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Abstract

Attracting four decades of experimental and theoretical investigations since the discov-
ery of high-temperature superconductivity, cuprates have become an essential benchmark
for the exploration of intertwined electronic symmetry-breaking phases such as supercon-
ductivity, magnetism, nematicity, charge or spin density wave order in a wider class of
quantum materials. Understanding how these phases are intertwined is of general and
fundamental interest to a wide range of quantum materials. This doctoral work attempts
to disentangle and tune charge density wave (CDW) order and nematicity by studying
their response under photo-induced excitation, variable hole-doping, compressive uniaxial
stress, and in-plane magnetic fields.

Electronic nematicity refers to a breaking of rotational symmetry of the electronic
structure from four-fold to two-fold in a manner that is not a straightforward result of
crystalline symmetry. In the past, utilizing the element- and orbital-specific sensitivity
of resonant X-ray scattering (RXS) our group has established electronic nematicity of
Cu 3d orbitals in stripe-ordered cuprates, (La;M),CuO4 where M = Nd, Sr, Eu and
Ba. Extending equilibrium RXS work, here we use pump-probe time-resolved RXS to
investigate non-equilibrium dynamics of Q = 0 nematic order and its association with both
CDW order and lattice dynamics in Laj.gsEug.2519:15CuQy4. Harnessing the time-domain
contrast between lattice and electronic degrees of freedom to disentangle signatures of
lattice anisotropies and nematicity, we establish time-resolved RXS as an effective probe
of nematicity dynamics. Comparing the pump-induced dynamics of nematic and CDW
orders highlights their electronic origin and provides evidence that the CDW amplitude
melts without the generation of significant topological defects, in contrast to other cuprates.

Navigating the cuprate phase diagram from heavily underdoped to overdoped regimes,
we probe the relationship between electronic nematicity of the Cu 3d orbitals, charge order,
superconductivity, and the pseudogap phase. In (La; Sr; Nd; Eu),CuQy4, we find evidence
for vanishing electronic nematicity beyond the pseudogap phase, either by raising the
temperature through the pseudogap onset temperature T or increasing doping through
the pseudogap critical point, p . These results establish a clear link between electronic
nematicity, the pseudogap, and its associated quantum criticality in overdoped cuprates. In
heavily underdoped samples, however, we learn that nematic order is saturated, rendering
it undetectable in equilibrium RXS. With the aid of non-equilibrium, time-resolved RXS,
we find that nematic order remains present and detected in a sub-picosecond recovery.
This underscores the complex nature of nematic phases, highlighting the importance of
time-resolved experiments in disentangling electronic, lattice and spin degrees of freedom
on ultrafast timescales.



Spin and charge density wave order in the cuprates are known to compete with su-
perconductivity. We examine the interplay between structure and the formation of CDW
order in the Laj.475Ndg:4Sr0:125CuQ4 by applying uniaxial stress to distort the structure
and influence the formation of CDW order. We discover that the application of uniaxial
stress along the Cu-O bond direction suppresses the CDW order, but does so only for
CDW order propagating parallel to the applied stress. Providing insights into how CDW,
superconductivity, nematicity, and structure are related and can be tuned relative to one
another in cuprates.

Finally, we utilize RXS on thin films of bilayer superconductor LazNi,O7 to uncover
the detailed magnetic structure of the antiferromagnetic parent state. We identify that the
alternating magnetic moments exhibits a unidirectional character, being oriented parallel
to the NiO, planes and perpendicular to the propagation direction of the spin-density-
wave (SDW) order. The stripes form anisotropic domains with shorter correlation lengths
perpendicular versus parallel to Qspw, revealing nanoscale rotational and translational
symmetry breaking analogous to the cuprate superconductors.
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Chapter 1

Introduction and Overview

Strong correlations between valence electrons provide suitable conditions for spontaneous
symmetry-breaking giving rise to intertwined electronic phases such as superconductivity,
magnetism, nematicity, charge or spin density wave order. Transition metal oxides, such
as cuprate superconductors, provide an excellent platform to (Host such exotic quan-
tum phases owing to wide choice between strongly correlated transition metadl 3tate

in isostructural compounds, (2)study intertwined phases in bulk single crystal robust to
numerous experimental techniques ranging from transport to neutron scattering, and (3)
manipulate them in a controlled fashion via chemical substitutions, epitaxial growths, uni-
axial stress, photoexcitations, and magnetic elds as external perturbations.

Understanding the physics of cuprate superconductors has remained a central chal-
lenge in modern condensed matter physics. Unconventional superconductivity emerges in
cuprates as holes are doped in the parent Mott insulating state. Since the discovery of
high-temperature superconductivity in quasi-two-dimensional copper-oxide (cuprate) lat-
tices, generations of theoretical and experimental groups have been captivated by the com-
plex quantum phases of matter that emerge as functions of external perturbations. Our
objective is to elucidate and disentangle the interconnected physics of charge, spin, and
orbital textures, aiming to uncover potential links and universalities among these interac-
tions. Thereby advancing and complementing existing studies through developing tuning
mechanisms to control these quantum states of matter.

In Chapter 2, we discuss the physics of cuprate high-temperature superconductors as
a quintessential example of the role of intertwined electronic orders in complex materials.
Recent studies have shown that charge density wave (CDW) order, a spatial modulation
of electronic charge, is a prevalent phase in cuprates, coexisting with and even competing



with superconductivity. This competition manifests as a suppression of the superconduct-
ing transition temperature where CDW order is strongest, while the onset of supercon-
ductivity likewise diminishes the CDW amplitude. In addition to CDW order, cuprates
exhibit electronic nematicity which is characterized by the breaking of rotational symmetry

in the electronic structure, from fourfold to twofold, often either spontaneously or through
symmetry-breaking lattice distortions inherent to many cuprate materials. Nematic order
is signi cant as it interacts with CDW order to favour unidirectional, stripe-like charge
arrangements along speci ¢ crystalline axes, further in uencing superconductivity. This
interaction yields a complex system of coupled orders, where lattice distortions, electronic
nematicity, CDW, superconductivity, and potentially other symmetry-breaking states such
as inversion and time-reversal symmetry, collectively lead to nanoscale heterogeneity, novel
excitations, dynamic responses, and intricate dependencies on material composition and
disorder. These ndings have recast the high-temperature superconductivity problem into a
challenge of disentangling and understanding the relationships between these intertwined
orders. Addressing this new problem provides a promising route to understanding the
mechanism of superconductivity and to developing higher transition temperature super-
conductors.

In this thesis, we use resonant X-ray scattering to measure CDW order, structural order,
and nematicity in the cuprates. Performing a X-ray di raction experiment on resonance
provides enhanced contrast in order to probe subtle ordering phenomena that is otherwise
di cult to detect, but also to identify and di erentiate di erent types of order (magnetic,
lattice, charge, orbital), even when they overlap or occur simultaneously in time or tem-
perature, by varying the X-ray energy and polarization. Utilizing the element- and orbital-
speci ¢ sensitivity of resonant X-ray scattering in stripe-ordered cuprates, (La),CuQO,
with M = Nd, Sr, Eu and Ba, we study the low-temperature (0 0 1) Bragg peaks which
on resonance gains sensitivity to electronic nematicity of Cud3orbitals. In Chapter 3,
we delve in the details of equilibrium Resonant X-ray Scattering (RXS) and time-resolved
Resonant X-ray Scattering (ir-RXS). We employ RXS-based experiments to investigate
the electronic structure of local and global symmetries, aiming to di erentiate intertwined
symmetry-breaking phases. By applying controlled perturbations to the system, RXS en-
ables us to examine the response of charge order, nematicity, and structural distortions,
providing a mechanism to tune and disentangle their roles. Ultimately, this approach of-
fers a pathway to understanding and potentially controlling the superconducting state. In
Chapter 4, we discuss X-ray radiation sources, details of beamline layout, experimental
protocols at synchrotron facilities and sample preparation carried out at Hawthorn Lab,
University of Waterloo.

In Chapter 5, building on our discovery ofQ = 0 nematic order in canonical La-based

2



stripe-ordered cuprates, we utilize a 50 J/cm? laser pump to photo-excite the system,
driving electronic nematicity into a non-equilibrium state which exhibits ultrafast recovery
on sub-picosecond timescales. We probe and record the recover@af O nematic order as

it stabilizes, aiming to isolate the intrinsic nematic component from co-existing symmetry
breaking phases such as CDW order and structural distortions in the system. Observations
reveal ultrafast recovery timescales along planar atomic layers, while spacer-layer atoms
remain una ected by the pump, marking successful isolation @ = 0 electronic nematicity

at optimal dopings.

Upon establishing the time-evolution dichotomy as an independent probe of nematic
character, in Chapter 6, we present a systematic study of three stripe-ordered cuprates
across a wide doping range, encompassing most of the generic cuprate phases, to posi-
tion nematic order within the existing cuprate phase diagram. We nd that in overdoped
cuprates, nematicity appears to vanish as we exit the pseudogap phase boundary, which
is established through transport and angle-resolved photoemission spectroscopy (ARPES)
measurements. In two di erent stripe-ordered cuprates, nematicity vanishes at the same
critical point associated with the putative quantum criticality, suggesting a deep link be-
tween nematicity and the pseudogap, as well as the possible nematic nature of the quantum
critical point with characteristics resembling those of Fe-based superconductors. Further-
more, we analyze the cooperation between CDW order and nematicity by examining an
increase in nematicity as an uptick in the (001) Bragg peak signal associated with planar
atoms at CDW onset temperatures. Due to challenges associated with low-temperature
measurements at synchrotrons, we concisely investigate nematicity within the supercon-
ducting dome in two stripe-ordered samples, observing signs of saturation, or possibly
even competition, between nematicity and superconductivity. In heavily underdoped sam-
ples, where equilibrium RXS measurements do not show any nematicity signatures, time-
resolved RXS (tr-RXS) reveals a saturated nematic order. This nding indicates a possible
coexistence of electronic uniaxial and structural anisotropies, which can be disentangled
by the application of uniaxial stress amongst other external perturbations.

Chapter 7 discusses application of in-plane compressive uniaxial stress along the Cu{Cu
and Cu{O{Cu bond directions, observing an anisotropic suppression of CDW order by a
factor of two along the strained direction. This induces a softening in the sharp structural
transition, preceding conditions that lead to the suppression of charge order. However, the
response of nematicity under these modi ed conditions remains challenging to characterize
due to changed group symmetries under strain. We detect minimal or no changes in
response to strain along the Cu{O{Cu bond direction, suggesting a potential role of stripe
orientation in the manifestation of charge and orbital textures in La-based cuprates.

Placing the signi cance of RXS and cuprates in a broader context in Chapter 8, we

3



also study a recently discovered bi-layer novel superconductor, 4Ni,O-, to characterize

its detailed magnetic structure. We unveil alternating magnetic moments that exhibit a
distinctly unidirectional character, being oriented parallel to the NiQ planes and perpen-
dicular to the propagation direction of the spin-density wave (SDW) ordering. Through
analysis of the azimuthal dependence of the polarization response of SDW peak, we clarify
the presence of an antiferromagnetic, incommensurate spin order that possesses a nematic
character with orthogonal domains in the plane. Our ndings highlight the novel physics

of LagNi,O7 and underscore the importance of RXS in elucidating low-energy spin, charge,
and orbital order. The insights gained reveal the profound link between these orders and
the underlying electronic structure of strongly correlated quantum materials.



Chapter 2

Physics of cuprates and nematicity

High-temperature superconductors (HTS), particularly cuprates superconductors, have
been a major focus of condensed matter physics since their discovery in 1986 by Bednorz
and Muller [5]. These materials, characterized by layers of copper-oxide (Cp)planes, ex-
hibit superconducting transition temperatures ) far above the theoretical limit predicted

by the Bardeen-Cooper-Schrie er (BCS) theory of conventional superconductivity [6]. The
discovery of superconductivity in La yBa,CuO, at 35 K set a new paradigm, rapidly fol-
lowed by the discovery of Yttrium Barium Copper Oxide (YBaCus0-) with a T, of 93 K,
enabling superconductivity above the boiling point of liquid nitrogen [7] opening avenues
for the next generation of technological advances.

The discovery of unconventional superconductivity in cuprates sparked extensive theo-
retical and experimental e orts to understand their higher than expected superconducting
transition temperature, T.. Early models of cuprate superconductivity, such as the resonat-
ing valence bond (RVB) theory proposed by Anderson [8], suggested that superconductivity
in these systems arises from strong correlations and a novel pairing mechanism involving
spin singlets rather than conventional electron-phonon interactions. This was soon followed
by proposals that spin uctuations, rather than lattice vibrations, mediate the pairing in
cuprates [9]. Despite the early enthusiasm, no single theory has been universally accepted
to explain the mechanism of highF, superconductivity in cuprates [10]. The phase diagram
is further complicated by the emergence of the enigmatic pseudogap phase with partially
gapped Fermi surface, and strange metal phases with linear-in-temperature resistivity {
along with various charge and spin ordered states, suggesting a deeper connection between
di erent ground states [11, 12, 13]. These co-existing orders, combined with the strong
electronic correlations inherent to these materials, have posed a signi cant challenge to
theoretical understanding.



Figure 2.1: (a) Crystal structure of the cuprate superconductor L&uO,. Arrow labeled

a, b, c are crystallographic axes. In LagCuQ,, La atoms are substituted with Sr or Ba
to give La yBa,CuO, (LBCO) and optionally co-doped with Nd or Eu atoms to give
Lai.e xNdo:4SrkCuO,4 (Nd-LSCO) and Lay.g xEug.2SrCuO,4 (Eu-LSCO) cuprates which are
the primary focus of the thesis. (b) A schematic of the electronic structure of the CyO
planes. In cuprates, the generic structural unit is the (quasi) two-dimensional Cy(plane

whose electronic structure, close to the Fermi level, involves hybridization of &3 2 hole

on the copper sites with an in-plane & and 2p, oxygen orbitals.



Experimentally, considerable progress has been made through the use of powerful tech-
niques such as angle-resolved photoemission spectroscopy (ARPES), scanning tunneling
microscopy (STM), and resonant X-ray scattering (RXS) amongst others [11, 12, 13, 14].
These methods have revealed key features of the electronic structure, such as the Fermi
surface evolution with doping, the existence of nodal and antinodal gaps, and the dynam-
ics of charge and spin correlations [15]. However, the precise nature of the pseudogap
and its relation to superconductivity remains one of the outstanding questions in the eld.
Recently, time-resolved resonant X-ray scattering (tr-RXS) and resonant X-ray scattering
(RXS) have emerged as powerful tools for probing the dynamic behaviour and electronic
structure of these materials providing sensitivity to both electronic and structural order
with high temporal and spatial resolution. This chapter highlights the key ingredients in
the physics of cuprates, focusing on experimental motivation for using tr-RXS and RXS.

2.1 Intertwined electronic phases in cuprates

The structure of cuprates plays a critical role in the emergence of their novel physical
properties (see Fig. 2.1). The undoped parent compound consists of copper-oxide (QuO
layers interleaved with insulating spacer layers. Doping of the CuOplanes is achieved
by altering the chemical composition of the spacer or charge reservoir layers, which either
removes electrons (hole doping) or introduces electrons (electron doping) into the (quasi-)
two-dimensional CuQ planes. For example, the lanthanum-based cuprate superconductors
are hole-doped derivatives of the Mott-insulating parent compound L&uUQ;,.

The hole doping phase diagram of cuprates is a hallmark of their complex, low-energy
physics phenomena. In the undoped state, the compound behaves as a Mott insulator,
where electrons are localized at their lattice sites due to strong Coulomb repulsion. By
varying the carrier concentration within the CuQ, planes, the strong Coulomb repulsions
are partially mitigated, enabling electrons to delocalize and hop across the quasi-2D lattice
structure. As charge carriers are introduced via hole (or electron) doping, long-range mag-
netic order is suppressed, and superconductivity emerges in a dome-like region of the phase
diagram. One of the long-standing challenges in understanding the key physics of cuprates
is the interplay of di erent phases that emerge upon hole doping: superconductivity, anti-
ferromagnetism, charge-density waves (CDWSs), and the pseudogap phase [13, 12, 16]. The
pseudogap, which opens as a partial gap in the Fermi surface at temperatures abdye
and up to a pseudogap transition temperatureT [17, 18, 19, 20, 21] remains a central
mystery.

The pseudogap phase appears at temperatures above the superconducting critical tem-
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Figure 2.2: Cuprate Phase Diagram Schematic phase diagram of cuprates supercon-
ductors as a function of hole-doping. When the parent antiferromagnetic Mott insulators

is doped by substituting an electropositive atom in the spacer layer, it exhibits various
electronic symmetry-breaking phases as shown. As holes are introduced into the system,
the insulating phase is suppressed, giving rise to a dome-shaped superconducting region
that persists up to higher doping levels, where it competes with the charge density wave
(CDW) order. In addition to superconductivity, other notable phases such as the pseudo-
gap, strange metal, and spin-density wave (SDW) orders have been identi ed as generic
features of the cuprate phase diagram. Figure adapted from [22] with permission.

perature T, but below a characteristic temperatureT , where an energy gap opens in the

electronic excitation spectrum [18, 21, 23]. However, unlike in the superconducting state,
this gap does not imply the formation of Cooper pairs. The pseudogap phase exhibits par-
tial suppression of the electronic density of states near the Fermi level, leading to unusual
transport and thermodynamic properties [24, 19]. The nature of this phase, whether it is
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a precursor to superconductivity or a competing phase, remains an open question.

The complex interplay of charge, spin, and lattice degrees of freedom in cuprates leads to
a rich phase diagram, featuring exotic phases that challenge our fundamental understand-
ing of electron correlations and superconductivity. Unveiling the nature of these phases
and their relationship to superconductivity is crucial for both advancing condensed matter
theory and for potential technological breakthroughs. Cuprates, as part of the broader
family of quantum materials, share many of their key features with other unconventional
superconductors, such as iron- and nickel-based superconductors, and even structurally
di erent systems such as twisted bilayer graphene (TBLGS) [25]. A unifying theme in
these materials is the role of electronic correlations, which give rise to a variety of com-
peting ground states. In these families, the superconducting state emerges from a parent
antiferromagnetic phase, and unconventional superconductivity is believed to be mediated
by spin uctuations rather than phonons [9, 26].

2.1.1 Charge density wave (CDW) order

Figure 2.3: Unidirectional charge ordering in Lanthanum based cuprates: (a) Schematic
of charge stripe order in Nd-LSCO atp = 1/8 hole doping. Spontaneous segregation of
holes into unidirectional charge stripes occur, shown by orange shade. These stripes follow
a (lattice) period-4 stripe-like charge correlations in the Lanthanum-based cupratess, (b)
Detection of a CDW signal in a La-based cuprate, Nd-LSCO gt = 1/8 hole doping, using
RSXS performed at CuL edge. Adapted from Ref. [27] and Ref. [28] with permission.



Unidirectional spin and charge order ('stripes’) were rst observed in the cuprates by
neutron scattering measurements by Tranquadat al. in 1995 [29]. Charge density wave
(CDW) order is now recognized as a generic phase in cuprate superconductors [13, 14, 30].
Resonant X-ray scattering studies have provided direct evidence of static CDW order in
materials such as YBaCusOg. « [31, 32, 33], BiSr,CaCu,Og. [34, 35], and (LaM),CuO,
substituted with M = Nd, Sr, Eu and Ba [36, 37, 38, 39].

Furthermore, CDW order is known to compete with superconductivity across a wide
range of hole doping [13, 40, 41]. CDW order is evidenced by a broad and weak peak
above the uorescent background signal in resonant scattering at a particulZ® value'.

As shown in Fig. 2.3(b), theQ ., value forp = 1/8 Nd-LSCO is (0.236, 0, 1,5), the broad
character of the peak indicates the short range order with a correlation length of around
70 A [28].

2.1.2 Low-temperature structual distortions

An important aspect of Lanthanum-based cuprates, (Lav),CuO, substituted with M =

Nd, Sr, Eu and Ba is a low-temperature orthorhombic (LTO) phase to low-temperature
tetragonal (LTT) structural phase transition [42, 43, 44]. As shown in Fig. 2.4, the aver-
age structures of these phases can be described by the in-plane Cu atom coordinated by
six oxygen atoms, such that it forms a grid of tilted, almost rigid, corner sharing Cug
octahedra. Based on the hole doping levels and temperature, four structural phases are
observed in Nd-LSCO: the high-temperature tetragonal (HTT) phase with space group

| &=mmm, the low-temperature orthorhombic (LTO1) phase Bmab), the low-temperature
tetragonal (LTT) phase (P4,=ncm) phase, as well as the LTO2 phaseP(ccn) which is an
intermediate phase between LTO and LTT with reduced orthorhombicity.

At high temperatures, the CuO bonds in the CuQ@ layers are parallel to theab-plane of
the unit cell being in HTT structure. However, as one lowers the temperature, mismatch
between the Cu-O and La-O bond lengths causes strain which is alleviated by structural
distortions achieved by tilting of these octahedra. As a consequence, on cooling the space
group changes, and the unit cell of the LTO phase is rotated by 45 degrees. As shown
in Fig. 2.4, in the LTO phase the octahedra tilt along [1 1 @} direction, whereas in
the LTT phase the tilt axis alternates between [0 1 @} and [1 O O}t from plane to
plane [44] as shown in Fig. 2.8a.

In the LTT phase, the orientation of these distortions | which change direction by 90
degrees between adjacent layers | help stabilize charge and spin order in the copper oxide

YAround ( 0.236 0 1.5) in La-based cuprates.
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Figure 2.4: (a) Unit cell of Nd-LSCO in the high-temperature tetragonal phase (HTT).
O(1) and O(2) are in-plane and apical oxygen sites, respectively. (b) is described in the text.
(c) Structural phase diagram of Nd-LSCO with di erent structural phases as described
in the text. (a) and (b) reused from Ref. [39]. Phase diagram adapted from [45] with
permission.

plane [29, 46]. This structural transition is known to induce the ¢ symmetry breaking of
the average electronic structure within an individual Cu@ plane [39].

2.1.3 Pseudogap and Quantum Criticality

Rotational and translational symmetry-breaking phases in the pseudogap region have been
con rmed as consistent and distinct features in the cuprate phase diagram through various
methods. Appearing in the non-superconducting state, the simultaneous occurrence of
these phases in energy and temperature makes it hard to determine if the pseudogap is a
distinct phase or a result of overlapping instabilities [13, 16, 11], as one moves across the
phase diagram with changes in temperature and hole doping.

Recent work has shown that charge density waves (CDWSs) uctuate and might co-
exist with superconductivity, possibly driving the pseudogap behavior [31]. Studies with
scanning tunneling microscopy (STM) have also shown that the PDW state has local pat-
terns tied to charge order [48]. Additionally, time-resolved experiments hint at uctuating
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Figure 2.5: Evidence of quantum criticality in Nd-LSCO: A quantum critical point (QCP)
occurs when the phase transition temperature of a material is suppressed to absolute zero.
(a) shows the schematic phase diagram with the putative QCP at the point where the
pseudogap phase ends. (b) Specic heat measurements on La-based cuprates: Supercon-
ductivity is suppressed to sub-Kelvin temperatures by applying a magnetic elds in the
samples to investigate the behavior of electronic specic heat with doping. The authors
argue that the strongly peaked electronic speci c heat ap* which exhibits a log(1/T)
dependence is a signature of a QCP in these materials. Image (a) adapted from [12] and
image (b) reused from [47] with permission.

orders that stabilize at lower temperatures [49]. The link between these electronic insta-
bilities, superconductivity, and the pseudogap has sparked discussions about a potential
guantum critical point (QCP) at zero temperature, similar to those found in heavy-fermion
systems, organics, and pnictides [12, 50]. New measurements suggest the pseudogap may
be connected to a QCP, drawing further comparisons between cuprates and iron-based
superconductors, which are their closest relatives [51].

Existing proposals and recent reports of this putative pseudogap QCP in dierent
cuprate families | based on the change in carrier density [52], Fermi surface transfor-
mation [53, 54], torque-magnetometry measurements [55], strong mass enhancement via
guantum oscillation studies [56], and speci ¢ heat measurements (see Fig 2.5) at low tem-
peratures in large magnetic elds [47]. These ndings suggest that, as hole doping increases,
the electronically ordered phases end and the system transitions to Fermi liquid behavior.
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As shown in Fig. 2.5, for Nd-LSCO, the possible pseudogap QCP is located within the
superconducting dome at a hole doping of about 0.23 [53]. It has been suggested that
quantum uctuations near this QCP enhance superconducting pairing [12, 56, 57]. There
have been several experimental and theoretical e orts to understand the nature and e ects
of these quantum uctuations at the pseudogap QCP [12, 56, 57, 58]. Recent advances
include reports of divergent nematic uctuations detected through elastoresistance mea-
surements [59], as well as stronger electronic nematic uctuations observed using Raman
scattering [60] near the endpoint of the pseudogap phase. Both of these ndings suggest
the existence of a nematic quantum critical point.

2.2 Nematic phases of matter

2.2.1 Motivation from liquid crystals

Figure 2.6: Schematic of a nematic phase from classical liquid crystal. The nematic direc-
tion is a headless unit vector derived from the spatial and temporal average of orientation
of long axis of the molecules.

Classically, a liquid-crystalline phase can be categorized as an intermediate phase be-
tween liquid and solid states of matter. Nematitliquid crystals resemble elongated rod-like
molecules which | on cooling or increasing the concentration | undergo a transition from
a disordered isotropic state to a state having orientational order but positional disorder. As

2genitive of (néma, \thread")
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the system is cooled or the anisotropic interactions are reduced, free energy is minimized
through the loss of rotational freedom [61] causing the rod-like molecules to align parallel
to each other along a statistically preferred orientation speci ed by a headless unit vector,
referred to as the director, shown as a red arrow in Fig 2.6.

Furthermore, liquid crystalline phases can also choose between other ordered states
based on similar free energy arguments, for instance a smectic phase is realized when the
rod-like molecules lose spatial freedom organizing themselves into layers perpendicular to
the alignment axis. Such a con guration would break both translational and rotational
symmetries in a single direction with possibly di erent magnitudes for both, however, the
molecules are still free to move and rotate in the perpendicular plane in which they remain
disordered [61].

2.2.2 Electronic nematic order in cuprates superconductors

Examples for nematic phases include highe superconductors. An electronic nematic phase
occurs when the electronic structure breaks the rotational (point group) symmetry but
leaves the translational (lattice group) symmetry intact. For cuprates superconductors,
rst reports of an electronic nematic phase include measurements of anomalous anisotropy
in the in-plane resistivity in YBa,CuzOge.x (YBCO) and La, xSr,CuO, (LSCO) by Ando

et al: [62] in 2002. Despite the already known orthorhombic nature of the unit cells in
YBCO the temperature dependence of the in-plane anisotropy of resistivity could not be
entirely described by the structural transitions, leading to the proposition of an electronic
nematic phase in YBCO.

Electronic nematicity has emerged as a key feature of cuprate superconductors [11, 16].
Experimental evidences of electronic nematicity distinct from structural anisotropy now
include reports from bulk transport in YBCO [62, 63, 64], scanning tunneling microscopy
(STM) measurements in BjSr,CaCuw,Og.x [65, 66], and inelastic neutron experiments
in YBCO [67]. Recently, Achkaret al: demonstrated that the resonant X-ray scattering
measurements of the (001) Bragg peak provide sensitivity to electronic nematicity in stripe-
ordered cuprates, (LaM),CuQ, substituted with M = Nd, Sr, Eu and Ba [39].

2.2.3 Electronic nematicity and possible mechanisms

As described in section 2.2, electronic nematicity refers to a breaking of rotational symme-
try of the electronic structure in a manner that is not a straightforward result of crystalline
symmetry, such that an additional electronic nematic order parameter, distinct from the
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structure would be required to describe the resulting phase. Such a state can be di cult
to identify in materials that have orthorhombic structures, which would naturally couple
to any electronic nematic order and vice versa. Moreover, the manifestation of nematic
order may depend on the details of the crystal structures of the materials, such as whether
the structure is tetragonal or orthorhombic.

There have been a few suggestions to realize the mechanism for the formation of a
nematic phase [16, 68]. One way would be through thermal or doping-induced (partial)
melting of a stripe (smectic) phase such that it regains translation symmetry but retains
orientational ordering | a proposed vestigial nematic state [68, 69, 70]. For instance,
in cuprate superconductors existence of CDW order is well-established at 1/8th doping
where periodic superstructure of charge modulation break both translation and rotational
symmetry. Increasing temperature or hole-doping in such a system might allow breaking
long-range order and fashion itself into local stripe order that gathers a statistically pre-
ferred direction | an average rotational symmtery breaking of sorts | while keeping the
translational invariance intact.

Alternatively, the second approach starts from the momentum space structure of a
metallic system, a Fermi liquid type approach. This phenomenological approach proceeds
by considering fermions having a well-de ned Fermi surface and quasiparticles. The idea
comes from Pomeranchuck [71] who showed that the if some of the Landau parameters for
a Fermi liquid are negative and large enough to overcome the stabilizing e ects of Fermi
pressure, then a thermodynamic (Pomeranchuk) instability occurs, causing the system to
spontaneously lower their symmetry [72, 73, 74]. For instance, as shown in Fig 2.7 for a
simple 2D circular Fermi surface, a Pomeranchuk instability will cause an elliptical dis-
tortion causing the momentum structure to transition down into a residual G rotational
symmetry and show anisotropic electronic/orbital signatures with a concomitant local av-
erage orientation.

2.3 Probing electronic nematicity using resonant soft
X-ray scattering

Our study uses resonant soft X-ray scattering (RSXS) measurements of the (001) Bragg
peak to probe electronic nematicity in the in Nd-LSCO. Previous work by Achkaet al: [39]
showed that the resonant X-ray scattering measurements of the (001) Bragg peak provide
sensitivity to electronic nematicity. Understanding how this measurement reveals electronic
nematicity requires examination of the crystal structure of (LaM),CuQO, substituted with
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Figure 2.7: Two possible mechanisms for the existence of a nematic phase: via thermal (or
quantum) melting of a stripe phase such that it regains translational invariance with an
average rotational symmetry breaking; and through the elliptical distortion of the Fermi
surface | caused by hole doping or temperature or possibly quantum e ects | of a metallic
circular Fermi surface via a Pomeranchuk instability. Figure from [16] with permission.

M = Nd, Sr, Eu and Ba. As discussed in 2.1.2, upon cation doping), they exhibits

a structural phase transition from the LTO to LTT phase at temperatures between 30 {
150 K depending on the material and doping levels. The LTT phase is characterized by
tilting of the CuO ¢ octahedra along thea or b axes such that each individual Cu® layer
structurally breaks C, rotational symmetry as shown in Fig. 2.4.

2.3.1 On-resonance (001) Bragg peak
Resonant X-ray scattering of the (001) Bragg peak provides a direct measure of the dif-

ference in the symmetry of the electronic structure between neighbouring layers [39]. O
resonance or with conventional X-ray di raction, the (001) Bragg peak is forbidden, based
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Figure 2.8: Electronic nematicity as a measure of orbital asymmetry: (a) CyOplanes
showing the octahedral tilt pattern in neighboring layers £ = 0 and 0.5) in the LTT
phase. The structural G symmetry-breaking and electronic nematicity alternates between
neighboring planesz = 0 and z = 0.5. (b) Temperature dependency of the (001) Bragg
peak at photon energy tuned to atoms in the Cu®@layer and the spacer layer. The di erent
temperature dependences can be understood in terms of an electronic nematic order in the
CuO, planes that has a temperature dependent susceptibility and provides a contribution
to the (001) peak intensity in addition to any contribution to that is induced by the lattice
potential via structural distortions. (a) and (b) taken from Ref. [39] with permission.

on the ionic positions of atoms in the LTT or LTO phases. However, resonant X-ray
scattering is sensitive to orbital symmetry as established in section 3.3.3, which di ers for
atoms in neighbouring layers in the LTT phase. Moreover, by tuning the photon energy

to correspond to di erent atoms within the unit cell, the electronic symmetry breaking of

the CuO, planes { which contain the Cud and O p states that cross Fermi energ¥F and

are most relevant to the low energy physics of the cuprates { can be di erentiated from
the La,O, spacer layer, which do not have states that crodse but would be sensitive

to changes to their orbital symmetry induced purely by structural distortions. In Fig. 2.9

we show how the (001) peak responds to change in temperature and resonance energy for
LBCO.

Achkar et al: showed that the temperature dependence of the (001) peak intensity ex-
hibited a dichotomy when the photon energy is tuned to di erent atoms in the neighboring
layers of the Nd-LSCO unit cell [39]. As we see in Fig. 2.10, an abrupt 1st order increase at
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Figure 2.9: Energy dependence of the (001) peak at thekO (a) and Cu L (b) edges in x
= 0.125 LBCO. Background intensity has been removed from all spectra with a constant
o set for clarity. Figure adapted from [75] with permission.

the LTO ! LTT transition consistent with previous measurements of the structural tran-
sition was observed when the photon energy is at the /4 edge ( 826 eV) or an energy
associated with apical oxygen (533.5 eV) { atoms in the LaO, spacer layer. However, a
more gradual temperature dependence is observed when the photon energy is tuned to the
CuL edge ( 931.5 eV) or an energy associated with in-plane O £28.5 eV) { atoms in the
CuO; planes. The di erence in temperature-dependence can be understood in terms of an
electronic nematic order in the Cu@ planes that has a temperature dependent susceptibil-
ity and provides a contribution to the (001) peak intensity in addition to any contributions
induced by the lattice potential. E ectively this is akin to an internal strain applied to
individual spacer layer by the lattice distortion, with the electronic structure of the CuQ
planes (probed by the (001) peak intensity at the Cl. edge exhibiting a response that
depends on the electronic nematic susceptibility.
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