the charge density waves. However, they do show a Lifshitz transition near

the critical Sr concentration, as well as, Fermi surface nesting evidence for the nematic

state (Figure 3.5) [79].

3.2 Low Sr Content Region

Near =0 both the IC-CDW and C-CDW 1 charge density wave states can be observed
in x-ray diffraction [2, 3]. Figure 3.6 shows the onset of the () = 0.28 IC-CDW at 144 K,

about 10 K above the triclinic structural distortion. The signal for the IC-CDW is shown
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Figure 3.5: A summery of ARPES measurements on Ba;_,Sr,NisAs, [79].
a.) A series of band energies for Ba;_,Sr,NisAss from ARPES showing a
Lifshitz transition at x=0.75. b.) Fermi surface of BaNisAss showing no
evidence of Fermi surface nesting for the IC-CDW or C-CDW1. ¢.) A sketch

of the Fermi surface at x=0.75, showing nesting evidence for the nematic
state.
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via a selected CDW X-ray peak at (2.72,—2,9),., a satellite peak of the (3, —2,9)
tetragonal Bragg peak. As temperature is decreased, the IC-CDW continues to grow in
intensity until a triclinic structural distortion occurs at 135 K. Concurrently to the triclinc
transition, the I[C-CDW abruptly vanishes and is replaced by an incommensurate CDW at
Qi = 0.31. Quickly upon cooling, this CDW undergoes a “lock-in” transition common
to many CDWs (Figure 3.6-b) [2] and shifts from Q;; = 0.31 to Q,; = 0.33 becoming
C-CDWI1. Lock-in effects are typically a consequence of lattice pinning in other CDW
materials [2, 3], suggesting that pinning plays an important role for this particular CDW
phase. Once C-CDW1 has locked into ();,; = 0.33, it continues to exist down to a base
temperature of 11 K.

One may assume that IC-CDW and C-CDW1 are the same charge density seen in
two different coordinate systems due to having a smaller difference in Miller index value.
However, the positions of IC-CDW and C-CDW1 are separated by nearly 20° and reside
in very different regions of momentum space [2, 3] (Figure 3.7).

Elastoresistance measurements taken by Eckberg on BaNisAss in the tetragonal
state have shown a clear nematic susceptibility signal along the By, (z — y) symmetry
channel just above the triclinic distortion (Figure 3.8) [65]. Particularly striking about
this signal though is the opening of a hystersis gap. This hysteresis in elastoresistance is
thought to arise due to the domain formation of an ordered nematic phase in Ba; _,Sr,NisAs,.
In Figure 3.8-c, Eckberg plots the nematic susceptibility (slope of AR/R(%)), width
of the hysteresis, and the intensity of the IC-CDW as a function of temperature for
BaNiyAsy. From this plot we find a strong correlation exists between the IC-CDW and

the width of the hysteresis, where this width can interpreted as the strength of the nematic
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Figure 3.6: Selected x-ray diffraction data of BaNi;As,. a.) X-ray
data showing the structural transition from tetragonal to triclinic via the
disappearance of the (0,0, 14),,, Bragg peak and the appearance of the
(0,0, 7)4 peak occurring near 135 K. b.) X-ray data showing the appearance
and extinction of the Qi; = 0.28 IC-CDW phase via the (2.72, —2,9)
satellite peak, as well as, the appearance and lock-in transition of the )y, =
0.33 C-CDW1 phase via the (—1.33,1,4),,; peak. The extinction of the IC-
CDW and the appearance of the C-CDW1 occurs simultaneously with the
triclinic structural distortion. [2]
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Figure 3.7: Geometric illustrations demonstrating the separate identities of
C-CDW1, C-CDW?2, and IC-CDW. a.) The unit cells for the tetragonal and
triclinic phases of Ba;_,Sr,NisAs,. b.) The Brillouin zone boundaries of
tetragonal (black lines) and triclinic (red lines) phases. The planes colored
in black and red represent H K planes in the tetragonal and triclinic phases,
respectively. ¢.), d.) The positions in momentum space of the IC-CDW, C-
CDWI1, and C-CDW?2 phases on the colored H K planes noted in panel b. [3]
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order. The IC-CDW and the nematic order appear together at 148 K, scale together in
intensity, and abruptly vanish at the triclinic distortion. As will be presented throughout
this chapter, the correlation between the IC-CDW and the nematic order is strong and

implies the two phases are related to a shared underlying mechanism.

3.3 Intermediate Sr Content Region

Between £=0.4 and £=0.6, the charge order in Ba; _, Sr,Nis Ass changes it’s behavior.
IC-CDW forms above the triclinic transition and then abruptly vanishes at the transition
line, now lowered to about 110 K. C-CDW1 then forms in it’s place. In this intermediate
region however, a new charge order, C-CDW2 ) = (0,0.5,0);;, begins to form further
than in temperature from C-CDW1 [3] (Figure 3.9). For a narrow window of = about
2=0.45, we find that both C-CDW1 and C-CDW?2 both co-exist down to base temperature
(Figure 3.9-d). Towards the end of this intermediate region, C-CDW?2 transition temperature
rises closer to the triclinic transition line as C-CDW 1 begins to disappear from the system.

As Sr content increases in this intermediate region, the window for nematic order
existence above the triclinic distortion begins to narrow. The IC-CDW existence window
also begins to narrow in this region. Both the IC-CDW intensity and the hysteresis
width continue to scale together as a function of temperature, further implying a strong

relationship between the two phases [3,65]
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Figure 3.8: a.) and b.) Elastoresistance measurements of BaNiyAs, taken
by Eckberg in two different orientations probing the B, symmetry channel.
The slope in the signal of AR/R(%) is a measure of the strength of
nematic susceptibility. The size of the width of the hysteresis opening is a
measure of the strength of nematic order. As temperature is lowered from
190 K towards the triclinic distortion at 135 K the susceptibility grows.
Nematic order becomes present starting near 145 K. ¢.) Measurements of
nematic susceptibility (black), IC-CDW intensity (red), and elastoresistance
hysteresis width (blue) versus temperature. The temperature regions for
tetragonal order, IC-CDW plus tetragonal order, and triclinic order are shown
as the white, gray, and dark gray shaded regions respectively. INSERT: X-ray
diffraction data of the (0.28, 1, 7). satellite peak representing the IC-CDW
order. [65]
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Figure 3.9: a.), b.), and c¢.) X-ray data of Bag53Srg4oNizAs, showing
the development of the IC-CDW, C-CDWI1, and C-CDW?2 for selected
temperatures. The IC-CDW is shown to exist in a narrow range just above
the triclinic distortion before vanishing. C-CDWI1 appears at the triclinic
distortion at 115 K but then decays as temperature is decreased. C-CDW?2
is shown at 70 K, now appearing at lower temperatures and co-existing with
C-CDWI1. d.) Intensity versus temperature profiles for IC-CDW, C-CDW1,
and C-CDW?2 for selected values of z. For the intermediate region x values of
0.42 and 0.47, we find ranges of temperature where C-CDW1 and C-CDW?2
co-exist. [3]
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3.4 Near Critical Sr Content Region

Between 2=0.6 and x=0.71 in the tetragonal phase, I have found that IC-CDW
vanishes from the system, leaving no charge ordered states in the tetragonal phase for
this region of the phase diagram [1] (Figure 3.10-a). Simultaneously for this region,
Eckberg also finds that nematic order has vanished from the system [1,65] (Figure 3.10-

b), indicated by the complete reversibility of the elastoresistance signal. As shown in
previous regions of the phase diagram, the IC-CDW and nematic order in Ba; _, Sr,Nis As, are
highly correlated together via the IC-CDW peak intensity and the nematic order elastoresistance
hysteresis area. With the added observation that both orders vanish together, we claim

that incommensurate charge order and nematic order not only scale together throughout
Ba;_,Sr,NiyAs,, but also mutually exist together throughout the entire phase diagram.

This intimate tie between both orders suggest the possibility of a common mechanism
driving both orders, requiring further study to elucidate.

When the system undergoes triclinic distortion in this region of the phase diagram,
now at a reduced temperature of around 60 K, only the C-CDW2 ) = 0.5 order is
observed [1]. This can be seen in Figure 3.11, where the triclinic order and C-CDW?2 order
can be seen appearing simultaneously at 60 K. The C-CDW1 order is now absent from the
system, and no additional charge order can be seen in the triclinic system. Increasing Sr
content beyond z=0.71 shows a vanishing of the triclinic and C-CDW?2 order along with
an enhancement of 7. up to 3.6 K [3,65]. The vanishing of the IC-CDW near 2=0.6 in the
tetragonal phase, along with the shift of commensurate order from C-CDW1 to C-CDW?2

in the triclinic phase, indicates that the charge ordered phases of Ba; _,Sr,NisAss develop
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Figure 3.10: a.) HK cuts through momentum space centered on
(0.28,1,7)4; at room temperature and relative temperatures above the
triclinic structural distortion for =0 and x=0.65 Sr concentrations. At room
temperature for both concentrations no CDW is present. At x=0 the IC-CDW
is observed at 142 K. At 2=0.65, the IC-CDW is no longer observable above
background levels. No other CDW peaks were detected in tetragonal phase
for =0.65 in all other regions of observed momentum space. X-ray data
taken from supplementary figure S3 of [65]. b.) Elastoresitivity ratios for
2=0 and 2=0.63 for temperatures just above the triclinic distortion. In =0,
the signal is hysteretic with strain, indicating nematic order. In 2=0.63, the
signal is reversible with strain. The observation of nematic order and the
IC-CDW occur simultaneously for Ba; ,Sr,NisAss. [1]
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Figure 3.11: H K slices of X-ray diffraction for Bag 35Sr( ¢5Niz As;showing
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in a complex way and are not simply tuned down to zero temperature.
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Chapter 4: Charge Order Evolution in pressurized BaNioAss

4.1 Introduction and Motivation

As demonstrated in Chapter 3, substitution of Ba for Sr in Ba; _,Sr,NiyAs, reveals
a rich phase diagram containing complex charge order, nematic order, and enhanced
superconductivity all while lacking any magnetism. This substitution of Sr for Ba is
an example of “chemical pressure” due to Sr being smaller than Ba while also sharing the
same number of valence electrons (and therefore, similar expected chemical properties).
This shrinks the average unit cell while theoretically changing little about the chemical
properties of the compound. With such dramatic changes occurring in Ba;_, Sr,NisAs,,
natural questions arise over the role chemical pressure plays in causing these effects. To
better understand this chemical pressure perturbation, I have studied and compared the
effects of physically applied pressure on the charged ordered phases of BaNisAss via X-
ray diffraction experiments using diamond anvil cells, and electrical transport measurements
using piston pressure cells.

This chapter will outline my studies examining the evolution of charge order in
BaNi;Ass as a function of applied pressure. The work presented here using DACs and
XRD was performed in collaboration with EPEC group of Lawrence Livermore National

Laboratory with X-ray data being taken at the 16-BMD beamline of Argon National
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Laboratory. Work involving electrical transport and high pressure piston cells were performed
here at QMC at UMD. The studies presented in this chapter have been developed into a
manuscript, “Charge Order Evolution of Superconducting BaNisAs, Under High Pressure”
John Collini, et al, with submission to Physical Review B emanate. Discussion and
comparison of these results with the ambient pressure studies of Ba;_,Sr,NisAss will

be conducted in Chapter 5.

4.2 Methods

Single crystal x-ray diffraction measurements under high pressure were taken at
the Argonne Advanced Photon Source (APS) 16-BMD beamline (Figure 4.1. Samples of
single crystal BaNi,As, were prepared in collaboration with the Equilibrium Physics at
Extreme Conditions (EPEC) group of Livermore National Laboratory using a diamond
anvil cell (DAC) with a diamond culet size of 500 m as previously outline in Chapter 2.3.
The samples of BaNiyAs, were mounted on the diamond culet with their c-axis parallel
to the culet’s normal, parallel to the x-ray beam. Neon gas was used as a pressure medium
and ruby florescence was used as a pressure manometer. A 200 pym diameter hole was
drilled in the center of a stainless steel gasket. The gasket hole was filled with the sample,
gas, and ruby. The starting pressure for the DAC was 2.4 GPa. A beamline mounted
cryostat controlled the temperature of the DAC and had working base temperature of
about 37 K. A gas membrane was used to control the pressure remotely from outside
cryostat and the hutch. The workable rocking angle for the experiment (denoted Omega

on 16-BMD) was limited by the gasket hole to a range of -4.5 degrees to 4.5 degrees.
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Data were taken only on cooling for pressures 2.4 GPa, 5.4 GPa, 8.1 GPa, 9.5 GPA, and
10.5 GPa.

Additionally, room temperature powder X-ray diffraction measurements were taken
at beamline 16-IDB of the APS by previous QMC student Daniel Campbell and myself.
A rhenium gasket was indented to about 40 pm using 300 um culets, then a 100 um hole
was drilled in the center. A powder of crushed BaNi2As2 crystals was loaded along with
Cu powder and a ruby sphere. The ruby was used for initial offline pressure calibration,
pressure during the measurement was ultimately determined from the [200] reflection of
Cu using the the equation of state [80]. Mineral oil was used as the pressure medium,
and a gas membrane was used to control pressure remotely from outside the hutch. High
pressure electrical transport measurements were also performed up to 2.55 GPa using a
piston-operated BeCu high pressure cell with Arcros Organics Perfluoro-compound FC-

770™ acting as the pressure medium.

4.3 Low Pressure Region

I find that charge order in BaNi;Ass; evolves under pressure in similar ways to
Sr substitution with key notable differences (Figure 4.2). Starting at 2.4 GPa, I have
detected all three charge orders (C-CDW1, C-CDW2, and IC-CDW) and the triclinic
distortion seen previously for Ba; ,Sr,NisAs, in chapter 3 (Figure 4.3). I find the IC-
CDW onsets at 140 K, 20 K above the triclinic distortion observed here at 120 K. The
IC-CDW then vanishes at 105 K in the triclinic phase. This marks a different behavior

from Ba;_,Sr,NiyAs, where we would instead expect the [C-CDW to vanish very close
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BaNi,As, 159 K 2.4 Gpa BaNi,As, 60 K 2.4 Gpa'
Integrated -4.5° to 4.5° Omega Integrated -4.5° to 4.5° Omega

Figure 4.1: Single crystal x-ray diffraction images of BaNisAs, at 2.4 GPa
taken at (a) 159 K and (b) 60 K. Highlighted in (b) is the [2 2 0] zone.
Comparing high to low temperatures, I find the introduction of satellite
peaks through-out the diffraction pattern. Superlattice peaks found midway
between zones are evidence for the ()=0.5 C-CDW?2 and superlattice peaks
found one third and two thirds to the next zone are evidence for the ()=0.33
C-CDWI1. Each image was exposed while continuously rocking the sample
from -4.5 to +4.5 Omega.
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to the triclinic onset while still in the tetragonal phase [3]. For the commensurate charge
order, C-CDW1 appears first at 110 K and C-CDW?2 appears next at 105 K, both in the
triclinic phase. C-CDW1 and C-CDW?2 continue to coexist down to 60 K, the lowest
temperature I measured for this pressure. This behavior, with the exception of a wide
IC-CDW existence window in temperature, places BaNiyAs, at 2.4 GPa roughly in line

with Ba;_,Sr,NisAss at an z between 0.4 and 0.5.

4.4 High Pressure Region and Piston Cell Resistance of Bag 39St 60Nis Aso

As pressure is increased, the three charge orders and the triclinic distortion have
their onset temperatures decline and eventually vanish. At the next measured pressures of
5.3-5.6 GPa, C-CDW1 was not detected as far down as 49 K. C-CDW2 was first detected
upon cooling at a temperature of 110 K for a pressure of 5.4 GPa. The triclinic onsets at
110 K for 5.4 GPa. Following this at 8.4 GPa, triclinic order and the C-CDW?2 appeared
together at 103 K (Figure 4.4). At higher measured pressures of 9.5 GPa and 10.5 GPa,
the system remained tetragonal as far down as 37 K with no charge order or triclinic order
detected.

In Ba; ,Sr,NisAs,, it was important to note that the extinguished C-CDW?2 and
triclinic distortion ended discontinuously as a function of Sr concentration before revealing
the large enhancement in 7, [3,65]. As a function of pressure, we find a 8.4 GPa, 103 K C-
CDW?2 + triclinic state onset followed by a tetragonal only state at 9.5 GPa down to 37 K.
This strongly suggests a similar discontinuous extinction of the C-CDW?2 and triclinic

phases. Additional evidence supporting a discontinuous vanishing can be seen in a piston

74



@ Triclinic BaNi2A52
¥ A IC-CDW (Q=0.28)
2001 m ccow1 (Q=0.33)
@ C-CDW2 (Q=0.50)

Collapsed T
Tetragonal

Tetragonal

(
=
Ul
o

Temperature (K
o
o

[ C'CP W C-CDW?2 1
50 C-CDW2 ]
E Triclinic l I I I

0_— 1 1 1 1 1 N | q )

0 2 4 6 8 10

Pressure (GPa)
200

IC-CDW (Q=0.28)
175 IC-CDW C-CDW-1 (Q=1/3)

C-CDW-2 (Q=1/2)
Tnem, hyst
ilieRxd6

T Ts, cooling

OOéme

¥ 1258
2
2 Tetragonal Xnem
@ 100 50+
)
o C-CDW-1
4
qEJ 75 (Q=1/3) ¥
= 30
| Triclinic 20
S0 C-CDW-2
(Q=1/2) 10
25 -
=Ll , : :
0.0 0.2 0.4 0.6 0.8 1.0

Sr substitution x

Figure 4.2: Pressure-temperature phase diagram of BaNiyAs, as determined
by X-ray diffraction measurements. Highlighted are the IC-CDW, triclinic
order, C-CDWI1, and C-CDW2. A collapsed tetragonal phase is also
highlighted and will be elaborated on in Chapter 5. The large error-bars seen
at lower temperatures and higher pressures account for the absence of phases
seen down to the lowest temperature measured for a given pressure. The
Ba;_,Sr,NiyAs, phase diagram from Figure 3.3 is shown below it for direct
comparison. 75



a)

Kter (r.l.u.)

Triclinic

10°  10* 10°

C-

2.00
Heet (r.1.u.)

500

IMe¥d- (1.66 2 0).,;

1.58

1.66
Hei (r.lou.)

L=0

2.08

CDWH1

1000

L=0

1.74

Intensity (a.u.)

BaNi,As, - 2.4 GPa

le5

7\ 115 K
s 110 K
100 K

1.92

1.96 2.00 2.04
Heet (r.l.u.)

2.08

0.5

.60 165 1.70 1.75

Heri (r.lu.)

1.80

b)

1000 2000

Ket (r.l.u.)

1.28
Heet (r.lu.)

1.20

200 400 600

=

IR°¥3- (2.5 2 0),,
2.50
Heri (r.lu.)

2.42

IC-CDW

L=1

1.36

C-CDW

L=0

2.58

Intensity (a.u.)

Intensity (a.u.)

le3
159K
e 19K
6
. 145 K
!
5 / ~ 135K
|
4 / \ 125K
] S .. 120K
115K
2
A ok
. .
100 K
M
0150 124 158 152 136
Heet (r.l.u.)
le3
159 K
2.5 59
120 K
20 115K
110K
15
105K

246 248 250 2.52 254
Heri (r.lu.)

Figure 4.3: Four distinct features of BaNisAss at 2.4 GPa (Triclinic onset,
IC-CDW, C-CDWI1, and C-CDW2) shown as a function of decreasing
temperature via momentum space plots and line cuts at a) (2,2,0)sy, b)
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105 K respectfully. Line cuts are presented with Gaussian fits at the peaks for
guidance.
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Figure 4.4: 8.4 GPa X-ray data and line scans of a) C-CDW?2 and b) triclinic
order as seen by the (—3,1,0); and (2,2.5,0),.;. We find that both phases
onset at 103 K.
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pressure cell transport measurement of Bag 39Sty g90NizAsy (Figure 4.5). Between the
narrowly separated pressures 0.1 GPa and 0.51 GPa, the sample of Bag 39Sty 60Niz Ass goes
from an ambient-pressure-like state of a C-CDW?2 + triclinic phase with an onset temperature
of 60 K to a complete vanishing of both phases followed by an enhanced superconducting
temperature of 3.6 K. This enhanced 7. state persists through the highest recorded pressure
of 2.55 GPa. The behavior induced in pressurized Bag 39Sty 60NizAss, coupled with our
x-ray observations in pressurized BaNisAso, and in previously reported ambient pressure
Ba;_,Sr,NiyAs,, point to there being a discontinuous phase boundary between triclinic
+ C-CDW?2 and the enhanced superconducting state induced by a shrinking lattice caused

by Sr isovalent substitution, pressure, or a combination of both.
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Chapter 5: Discussions and Conclusions

5.1 Comparing Ba;_,Sr,.NisAs, and pressurized BaNiyAs, to other systems

Lattice parameter studies for many systems in the 122 ThCr,Si,-type crystal structure
find that the c-axis, the a-axis, and a collapsed tetragonal (CT) phase are major drivers for
the interesting physics seen in their systems, such as CaFe;As, [81-85], BaFe,As, [86,
87], SrFe;Ass [88], CaRbFe, As, [89], LaRuyPy [90], and SrCosAss [91]. A CT phase
occurs when either physical or chemical pressure is applied to a ThCr,Si,-type system
and the lattice makes a sudden rigid shift in dimensions without changing the space group.
For the case of the 1-2-2 Fe-pnictides, there is a rise and fall in the a-axis with a valley
to peak size ranging from 0.05 A to 0.15 A, a discontinuous jump in the As-As interlayer
distance about 3 A, a flattening of the FeAs layer, and sometimes a discontinuous jump
in the c-axis (Figures 5.1 and 5.2). This collapse quenches the Fe moment, suppressing
magnetic order, and reveals high temperature superconductivity [92]. The discontinuous
jump in the As-As distance for CT phases is theorized to be caused by a hybridization of
the As atoms along the ¢ direction, and is thought to be a major driver into this collapsed
state.

To compare to the CT driven physics in these ThCr,Si,-type systems, lattice constants

of BaNiyAss up to 17 GPa at 300 K were measured from powder x-ray diffraction with
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Figure 5.2: As-As spacing showing the CT phase of various 1-2-2 Fe-
pnictides under pressure from literature taken from [85].
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the help of previous student Daniel Campbell and compared with Ba;_,Sr,NisAs, at

250 K (from supplement in reference [65]) and in Figure 5.3. I note the difference

in temperatures between the two data sets of pressurized BaNiyAs, at 300 K and at
Ba;_,Sr,NiyAs, 250 K, but argue it is not significant enough to alter any meaningful
comparisons. At 300 K, BaNisAss has reported c-axis and a-axis values of 11.6190 A and
of4.1474 A respectively [93]. SrNiyAs, has reported values of 10.290 Aand4.154 A respectfully
[94]. The 250 K Ba;_,Sr,NisAs, lattice parameter dataset has values of 11.6423 A and
4.1442 A for xg,=0, as well as, 10.2515 A and 4.1564 A for x5,=1. The differences
between 300 K and 250 K lattice parameters for BaNi;As, and SrNiyAs, are fractions of

a percent and therefore appropriate for our comparisons and discussions.

I find there is a correlation between Sr substitution and pressurization of BaNiyAs, for
the c-axis. In both systems, the c-axis decreases monotonically at a similarly scaled rate.
To directly compare these systems, pairs of xg,. and pressure were chosen by where
they have equal c-axis values. To do this, I linearly interpolated values for the c-axis
BaNiyAs, pressurized data set, then, noted the xg, values in the Ba;_,Sr,NisAss data
set where they equal the interpolate BaNioAsy c-axis values. A line, P(zgs,) = mzg,,
is fit to this result (Figure 5.3 insert). From the fit I find m to be 13.34 + 0.05 GPa/Sr,
demonstrating a simple linear relationship between chemical pressure and physical pressure
for BaNiyAs, along the c-axis. I test this correlation model with noteworthy points in
Xg,: the discontinuous phase boundary and maximum 7., xo = 0.71, as well as, the
approximate ending point for the IC-CDW and nematic order, z;c_cpw = 0.55. Using
this linear relationship, we find P(z¢) = 9.47 GPa and P(z;c_cpw) = 7.34 GPa,
closely predicting the corresponding events in the pressure.
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Ba; . Sr,NiyAs, data were taken from the supplement of reference [65]. The
300 K BaNiyAs, data were taken from pressurized powder x-ray diffraction
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The Ba;_,Sr,NiyAs,y scale was chosen such that the c-axis of both systems
align, visually showing the correlation between the two systems. INSET:
points in pressure plotted against equivalent points in Sr substitution for
alike c-axis values. A line, P(xg,) = mxg,, is fit to the correlation, yielding
m = 13.34 £ 0.05 GPa/Sr as the correlation constant relating the c-axis of
pressure to the c-axis of Ba;_,Sr,NisAss.
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For the a-axis I instead find a deviation between Sr and pressure (Figure 5.3).
Eckberg et al have shown for Ba;_,Sr,NisAs, the a-axis remains mostly constant until a
small rise near SrNiyAs, at xg,- 0.7 [65]. As a function of pressure, we find an immediate
sharper decline of the a-axis, until a rise and fall is encountered between 8 GPa and 13 GPa
with a valley-to-peak size of ~ 0.03 A (Figure 5.3). The start of this pressurized a-axis
expansion coincides with a small rise seen in the a-axis of Ba; ,Sr,.NisAss. These both
occur when the c-axis of both systems is decreased to ~ 10.8 A. Eckberg also noted that
the rise in the a-axis seen in Ba;_,Sr,NiyAs, coincides with d4s_ 4, crossing 3 A [65],
the same threshold noted for the Fe-pnictide collapsed tetragonal phases.

The a-axis expansion seen in pressurized BaNisAss and Ba; _,Sr,NiyAs, indicates
that a CT transition is developing. The onset of this CT transition in Xg, and pressure
coincides with the charge and triclinic orders vanishing discontinuously. During this
collapsed tetragonal transition, we speculate that the Ni-As layers begin to flatten along
the ab plane for the duration of this a-axis expansion, similar to the flattening Fe-As
layers in the CT phase of Fe-pnictides. We infer the CT phase in BaNisAss plays a key
role in extinguishing charge order, enhancing nematic susceptibility, and enhancing the
superconducting temperature. Open questions remain as to how this CT phase suppresses
charge order for BaNisAs,, and why this CT phase is subtler than those found in the Fe-
pnictides. Further study into the lattice parameters, As-As distances, and Ni-As angles
for this region of pressure and temperature may shed light on the suppression mechanism

for charge order and superconductive enhancement mechanism in BaNisAss.
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5.2 BaNisAsy, CDW Characterization

Within the last two years, a bevy of new studies on BaNiyAs, have emerged. In
this section, I will briefly present early findings from a few of these studies that help
characterize the charge order I have studied in BaNiyAs,. As discussed in Chapter 2,
charge density waves can roughly come in one of three different types: type I Peierls-
driven, type II () dependent EPC-driven, and type III unconventionally-driven. To disseminate
the origins of each charge order in BaNiyAs,, one should view the () dependent phonon
spectra, the Fermi surface, the () dependent dielectric response, as well as, any additional
measurements associated with electron-phonon coupling (Figure 5.4). Studies of the
BaNiyAsy Fermi surface from ARPES have shown no evidence for Fermi surface nesting
for the IC-CDW or C-CDW [95,96]. Measurements of the phonon energies from inelastic
X-ray scattering meanwhile do show phonon softening at (;c_cpw in the tetragonal
phase. However, the softening is wide ( 0.05 r.l.u. along K') and strangely, softens to zero
energy starting at 180 K, which is well above the onset temperature of IC-CDW seen in
X-ray [97,98]. Seemingly related to this are measurements seen in Raman spectroscopy,
where it is observed that the F,, activated mode begins splitting near 200 K [77], with
the authors claiming this high temperature region to be an “electronic nematic liquid”.

Given the lack of Fermi surface nesting and the wide Kohn’s anomaly seen, one
many be tempted to prematurely place the BaNi;As, charge order into type II. However,
given the clear relationship of the IC-CDW to the nematic order, the high temperature
phonon softening and Raman peak splitting, and the relationship between the CT phase

and C-CDW2, BaNi,As, charge order could stem from an unconventional mechanism.
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Figure 5.4: Raman measurements and phonon energies of BaNisAs, [77].

Given the recent nature of these measurements and lack of addition probes, it is still too

early to decimate the origin of charge order in BaNisAss.

5.3 Conclusions

In conclusion, I have presented X-ray, and electrical transport measurements showing
the evolution of the IC-CDW, C-CDW 1, C-CDW?2, and triclinic orders in Ba; _,Sr,NisAss.
I have shown that the development of the IC-CDW is strongly correlated with a previously
reported nematically ordered phase. Additionally, I show an absence of long-range charge
order in Bag 35Sy 65Nig As, that is consistent with the absence of nematic order at that
same composition. The complete charge order phase diagram of Ba;_,Sr,NisAs, helps

elucidate the rich evolution of electronic degrees of freedom found in this system.
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Additionally, I have presented the pressure and temperature dependence of the
charge orders, the triclinic distortion, and the lattice parameters of BaNisAss and have
compared them to results found for Ba;_,Sr,NiyAs,. I find that the four phases, IC-
CDW, C-CDW1, C-CDW?2, and triclinic order, show slowly declining onset temperatures
as a function of pressure until they eventually vanish at higher pressures. I also find that C-
CDW?2 and triclinic order, the final phases to survive under pressure, vanish discontinuously
between 8.4 GPa and 9.5 GPa. At this point in pressure, we find a collapsed tetragonal
transition in BaNiyAs, via an expanding a-axis as measured through powder x-ray diffraction.
I speculate that this collapsed tetragonal phase plays a role in extinguishing charge order
and enhancing superconductivity plus nematic susceptibility immediately following it.
These data continue to present BaNiyAss as a rich, non-magnetic superconducting system
worthy of study.

For future study, I would first recommend a more through examination of the
proposed CT state in Ba; _, Sr,Ni;As; and in BaNiy Asy under pressure near the maximum
in 7, in a similar vain to the study shown in Figure 5.2 [85]. While our room temperature
lattice constants give strong evidence for a CT phase occurring near the critical point, we
lack refinement data that could shed light on the changing Ni-As layer and As-As distance
at lower temperatures. More accurate information on the atomic positions may reveal the
character of this CT phase and provide clues for why the charge order and triclinic phases
discontinuously vanish. Such information could provide further evidence for comparing
to the high 7. enchantment found in the iron-pnictides.

As mentioned previously, the iron-pnictides spin state undergoes a spin-state transition
[99] and becomes quenched [92] when going through the CT phase. X-ray or neutron
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measurements could be performed on the BaNiyAs, system near the CT phase to check
for any abnormal changes to it’s spin state.

I 'also recommend continued investigation into the origin of charge order in BaNi;As, beyond
what has been seen in Figure 5.4. The IC-CDW is clearly linked to the nematic phase. As
demonstrated in Chapter 3, the nematic state likely plays a key in the large 7, enhancement
seen. Better understanding of the nematic state could lie with a a better understanding of
the IC-CDW order. Meanwhile, the C-CDW?2 state is the final charge order to survive
until a maximum in 7 is reached. Further investigation into it’s origins may provide a

link to the CT state and the 7. enchantment.
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