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Abstract

Ordering Phenomena in

Transition-Metal-Oxide Heterostructures

This doctoral work presents a study of ordered ground states of transition metal oxide
compounds and multilayers using resonant elastic soft x-ray scattering. The technique
has developed over the last decades and become especially useful when sample sizes
are limited like the case of nanometer-scale films and superlattices. By scattering
with photon energies on resonance with the element’s electronic transitions, it is an
element-specific, sensitive tool providing a combination of spectroscopic and spatial
information.

The thesis is divided into two central topics. The first part focuses on the in-
vestigation of perovskite-type, rare-earth nickelate heterostructures. X-rays tuned to
the Ni L3-edge were used to unveil unprecedented diffraction evidence of long range
magnetic order in LaNiO3-RXO3 (RXO3= LaAlO3, DyScO3) superlattices. We re-
port on the appearance of magnetic order in such systems with a propagation vector
of QSDW=(1

4
, 1

4
, l) in pseudocubic notation, similar to bulk rare earth nickelates with

R 6=La. With LaNiO3 being paramagnetic in its bulk form, the magnetic Bragg peak
is only present in superlattices where the thickness of the LaNiO3 layers approaches
the 2-dimensional limit. Besides the thickness dependence, the magnetic order was
probed on samples grown on varying strain-inducing substrates. Azimuthal scans
around QSDW were done to determine the orientation of the spin spiral under these
different conditions. We will explain how the reorientation of the spins can be un-
derstood by the magneto-crystalline anisotropy which is determined by the relative
occupation of the Ni d-orbitals via spin-orbit coupling. First steps towards control of
the spin spiral’s orientation will be outlined, and along with the high remanent con-
ductivity found in the magnetic spiral state, an outlook for metallic antiferromagnetic
spintronics will be discussed.

The second part of this thesis will address the observation of charge density wave
(CDW) order in single crystals of superconducting YBa2Cu3O6+δ (YBCO). With
accumulating evidence of a Fermi surface reconstruction suggesting an underlying
ordered ground state in underdoped YBCO, diffraction evidence of a CDW was found
in YBCO6.6 single crystals during this PhD project. A thorough study of the energy,
temperature, external magnetic field, and doping dependence was done to characterize
the details of this ordered state. Together with results obtained on samples doped
with non-magnetic Zn impurities, which locally slow the magnetic fluctuations, a
competition between the CDW, the spin density wave, and superconducting phase



is proposed. Finally, the study extended to investigate the emergence of CDW in
SLs comprising fully oxygenated YBCO, a doping level where CDW order eludes
single crystals, and half-metallic La2/3Ca1/3MnO3 (LCMO). Our main finding is that
the order originates at the YBCO interface due a charge transfer of electrons from
LCMO. The temperature and magnetic field dependencies of the peak suggest a static,
saturated phase in stark contrast to the single crystals’ fluctuating order. Thus, this
result demonstrates how oxide interfaces can act to nucleate metastable electronic
phase transitions.



Zusammenfassung in deutscher
Sprache

Ordnungsphänomene in

Übergangsmetalloxid-Heterostrukturen

Thema der vorliegenden Arbeit ist eine Untersuchung geordneter Grundzustände in
Übergangsmetalloxiden und deren Multilagen mit resonanter elastischer Streuung im
weichen Röntgenbereich. Diese Methode ist eine Entwicklung der letzten Jahrzehnte
und besonders dann von Vorteil, wenn kleine Probenmengen untersucht werden sollen,
wie im Fall von nanoskaligen Filmen und Übergittern. Röntgenstreuung mit Pho-
tonenenergien im Bereich der Resonanz von elektronischen Übergängen ist eine sehr
empfindliche, element-spezifische Methode, die die Spektroskopie mit Informationen
über räumliche Korrelationen kombiniert.

Die Arbeit befasst sich mit zwei zentralen Themen. Der erste Teil konzentriert
sich auf Heterostrukturen der Seltenerdnickelate, die als Volumen-Einkristalle eine
Perowskitstruktur aufweisen. Röntgenstrahlen mit Energien im Bereich der Ni L3-
Kante wurden verwendet, um die magnetische Ordnung in Übergittern von LaNiO3

- RXO3 (RXO3= LaAlO3, DyScO3) zu untersuchen. Obwohl Volumen-Einkristalle
von LaNiO3 bei allen Temperaturen paramagnetisch sind, wurde in diesen Syste-
men magnetische Ordnung mit einem Wellenvektor von QSDW=(1

4
, 1

4
, l) (in pseu-

dokubischer Notation) nachgewiesen, ähnlich wie bei anderen Seltenerd-Nickelaten
mit R6=La. Der magnetische Beugungsreflex wurde allerdings nur in Übergittern ge-
funden, bei denen sich die Dicke der LaNiO3-Lagen dem 2-dimensionalen Grenzfall
nähert. Zusätzlich zur Dickenabhängigkeit wurde diese magnetische Ordnung dann an
Proben mit unterschiedlichen grenzflächeninduzierten Spannungen untersucht. Dazu
wurden Heterostrukturen verwendet, die auf Substraten mit unterschiedlichen Gitter-
parametern gewachsen waren. Die azimutale Abhängigkeit der resonanten Streuung
bei dem Wellenvektor QSDW wurde benutzt, um die Momentenrichtungen in der
Spinspirale unter diesen verschiedenen Bedingungen zu bestimmen. Wir erklären die
Umorientierung der Spins durch die magnetokristalline Anisotropie, welche durch die
relative Besetzung der Ni d Orbitale mittels Spin-Bahn Wechselwirkung bestimmt ist.
Des weiteren zeigen wir erste Möglichkeiten zur Kontrolle der Orientierung der spi-
ralen Spinstruktur auf, und diskutieren, zusammen mit der gefundenen remanenten
Leitfähigkeit in diesem magnetischen Zustand eine mögliche Anwendung im Bereich
der metallischen, antiferromagnetischen Spintronik.

Der zweite Teil der Arbeit befasst sich mit Ladungsdichtewellen in Einkristallen



und Heterostrukturen von supraleitendem YBa2Cu3O6+δ (YBCO). Während Hinweise
auf eine Rekonstruktion der Fermifläche bereits auf einen geordneten Grundzustand
in niedrig dotiertem YBCO hingedeutet hatten, konnte im Rahmen dieser Arbeit
mit resonanter Röntgenbeugung der Nachweis einer Ladungsdichtewelle in YBCO6,6

geliefert werden. Weitere Details wurden anhand der Untersuchungen dieses geord-
neten Zustands als Funktion von Photonenenergie, Temperatur, externem Magnet-
feld und Dotierung charakterisiert. Untersuchungen an YBCO, in dem Cu teilweise
durch nichtmagnetisches Zn ersetzt ist, deuten auf eine gegenseitige Konkurrenz von
Spinordnung, Ladungsordnung und supraleitendem Zustand hin. Die Studie wurde
dann auf Übergitter von YBCO und halbmetallischem La2/3Ca1/3MnO3 (LCMO) er-

weitert. Das in diesen Übergittern verwendete YBCO ist vollständig mit Sauer-
stoff gesättigt, so dass aufgrund der Dotierung keine Ladungsdichtewelle erwartet
wird. Das Hauptergebnis ist hier, dass trotzdem eine Ladungsdichtewelle in YBCO
durch den Transfer von Elektronen an der YBCO/LCMO-Grenzfläche erzeugt wer-
den kann. Die Temperatur- und Magnetfeldabhängigkeiten der Ladungsdichtewelle
in den Übergittern deuten auf eine statische, stabile Phase hin - im Gegensatz zur
fluktuierenden Ordnung in den Einkristallen. Dieses Ergebnis zeigt, wie durch Nuk-
leation an Oxid-Grenzflächen metastabile elektronische Phasenübergänge unterstützt
werden können.
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Chapter 1

Introduction

A metal’s Fermi surface, to which most of its macroscopic properties can be attributed, can
become unstable at low temperatures to the formation of spin or charge density waves, super-
conductivity, or other collective electronic ordering phenomena. Full theoretical prediction
and understanding of these ground states lies amongst the greater challenges in condensed
matter physics. The dialogue between theory and experiment is vital to progress in this field,
especially when techniques in detecting these ordered states are developing at rapid pace.

At center state in this discussion are so-called strongly correlated materials, where the
valence-state electrons can easily lose their mobility by feeling their mutual repulsion. Once
these interactions become strong enough, the electrons’ degrees of freedom become equally
important. The lattice, the electron’s charge, its spin, or its orbit can combine to build a rich
array of properties ranging from metal-insulator transitions, superconductivity, ferro- and
antiferromagnetism, etc. One of the most important classes of strongly correlated materials
is composed of 3d-transition metals and oxygen. These transition metal compounds exhibit
half-empty d shells with enough spatial extent to overlap with the neighboring oxygen ions
resulting in systems with electrons on the verge of localization. In this thesis, we will focus
on 3d-transition-metal oxides, where the intermediate extent of the valence shell leads to
electronic bandwidths which can easily turn materials metallic to insulating, localize spins,
and even glue electrons into Bosonic pairs with zero-resistance motion.

These interactions between the electrons’ degrees of freedom can reshape the Fermi sur-
face and lead to ordered states. Charge localization, for example, is largely responsible for the
macroscopic transport properties which can be tuned between insulators and metals. Spin
order, on the other hand, is responsible for the magnetic properties that many of today’s
hard drive storage exploit. With a strong intrinsic anisotropy, the orientation of ordered
spins is yet another curious aspect which can range from collinear (anti-)parallel moments,
to noncollinear spirals. These charge textures and spin spirals in TMO-materials can be
studied using scattering techniques.

Along with the interest to understand these materials from a fundamental point of view,
integrating them into modern electronic devices is of great interest. However, the struc-
tural complexity of these materials poses a considerable challenge and thus sample quality is
greatly important. Growing single crystals of these materials is not always straightforward,
let alone in doing so with extreme purity and high quality. Although the single crystals or
powders available are important in discovering and understand the physics, a new trend in
growing these materials has developed during the last decade. In analogy to the semiconduc-
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2 Chapter 1 Introduction

tor community’s realization of the advantage of creating interfaces between two dissimilar
materials, the growth of films, heterostructures, and superlattices comprising TMO layers
has spawned an exciting approach to engineering new materials. Rapid advances in these
growth techniques which include molecular beam epitaxy, pulsed laser deposition, etc., have
lead to atomically sharp interfaces between layers of decreasingly small thickness, even down
to single atomic layers. This geometry offers new perspectives which conventional solid state
chemistry cannot, some of which will be discussed in the following chapter. However, the de-
tection and control of the subtle spin- and charge-modulated structures resulting from Fermi
surface instabilities in the atomically thin layers of such heterostructures remain challenging.
This thesis will address the detection of sought-out spin and charge order in such materials
using the technique of resonant x-ray scattering.

1.1 Scope of this thesis

Chapter 2. An outline of the most relevant physical properties of the systems investigated
in this thesis is presented: transition metal oxides. Furthermore, the motivation of creating
heterostructures of these materials will be presented, including recent theoretical proposals.
Finally, a few words will be invested to describe the relevant growth and characterization
techniques.

Chapter 3. This chapter will address the theoretical aspects and technical details of
the experimental technique used in this thesis. X-ray scattering, in particular using resonant
soft x-rays is a tool with a major importance in this field. First, a theoretical description of
the technique’s utility will be outlined. Furthermore, a depiction of the technical challenges
and details that surround the experimental setup will be presented.

Chapter 4. In this section, the work done on nickelate heterostructures will be described.
First, we will present an introduction to the class of materials, their phase diagram and their
most relevant properties in their bulk state. Furthermore, a summary of results pertaining
to superlattices comprising LaNiO3 over the last years will be made. Later, the results of
this thesis will be presented, particularly focusing on the structural and magnetic properties.

Chapter 5. A major part of this PhD thesis was devoted to research on superconducting
cuprates. The findings of this research will be outlined here, preceded by an introduction to
the physics of these materials. The experimental findings include the discovery of a charge
density wave state in both single crystal cuprates as well as its unexpected manifestation in
cuprate-manganite heterostructures.



Chapter 2

The System: Transition Metal Oxides
and their Heterostructures

Correlated electron systems like transition metal oxides (TMOs) attract special attention
in modern solid state physics. They offer coupled charge, lattice, orbit, and spin degrees
of freedom, which can be combined to achieve intriguing collective phases. Many of these
phases can be tuned or explored by growing the materials into heterostructures. In this
thesis, two classes of TMO compounds will be investigated which will be addressed in detail
in each corresponding chapter. This chapter will present a summary of the general properties
of TMO compounds and the motivation for creating artificially engineered materials via
heterostructuring.

2.1 Transition metal oxides

TMOs are materials composed of metals with partially filled d-shell bonded to ligand oxygen
ions. The following discussion will focus on the first row of these materials, 3d-TMOs,
collected from Ref.’s [1–8].

2.1.1 Crystal structure

The basic structural building block of many TMO compounds is the CaTiO3 “perovskite”
unit cell, whose essence is shown in Fig. 2.1. The transition metal ion, in this case Ti4+,
is coordinated by 6 O2− ions at the face centers. For a ABO3 material with cubic Pm3̄m
symmetry, where A is a rare earth metal and B the TM ion, the A ions corner a cube with
a = b = c lattice constants. The most prominent of such compounds is SrTiO3 (STO), with
lattice constants a = 3.905 Å, and is commonly used for substrates to grow heterostructures
and other applications.

However, the full cubic symmetry is not easy to stabilize and only a few ABO3 com-
pounds preserve Pm3̄m symmetry. Instead, changing the size of the A or B ions will result
in distorted unit cells. The most common ways of accommodating the electrostatic po-
tential of different sized ions are by rotating the octahedron or distorting the octahedron’s
shape, elongating/shrinking along favorable crystalline directions. The former is observed,
for example, in the superconducting cuprates where an out-of-plane elongation leads to a

3



4 Chapter 2 The System: Transition Metal Oxides and their Heterostructures

4+-Ti
2--O

2+-Sr

c

b

a

Figure 2.1 The ba-
sic form of a perovskite
unit cell, shown for cubic
SrTiO3.

quasi-2-dimensional system (Chapter 5). The latter, depicted in Fig. 2.2, is the case in rare-
earth nickelate brethren (Chapter 4). The octahedral rotation can take place around any of
the three cubic crystal axes. For each axis (x, y, z), the corresponding rotations are labeled
(α, β, γ).

c

b

a







Figure 2.2 The way per-
ovskite unit cells adapt to
differently sized ions, rotat-
ing the octahedra around
any or all of the three for-
merly cubic axes.

The rotations of the octahedra can be different for each axis, and it can also be in- or
out-of-phase. A rotation in phase around a certain axis implies that consecutive octahedra
rotate in the same sense. An out-of-phase rotation occurs when subsequent octahedra rotate
in opposite senses, giving rise to a doubled unit cell. An example of a γ rotation out
of phase is depicted in Fig. 2.3. To consolidate the nomenclature, Glazer introduced the
notation a+,−,0b+,−,0c+,−,0, where each letter corresponds to the amount of rotation around
the cyclic axes (α, β, γ), and the superscript determines whether the rotation around that
axis is 0, in- (+), or out-of-phase (-) [7]. Below the cubic Pm3̄m symmetry, the structure
observed in TMOs with highest symmetry is R3̄c, which has a Glazer notation pattern
a−a−a−. An example of such a system is LaNiO3 with α = β = γ = 5.2◦, which will



2.1 Transition metal oxides 5

be of major focus in later sections. A common distortion found in ABO3 TMOs is the
so-called GdFeO3 distortion, named after the first compound discovered of the kind. This
has a rotation pattern a+b−b−. The space group is Pbnm, and is commonly found in other
nickelates which will be of interest later on. These structures are shown in Fig. 2.4.



c

b

a

c

Top view Side view

Figure 2.3 An ex-
ample of a rotation γ
out of phase, as ob-
served along the c-axis
(left) and from the
side (right).

Varying symmetries yielded by the rotation patterns lead to different diffraction selection
rules, and thus can be monitored using scattering techniques. The crystal symmetries are
commonly divided into space groups, consisting of both the point symmetry elements and the
translations of the lattice. A complete list of the 230 space groups and their properties can be
found in Ref. [9]. Formally speaking, once the cubic symmetry is abandoned the definition
of the lattice requires the use of new indexing. However, the “pseudocubic” reference is
commonly used particularly in heterostructures whose actual symmetry is hard to predict
or measure. In that case, for example, the reflexes of a doubled, low-symmetry phase are
indexed as (h

2
, k

2
, l

2
). The details of space group symmetries is a much broader topic and will

not be addressed further in this thesis. A much more thorough summary on these matters
can be found in Ref.’s [7–11].

Pbnm

R3c

Figure 2.4 (Left)
A Pbnm and (right) a
R3̄c unit cell. In both
cases, the pseudocubic
unit cell is highlighted.
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2.1.2 Electronic structure

The crystal structure in TMOs largely governs their electronic properties. In this section,
we will survey the most relevant properties to the work done throughout this thesis.

The d orbitals

Once an electron is bound to an atom through the Couloumb interaction, the different
energy levels of the orbitals yield wavefunctions with different real-space shapes. Beyond the
spherical contour of the s-shell, higher energy orbitals have strong spatial anisotropy. The
3d TMs of interest in this thesis have anisotropic, partially filled d-orbitals near the Fermi
level and thus govern most of the characteristics of the materials.

The solution of the Schrödinger equation in the simple case of one atom yields five
degenerate states with energy level n = 2, the d orbitals. The spatially anisotropic angular
part of the wavefunction is shown in Fig. 2.5.

z

x
y

z

x
y

z

x
y

z

x
y

z

x
y

2 2
3z -r

2 2
x -y xy yz xz

Figure 2.5 The angular dependence of the five degenerate orbitals of the solution of the
hydrogen-like orbitals for n = 2, i.e. the d orbitals

The spatial anisotropy of the orbitals becomes more significant when oppositely charged
ions are placed around the TM ion, resulting in a lifting of the degeneracy of these levels.
Consider the simple case of a TM ion inside a cubic octahedral environment as depicted
in Fig. 2.1. The positional arrangement of the O ions along the x, y, z directions creates
a field around the TM ion, known as the ligand field, which renders those orbitals which
point towards the O ions energetically unfavorable. Thus, the dx2−y2 and d3z2−r2 orbitals,
commonly referred to as the eg levels, have higher energies. The orbitals with lower energy,
known as the t2g levels, point diagonal to the O ions. The splitting between the t2g and
eg levels is known as the crystal field splitting, usually noted by ∆c, where the subscript
indicates the type of symmetry the TM ion lives in. In the case of a tetragonally distorted
octahedra, the splitting results in more levels. These two cases are shown in Fig. 2.6. In
general, different crystal symmetries result in different level splitting schemes.

The way the d-electrons populate the available t2g and eg levels depends on details of the
system. Consider a 3d cubic perovskite system with four d-electrons, labeled 3d4. The first
3 electrons will find their way into the three t2g levels with parallel spins due to Hund’s rule,
obeying Pauli’s principle of exclusion. If the energy cost of placing the fourth electron in a
singly occupied t2g level is less than placing it in a eg level, i.e. ∆c, then it will occupy a
t2g level. Pauli’s principle will force it to have an antiparallel spin. The resulting electronic
configuration will be t42ge

0
g. Because two of the four electrons have antiparallel spin, the state
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is thus known as a “low spin” state. There are cases where Hund’s principle makes the
occupation of a antiparallel t2g state exceed the cost in energy of going up into the eg level.
The resulting electronic configuration is t32ge

1
g, with all spins parallel is known as a “high

spin” state. Aside from details pertaining to different classes of systems, high and low spin
states are usually governed by ∆.

single 
atom (TM)

cubic crystal field (O )h

-2O

-2O

-2O

-2O-2O

-2O

3d orbital
eg

t
2g

2 23z -r

xy

2 2x -y

yz xz

tetragonal crystal field (D )4h

-2O

-2O

-2O

-2O
-2O

-2O

2 23z -r

xy

2 2x -y

yz

xz

Figure 2.6 The lifting of the degeneracy of the 5 d-orbitals when placing the TM ion inside a
regular octahedra with O ions at the corners (left) and a tetragonally distorted octahedra (right).

Mott insulators

With an intermediate spatial extent of the 3d wavefunction, the conduction electrons in
some half-filled materials can localize once they feel the Coulomb interaction with other
electrons. Thus, while expected by conventional band theory to be metallic, some of these
materials undergo a metal to insulator transition (MIT). The energy of the electrons in such
materials can be expressed as E = U − 2t, where t is the hopping amplitude obtained from
the transfer integral of a tight binding model. It quantifies the probability of an electron
occupying adjacent sites. The energy of a metal is dominated by this term. The term U ,
introduced into the Hamiltonian by Hubbard in 1963 [12], represents the essence of a Mott
insulator. When this term U overpowers the hopping integral, the electrons tend to localize
at corresponding sites, opening a gap of size U at the Fermi level. In other words, in an
insulating ground state with electrons localized on every site, the energy cost of creating a
doubly occupied site is U . Moreover, considering the intrinsic band width w of the d-level,
which is governed by t, the effective band gap in a Mott insulator is U − w. This is shown
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schematically in Fig. 2.7.

E

VB (d)

CB (d)

U

w
U-w

E

VB (p-band)

CB (d-band)



p-band

EF

MIT

EF

Figure 2.7 Across a Mott
transition, the half-filled conduc-
tion band (CB) above the valence
band (VB) of a metal splits across
the Fermi energy (EF ) into two
bands, with an energy difference
governed by the interaction en-
ergy U and the width of the band
w. Image reproduced from [5].

In TMOs, a covalent bond between the O and TM ions leads to hybridized states with
energy close to that of the 3d shell. The band below the d-level is the 2p state of the ligand
oxygens hybridized with the TM. The energy separation between these states is known as the
charge transfer ∆1. A special class of interaction-driven insulators is that where ∆ is small.
Upon crossing the MIT, the d band splits with a gap U , but the lower d-level leap frogs the
2p-level, leaving the p-band adjacent to the gap of value ∆. These materials are known as
“charge-transfer” insulators. Note that the mobility of electrons in these materials is allowed
throughout the ligands, in contrast to a Mott insulator’s complete on-site localization. Such
a classification was coined in the work of Ref. [13], and is depicted in Fig. 2.8. Generally
speaking, the interaction term U increases for the heavier TM ions, thus making the early
columns prone to a Mott insulating state, and the later ones like Cu and Ni compounds of
charge transfer types.

E

VB

CB

U

w


E

VB (p-band)

CB (d-band)

 p-band

EF

MIT

EF

Figure 2.8 Across a MIT in
a charge-transfer insulator, the
half-filled band of a metal splits
across the Fermi energy (EF ) into
two bands, with an energy differ-
ence governed ∆ and the width
of the band w. Image reproduced
from [5].

Charge and spin ordering

The localization of charge discussed above in a correlated insulator is not the only type of
order that these materials can develop. Some materials display charge disproportionation
(or charge order) between subsequent sites. In this case, the valence state of the TM ion
varies from site to site in the form B3+δ - B3−δ, doubling the perovskite unit cell. Common
cases of such materials are the manganites, discussed later in this chapter, and the nickelates,
discussed in Chapter 4. The spin degree of freedom can concomitantly form ordered patterns
which result in ferromagnetic (FM) and antiferromagnetic (AFM) systems. To describe a

1Not to be confused with the crystal field splitting which usually has a subscript to denote the symmetry.
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simple ground state in a magnetically ordered system, a Hamiltonian is required that will
couple adjacent spins based on the singlet-triplet energy splitting. Treating the case of a
simple two-electron system with neighboring ~S1 and ~S2 and extending it to a lattice, the
Hamiltonian reads

Hspin = −
∑
ij

Jij ~Si · ~Sj, (2.1)

with J given by the singlet-triplet splitting. This simple Hamiltonian, commonly known as
the Heisenberg Hamiltonian, at least qualitatively describes realistic systems and can be read
more extensively in text books like Ref. [14]. Since the dot product changes with orientation
of adjacent spins, the coupling constant J > 0 (J < 0) will favor parallel (antiparallel) spins.

Correlated materials of interest in this thesis commonly develop magnetic ordered states.
Once including the magnetic term, the Hubbard Hamiltonian H of such a system, which we
had discussed above without considering the spin channel, takes the general form

HHub = −t
∑
〈i,j〉σ

c†jσciσ + U
∑
i

ni↑ni↓, (2.2)

where 〈i, j〉 implies adjacent sites and σ represents spin up or spin down states. The 4
possible states for a site i with two available states are: empty |., .〉, one electron | ↑, .〉, one
electron | ↓, .〉, two electrons | ↑, ↓〉. The second term above is diagonal in these terms, as
it takes on a value U when site i is doubly occupied ↑↓, and all other matrix elements are
zero. This term will favor localized spin moments by nullifying the probability of a second
electron to occupy a singly occupied site, recovering the discussion in the previous section.
The first term in Eq. 2.2 is the kinetic energy, describing the annihilation of an electron with
spin σ at site j and the creation at site i: moving the electron from site to site.

Mott insulators with large U are more prone to develop AFM order. Consider the case of
half-filled metals, where the number of electrons equals the number of sites. For the case of
negligible Coulomb repulsion (t >> U), the system is metal. However, when the repulsion
is stronger (U >> t), the Hamiltonian of Eq. 2.2 can be treated to derive an expression
analogous to Eq. 2.1, with J = −4t2/U . In simple words, AFM alignment of spins is favored
because it allows hopping of electrons to nearest sites.

Fermi surface nesting

Ordered patterns are not exclusively driven by the same mechanism of the localized Mott
insulators. Another kind of ordered ground state which can occur in itinerant metals is the
formation of density waves [15,16]. These occur when conduction electrons self-organize into
patterns of modulated charge or spin in the solid. The simplest case of a charge density
wave (CDW) was first proposed by Peierls in the 1930’s to explain how a 1-dimensional (1D)
system cannot be metallic [15–18], summarized in Fig. 2.9. Consider the ground state of a
1D, half-filled array of atoms with spacing a. With a parabola-like dispersion of the electron
energy, the system is filled up to the Fermi level EF at kF = π/2a and the electronic standing
wave gap is formed at ±π/a [14]. If the unit cell distorts in such a way as to double its size
say by forming dimers, then the folded Brillouin zone boundary is at kF = π/2a and a gap
opens at EF . The electronic energy of the system is reduced by lowering the energy of the
states at kF . In other words, if the gap opened at a smaller wavevector kF − δ, then some
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electrons would raise to the higher band and others to the lower band. This yields no energy
reduction. If the gap opened at kF + δ, the system would remain metallic with no change
in total energy. Thus, opening a gap at kF by forming dimers is a way for the system to
find an energy minimum. Furthermore, Peierls showed that the elastic energy cost of this
dimerization is paid at low temperatures by phonon-electron interactions. This results in
a CDW with period 2a shown in Fig. 2.9. Note that the electronic modulation of a CDW
coexists with a lattice distortion introduced by the new periodicity.

(r)

(r)

a

2a

Figure 2.9 The mechanism
of a 1-dimensional Peierls tran-
sition. The regular lattice (top)
yields an even density ρ(r), while
the distorted, doubled lattice
(bottom) results in a sinusoidal
charge density wave. Figure
adapted from [15].

The vector of the new periodicity that caused an energy reduction is called a nesting
vector. Let us take a close look at this definition, following [15, 16, 19]. Consider a per-
turbation H ′ in the form of a scattering process which adds momentum V = k − k′ to a
certain electron in state φ(k), coupling it to a hole above the Fermi level φ(k′), shown in
Fig. 2.10(top) as a yellow vector. Following quantum mechanical perturbation theory [20],
the new states are linear combination of the unperturbed states ψ(k) ∝ φ(k) + Cφ(k′) and
ψ(k′) ∝ −Cφ(k) + φ(k′), where C is a mixing term proportional to 〈φ(k)|H ′|φ(k′)〉. Two
important observations can be made. First, treating the new state’s density ψ(k)ψ∗(k), as
described in [19], shows that it is modulated by a term cos(V r), where r is a vector of the
lattice. This will yield a density wave, whose spin or charge character will depend on details
of how the states ψ(k) and ψ(k′) are occupied.

The second observation points to the peculiar case when φ(k) and φ(k′) are degenerate.
In that case, perturbation theory shows that the degeneracy is lifted by lowering and raising
ψ(k) and ψ(k′), respectively, opening a gap between the levels. A system will thus find an
efficient way to minimize the energy by scattering between degenerate states, i.e. states
at the Fermi level. Fig. 2.10(bottom) shows how a 1-dimensional case with a parabolic
dispersion will open a gap when scattering vector is V = 2kF , shown as a red arrow. Once
the gap is opened at EF , the system ceases to be metallic.

In the 1D case, this definition is almost trivial because the vector that obeys the condition
of opening a gap where the energy is lowered, 2kF , connects merely two points (hence the
fact that such a system cannot be metallic). So let’s extend the concept to 2D. Consider

a periodic deformation with vector ~V . A new periodicity will cut the Brillouin zone into
parts, depending in size and orientation on ~V . Moreover, we know from the 1D case that a
deformation will also gap the FS at those values and lower the system’s energy. The system
will find an energy favorable condition when the FS lies at the edge of the cut made by
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E

Figure 2.10 The unstable case
of a half-filled, 1-dimensional sys-
tem. (top) The scattering process
coupling an electron and a hole
through a vector V , in yellow.
(bottom) When the two states
are degenerate, a gap opens.

~V . So the tendency towards a nested case is the tendency to gain energy by introducing a
modulation vector ~V .

The more states at the FS lie at the edges produced by ~V , the larger the energy reduction.
Since Brillouin zone folding by ~V is a flat cut, this condition is obeyed for a FS with flat
regions, and ~V is the vector connecting those flat regions. This can be seen in Fig. 2.11 for
the case of 1D (always a flat Fermi “surface” in 2D), and for a flat FS in 2D. In this case, the
FS shown in blue lies entirely at the edge of a folding cut (magenta lines) resulting from a

vector ~V , and the nesting vector is shown in red. Fig. 2.11 also shows a case with no nesting
tendency for a circular FS. No flat cut can make the FS land on the edges. However, nesting
is not exclusive to a flat FS. Since a nested FS lands on itself upon a translation by 2~V , a
curved FS can also nest. As shown in Fig. 2.11 by expanding outside of the first Brillouin
zone, the red vector translates the FS invariantly and is therefore a nesting vector.

kx

ky

1D 2D nested (flat) 2D not nested

X

2D nested (warped)

Figure 2.11 Examples of Fermi surface (blue) nesting, highlighting the nesting vector (red), for
1D and 2D cases. While the former always has a nesting vector, the latter does not always have
nesting (like in the circular case). It can do so when having a flat FS, or warped into special ways.
The squares represent the first Brillouin zone. In the warped case the FS is extended for clarity.

In summary, the energy is lowered by connecting degenerate states through a scattering
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process with momentum 2~V . The degenerate states are at (and define) the FS so nesting

occurs for metals only. The more states at the FS are connected by 2~V , the more the
system will gain in energy. So a system’s tendency to nest occurs when MANY states at the
FS are connected by a vector 2~V , occurring naturally in flat regions or in specially curved
Fermi surfaces. However, it can also occur if the vector 2~V connects points where many
states accumulate, so-called “hot-spots”. Such a case is exemplified in Fig. 2.12 and may be
responsible for the observed phenomenology of the high-Tc cuprates (Chapter 5).

ky

kx

Figure 2.12 A cartoon
schematic of a nesting where
a vector connects points at
the edge of a FS with a large
accumulation of states (blue
circles).

The density waves that arise from scattering between states through a nesting vector can
lead to organizing the electrons’ spin or charge. A spin state invariant under the scattering
process yields a CDW, while a spin-flipping scattering process usually leads to a spin density
wave (SDW) [19]. Experimentally, these result in pronounced changes in either the spin or
charge susceptibilities [15] and can thus be detected using transport techniques. However,
perhaps the most obvious manifestation of these density waves are the superstructure pat-
terns that emerge. These patterns can be investigated using diffraction techniques addressed
in Chapter 3.

2.2 TMO heterostructures

In this section, we turn from the single crystal attributes of TMOs to the case of materials
grown on substrates into films, multilayers or superlattices (SLs): heterostructures of TMOs.

Motivation

There are many ways to tune or investigate the wide range of properties of single crystal
TMOs. Among these, and most prominently, strained films and superlattices (SLs) have be-
come promising offers. First of all, some materials are hard to produce in large single crystals,
so thin film research has provided insight to their physics. Secondly, endless combinations
of straining, interfacing, and confining complex oxides provide the media to create unique
metastable materials, with properties ranging from multiferroics to superconductors [21–24].

Heterostructured TMOs allow us, therefore, to manipulate the systems’ lattice, charge,
orbital and spin degrees of freedom in ways that solid state chemistry cannot. There are
several quintessential examples of novel phenomena at oxide interfaces. High electron mo-
bility and the creation of a 2D electron gas at the interface between two band insulators
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LaAlO3-SrTiO3 (LAO-STO) was observed in 2004 [25] and has been extensively investigated
thereafter. Amongst many other fascinating results, superconductivity was found at low
temperatures [26]. Work done during this PhD period using non-resonant x-ray diffraction
showed evidence of polar order driven by a gate voltage [27] and most recently evidence of
FM order coexisting with SC was shown [28]. The superconducting, 2D LAO-STO inter-
face has been recently compared to the high-Tc cuprates, making analogies about the gap
states [29].

While a lot of the effects taking place in LAO-STO are believed to be related to the charge
reconstruction at the interface, oxide heterostructures allow more than manipulating the
charge. This is where their potential surpasses conventional semiconductor based electronics.
TMO systems offer the spin, which are made use of in spintronics, and orbital degree of
freedom. Since these two are also coupled, they offer an infinite array of manipulation
avenues [21–23], like in the case of the LAO-STO system [30,31].

LNO-based superlattices

One of the most resounding proposals of engineering a new material in the last few years
was the one made by Chaloupka and Khaliullin in 2008 [24]. First, the authors surveyed
the properties of the superconducting cuprates which are widely accepted (more detail in
Chapter 5). In such systems, the Cu ions are in a spin= 1/2 state with a singly (or vastly)
occupied dx2−y2 . Furthermore, the Cu-electrons are isolated by blocking layers which con-
fine them to a 2D space. Some of these characteristics can be reproduced in other TMO
compounds, save one: the single occupation of the dx2−y2-orbital. Without knowing exactly
how the mechanism of superconductivity arises, the authors proposed a way to achieve all
three aspects. They identified that a heterostructure comprising LaNiO3 (LNO) and an
isostructural band insulator like LaAlO3 (LAO) could reproduce three essential features of
the high-Tc cuprates. Summarized in Fig. 2.13, imposing epitaxial strain that would elongate
the NiO6 octahedron in the plane as well as confining the electrons between blocking layers
could substantially lift the orbital degeneracy. This proposal has sparked great interest and
many groups today still investigate the growth of these SLs in search of a new supercon-
ductor. Although such a state has not been found, the material has displayed fascinating
physics which will be addressed in Chapter 4.

YBCO-LCMO superlattices

Another system which has attracted strong interest in the TMO heterostructure community
is the YBa2Cu3O7-La2/3Ca1/3MnO3 (LCMO). The former material is a conspicuous member
of a class of superconducting cuprates, whose properties will be addressed in more detail in
Chapter 5. LCMO is also a major player in TMO physics. It is a half-filled FM metal which
has revealed an electrical conductance that can be increased by several orders of magnitude
when applying an external magnetic field. This is known as colossal magnetoresistance
(CMR), and despite intensive research remains to be fully explained theoretically or exploited
technologically. A lot of literature has been written devoted to these materials, summaries
of which can be found in Ref.’s [4, 32–34].

The CMR manganites are found most commonly by doping the parent compoundRMnO3,
which is a ABO3 perovskite, by substituting the trivalent R site by divalent Ca or Sr ions.
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substrate

LNO

LAO

Figure 2.13 A cartoon
schematic of a LNO-LAO SL,
proposed in Ref. [24].

The one mixture relevant to this thesis is taking R=La and substituting with Ca, with for-
mula La1−xCaxMnO3. Substitution of Ca ions will change the carrier concentration, and
thereby several ordered phases can be reached. These include charge ordered, AFM in-
sulating, canted AFM, FM metal and FM insulating phases, all which are summarized in
Fig. 2.14.

Figure 2.14 The multiple
phases of LCMO upon varying
the Ca content, highlighting the
FM-metal phase of interest to the
present work. Figure taken from
Ref. [34].

The parent perovskite LaMnO3 has a d4 Mn3+ high spin state. When doped, lower lying
(4-x) d electrons will occupy the t2g levels and (1-x) electron goes into a linear combination
of the eg levels. It turns out, hopping from site to site is favored when the eg electron is FM
aligned to the t2g. This allows a FM metallic ground state. Some of the properties of these
materials are believed to be strongly connected to the lattice, whether statically through the
crystal structure or dynamically through phonons [34]. The region of the phase diagram of
interest to this thesis is around x = 1/3. Shown in Fig 2.14 with a red line, the material
turns from a paramagnetic insulator to a FM metal with an onset at about 250 K. With such
a high transition temperature and a good conductivity in the magnetic state [33], these offer
interesting potential applications in functional spin devices. As a half-metal, it provides a
direct way of producing spin-polarized currents, that is most conduction electrons carry the
same spin orientation. Furthermore, the properties of this and other manganites appear to
be easily modified by growth into heterostructures [35].

Within the scope of exploring antagonistic order parameters, the interface between the
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high-Tc SC YBCO and half-metallic, ferromagnetic LCMO has become of prime interest.
Driven by strong proximity effects [36–38], neutron reflectivity measurements [38, 39] evi-
denced an uncompensated magnetic moment in the SC YBCO layers, which was later con-
firmed using x-ray spectroscopic [40] and scattering tools [41]. Moreover, the superexchange
coupling across the interface was partially attributed to a reconstruction of the Cu orbital
occupation, which in turn leads to the transfer of electronic charge from the LCMO into
the YBCO layers [42]. Anomalies in the Raman spectra of the LCMO layers upon entering
the SC state expanded the discussion into the possible “engineering” of lattice dynamics
aided by long range Coulomb interactions [43]. Such questions gave rise to a rich field of
research which will be addressed in section 5.3.1, where further contributions were made in
this doctoral work.

Growth techniques

Several techniques to grow heterostructures of TMOs have been perfected since their promise
has erupted in the last decade. Among these, most prominently are molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD). The former consists of heating different element
sources until they evaporate and then condense on a substrate resulting in well-controlled
heterostructures with extremely high quality surfaces and interfaces. It is deemed very
useful in the growth of semiconductor film used in today’s common electronic devices. Its
application to complex oxides was first introduced growing high-Tc cuprates by Schlom,
et.al, in Ref. [44]. It can also be used efficiently to grow high-purity heterostructures based
on early TMs like Ti [45]. However, its application to other TMs, particulary ones which
require high oxidation pressure remains a technical challenge pursued by many groups.

The technique more commonly used in complex oxide growth is PLD. All the samples
investigated in this thesis were grown using it. PLD is a technique which allows environments
with higher oxidation pressure, thus making it suitable to grow more complex oxides. It
was first applied to grow films of the high-Tc cuprates [46]. The technique itself is a very
simple principle. Ablation is the process by which part of material is removed from its
surface by exciting it through a high energy process. In PLD, this excitation is done by
exposing the material to a pulsed, high-density laser. The high absorption of the material
of the laser results in a very localized heating, which eventually evaporates the material
creating a plasma plume. The material exposed to the laser is called the target, which is
just a compressed powder pellet of the stoichiometric material wished to be grown. High
laser fluxes induce nonequilibrium process whereby, with the choice of the right wavelength
and for a given material, a vaporization process common to all cations of the material is
produced. The ablated material travels through the chamber immersed in oxygen pressure,
and eventually condenses on the substrate. By using the right oxidation pressure within the
growth environment, the stoichiometry of the material (in particular the oxidation state)
can be preserved all the way to the growth. Therefore, the ability to conserve the full
chemical stoichiometry of targets with several elements on different substrates is an important
advantage of PLD. The frequency and duration of the pulse regulate the growth rate of the
material.

The process of PLD can be summarized as follows. A chamber is pumped to low air
pressures in order to facilitate a large mean free path of the ablated material. Moreover, a
reactive atmosphere of oxygen is introduced through gas inlets. A laser is generated by a UV
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light source outside the chamber, then collimated using a lens. Once it strikes the target,
which is simultaneously rotating to have the laser hit the sample on different positions, a
plume of ablated plasma will travel perpendicular to the target surface and eventually reach
the substrate. The latter is heated generically with a furnace or punctually by an additional
laser, which enables the ablated material’s reaction with the substrate. A schematic of a PLD
chamber is shown in Fig 2.15. More thorough accounts on PLD can be found in Ref.’s [35,47]
and others therein.
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Figure 2.15 A schematic of a PLD chamber. Figure adapted from Ref. [35].



Chapter 3

The Technique: Resonant X-ray
Scattering

3.1 Introduction

The experimental technique used throughout this thesis to investigate the ordered states of
the TMO heterostructures is resonant soft x-ray scattering (RSXS). In general, wave scat-
tering techniques provide a non-destructive way to obtain correlation function information
involving a large number of scattering entities. Non-resonant x-ray scattering served the
framework for crystal structure determination when the tube source was developed. Later,
other methods emerged including electron and neutron scattering, which with a charge or
spin attribute, can interact with solid state matter and render precise location information
about nuclear, ionic and magnetic scatterers. However, these can have limitations includ-
ing non-element specificity, narrow penetration depths, low fluxes available, need for bulk
samples, etc. Some of these limitations are overcome by the use of x-rays.

Resonant x-ray scattering (REXS) in general refers to a technique based on tuning the x-
ray photon’s energy to match the value required to excite an inner-shell electron into a valence
state of the atom of interest. While non-resonant scattering can provide insight beyond
structural origin, e.g. magnetic or orbital [48, 49], the cross sections involved are small,
so detailed refinements remain a technical challenge. This is where the REXS technique
is important to solid state physics. We will later show how the scattering cross section is
dramatically enhanced by tuning the incoming photon energies to the absorption transitions.
Thus, this class of experiments combines the x-ray absorption (XAS) with diffraction, i.e. a
Fourier transform of spatial modulations sensitive to electronic details. However, tuning to
any edge may not be sufficient to enhance the cross section into a detectable range. Instead,
judiciously chosen dipole-allowed transitions into final states near the Fermi level can result
in a larger cross section, which directly ties into the electrons responsible for the macroscopic
physics of the material. For 3d-TMOs, the appropriate dipole-allowed transition is 2p→ 3d,
the L2,3-edges, which falls within the energy range of 200−2000eV , the so-called soft x-rays.
Although this wavelength range (∼ 1nm) drastically limits the accessible reciprocal space
region, some ordered superstructures in TMOs reach the nm-scale, making RSXS the tool
of choice to investigate the details of possible spin, orbital, and charge order. For a review
on recent developments of the technique, see Ref.’s [50, 51].

17
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Despite its great assets, the RSXS method has its challenges and disadvantages. The
wavelength scale is rather large, limiting the momentum transfer. In addition, due to the
large absorption coefficient of air at these energies, sample environments must be held in
vacuum. Moreover, generating the x-rays is not as simple as in non-resonant diffraction.
This is where the progression of synchrotron based sources provided useful.

3.2 X-ray sources: synchrotron radiation

REXS and particularly RSXS are techniques closely connected to the development of syn-
chrotron radiation light sources. The synchrotron emerged as an accidental discovery in
particle accelerator physics [52–54], but has since developed into sources for modern x-ray
techniques. The last five decades have spawned 4 generations of synchrotron light sources, all
of which rely on the notion of accelerating a charged electron into relativistic speeds within
curved paths. In the first 3 generations, an accelerator drives electrons into closed orbits
by applying magnetic fields. The 3rd generation is characterized by the inclusion of straight
“insertion devices” within the ring1. A schematic of a typical 3rd-generation synchrotron
layout is shown in Fig. 3.1, whose components will be explained in the following.

Beamlines

Bending magnet

Insertion devices

Booster ring

Figure 3.1 A schematic of
a synchrotron radiation source:
electrons are injected through
the booster ring, then acceler-
ated along the bending magnets,
and/or insertion devices. The ra-
diation is collected for research at
the beamline end-stations.

The electrons are first ramped into relativistic velocities in the booster ring. Then, the
“storage rings” maintain the electrons in a high-energy orbit, replenishing their energy as
they emit a special kind of light. This source kind is termed “bending magnet” radiation,
and has several unique features like a high brilliance (a term defined to contain the degree
of collimation, beam size, intensity, and spectral distribution), a broad and tunable emission
energy range and a high degree of polarization of the light. These characteristics are a
combined result of the relativistic movement of the electrons around a curved path and the
relativistic Doppler effect. The conventional Doppler shift of an emitting electron has a
spherical effect, where wavelength is increased when the moving object is going towards the
viewer, and decreasing when moving away from it. The relativistic Doppler effect, on the

1The 4-th generation of these light sources are linear accelerators, or “free electron lasers”, which do not
force the electrons in circular orbits but in linear paths.
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other hand, and due to the Lorentz transformations, causes the radiation to be strongly blue-
shifted and the direction of emittance is highly concentrated in the forward direction. The
divergence of the beam under a relativistic Doppler blue-shift is roughly given by mc2/Ee,
where m, Ee, c are the mass and energy of the electron, and the speed of light in vacuum,
respectively. A characteristic energy defined as ~ωc[keV ] = 0.665E2

e [GeV ]B[Tesla] is given
by the conditions of a bending magnet. For example, the BESSY synchrotron in Berlin,
Germany operates at 1.7 GeV, optimized for the soft x-ray regimes. This quantity varies
depending on the research focus of the synchrotron.

A large improvement in generating synchrotron light was achieved with the conception
of insertion devices, which can offer more brilliance, sharp tunable energy spectra, partial
temporal and spatial coherence, and full polarization control from the source. These are
essentially arrays of alternating magnets which drive relativistic electrons into an oscillatory
path. The two important parameters of an insertion device are the magnetic field B and the
magnet period λu, as shown in Fig.3.2.

N N N N N N

N N N N N NS S S S S S

S S S S S S

-eB

λu

θ
gap

Figure 3.2 The basic principle of
an insertion device, where alternating
magnetic dipoles accelerate the elec-
trons in a oscillating path. These emit
more intense radiation compared to the
bending magnet. The oscillations oc-
cur outside the paper’s plane.

A dimensionless parameter used to discern between insertion device types, K = eBλu
2πβmec

,
classifies the deflection path of the electron. There are two types of insertion devices: undu-
lators (K . 1) and wigglers (K >> 1). Wigglers operate with high magnetic fields with a
large number N of period repetitions. They can be regarded as a superposition of bending
magnet radiators, so the intensity becomes I ∝ N . Undulators, on the other hand, produce
a coherent superposition of the emitted light, so I ∝ N2 but concentrated within a nar-
row energy range. The energy spectral range ∆ω/ω of an undulator source can be several
orders of magnitude reduced with respect to the bending magnet radiation, resulting in a
much higher brilliance. Because of the sinusoidal nature of the electron’s path, the energy
an undulator produces from a single electron inherently comes in a discrete value, and its
subsequent odd harmonics2. The expression for this energy is given by

En(eV ) = n
950E2

e (GeV )

λu(cm)(1 +K2
eff/2 + γ2θ2)

, (3.1)

where γ is the relativistic factor of the electrons, Keff = 0.934λu(cm)B(T ), θ is the polar
angle from the undulator axis (Fig. 3.2), and n is the odd harmonic.

2However, the even harmonics do also exist in the off-axis radiation, that is, the radiation emitted at a
small angle with respect to the tangential forward direction of the electron
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Figure 3.3 A schematic of
an undulator’s discrete spectrum
compared to the continuous wig-
gler and bending magnet spectra.
Image adapted from [55].

Undulators can change the gap between magnetic dipoles, modifying the magnetic field
strength and thus K. This shifts the peaks in the energy spectra horizontally, optimizing
the brightness for a certain energy range of interest. The resulting spectral brightness of
an undulator compared to bending magnets and wigglers is shown in Fig.3.4. Furthermore,
“helical undulators” allow to horizontally shift the magnetic dipoles inducing a spiral motion
of the electron wave train. This can result in variable polarization of the emitted light,
which can adopt linear (with any angle from vertical to horizontal) or elliptical (positive and
negative) states.
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Figure 3.4 A comparison between
the spectral brightness of bending mag-
nets, wigglers, and undulators.

3.3 Resonant scattering

The field of REXS emerged in the mid 1970’s, once the technical challenge of producing tun-
able, bright x-ray sources was overcome. It began with a discussion of so-called “anomalous
scattering” [56], which was a term referring to finite intensities emerging around otherwise
forbidden reflections when the photon energy neared an absorption edge. Subsequent seminal
work on REXS included Hannon et al. [57], Carra and Thole [58], Hill and McMorrow [59],
etc., which climaxed during the International Conference on Anomalous Scattering in Ma-
lente, Germany, in 1992 [60]. During these stages, the importance of calculating resonant
scattering factors was realized, so the theoretical framework to understand resonant XAS
was developed alongside, which is summarized in papers like [61] and others. In this section,
we will lay out the theoretical background of REXS, including a brief introduction to x-ray
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physics, general remarks about the interaction of light and matter, the scattering factor, its
connection to XAS, charge, magnetic and orbital scattering, and finalize with a description
of realistic experimental aspects. This section was written collecting Refs. [50, 51,57,62–66]
and others therein.

3.3.1 Basic principles of x-ray physics

The interaction of x-rays with solid state matter is a field with an enormous utility and
widespread interest. While a thorough introduction can be found in [53], we begin our
discussion with few words on absorption and diffraction. For non-resonant, elastic scattering
from a single atom, the classical description serves a valid framework. The atom is modeled
as an electron density of spherical symmetry ρ(~r). The unequal optical path lengths traveled

by different wavefronts, ~q1 ·~r1 6= ~q2 ·~r2 (where the momentum transfer ~q ≡ ~k−~k), will result
in a phase shift between waves, i.e. diffraction. The diffraction event will integrate over all
waves scattered from each position ~ri:

f(~q) =

∫
r0ρ(~r)eıq·rd~r, (3.2)

where we have introduced the atomic form factor f(~q). The full atomic form factor is, in
general, energy dependent:

f full(~q, ~ω) = f(~q) + f ′(~ω) + if ′′(~ω), (3.3)

where ~ω is the photon energy. f ′(~ω) accounts for ways that electrons with different binding
energies respond to the incoming field, and the term if ′′(~ω) arises from the binding energy
which acts as a damping mechanism to the otherwise free electron density. The calculated
values of the energy dependent terms for single atoms are tabulated [67]. These terms are
relevant when doing REXS, where the quantum mechanical description is needed.

X-ray scattering in the solid state can benefit from the fact that the atoms are arranged
in a periodic lattice. In doing so, each atom constitutes a scattering entity (as described
above), but the contribution of each atom must be summed discretely, which yields the
crystal structure factor F (~q), given by

F (~q) =
∑
~R

f(~q)eı~q·
~R; ~R = n1~a1 + n2~a3 + n3~a3 (3.4)

where ~R represents the position of an ion. The scattered intensity, |F |2, takes on a large
value when all the scattered waves scatter in phase. This condition is met if the scattering
vector is such that ~q · ~R = 2πm, where m is any integer, defining the reciprocal lattice ,
expressed as

~a∗i = 2π
~aj × ~ak

~a1 · (~a2 × ~a3)
= 2π

~aj × ~ak
V

, (3.5)

where the i, j, k-indices follow cyclic notation, V is the volume of the unit cell (from the

scalar triple product). These reciprocal lattice vectors, defined as ~G = h~a∗1 +k~a∗3 + l~a∗3, where
h, k, l are integers, also have a periodicity and thus a fundamental ‘unit cell’, known as the
Brillouin zone. Therefore, Fourier-transforming the reciprocal lattice, measurable through
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diffraction, will yield the real space lattice. In more complex systems with multiple ions in
the real space unit cell, the structure factor becomes

F (~q, E) =
J∑
~rj

f full(~q, E)eı~q·~rj
N∑
~Rn

eı~q·
~Rn , (3.6)

where J is the number of distinct atoms in the unit cell and N is all the unit cells in
the crystal. In an ideally perfect scenario, N growing to infinity will render F (~q) a Dirac

delta function. In general, the maxima repeat every time ~q = ~G, although different crystal
systems may render combinations of h, k, l-values which suppress the term eı~q·

~Rn . These
“selection rules” are very useful in non-resonant x-ray scattering, i.e. serve to identify the
crystal symmetry. However, Templeton and Templeton [56] as well as Finkelstein et al. [68]
first observed forbidden reflections appearing close to resonance. This spawned the notion
that anisotropic crystals can distort the electronic wave function, and the form factor takes
on a highly non-trivial matrix form when approaching the resonant condition. In general,
the form of f full(~q, ~ω) in Eq. 3.3 describes the essence of REXS. In the following sections,
specific aspects of this form factor will be derived.

Finally, ordering phenomena in crystals can change the lattice periodicity and be detected
by diffraction. A crystal with a real space lattice defined in Eq. 3.6 will yield diffraction peaks
when ~q = ~Q, i.e. integer values of h, k, l governed by their selection rules. In general, however,
an ordered state of any kind (charge, spin, orbital) might change the symmetry of the crystal,
and thus call for a new lattice definition. For example, take a simple 1-dimensional system
of non-magnetic ions, whose period is defined as a, so Q = 2π/a. If the system were to take
on AFM order, this will yield a new unit cell double in size to the original, setting a′ = 2a
and Q′ = π/a. In this case, the Brillouin zone defined before will reduce into half. This
is shown in Fig. 3.5, which can easily be extended to 3-dimensions. However, instead of
redefining the set of reciprocal lattice vectors ~Q′, non-integer (h, k, l)-values are commonly

used within the preceding reciprocal lattice definition ~Q. For general ordered state, where
different periodicities can be induced in all three crystallographic directions, the labeling
( h
n1
, k
n2
, l
n3

) takes a frequent use, where the integers ni refer to the manifold multiplication of
the unit cell along the axis i. However, some ordered states can create charge and/or spin
textures which are not commensurate with the crystal lattice. For such a case, not even
a new definition of integer (h, k, l)-values would yield a simple description of the system.
Therefore, the use of ( h

n1
, k
n2
, l
n3

), with non-integer ni, is required. These kinds of order are
known as incommensurate, and we will see a manifestation of it in Chapter 5.

a

2a

Figure 3.5 When a chain of ions with lattice spacing a
(upper panel) enters a AFM phase, the unit cell (area en-
closed by a square) doubles (lower panel), which results in
reciprocal space folded into half.
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3.3.2 The interaction of light with matter

In general, light and matter interaction serve a very important tool in condensed matter
research. A medium exposed to an external electromagnetic wave will drive the system out
of equilibrium through the duration of the interaction. Some properties of the system will
couple to the external field and thus be altered in a specific way. For the case of low excitation
fields, the change that the external field exerts on the system is proportional to that field,
and this proportionality constant is known as the linear response function. Examples in
other fields of such a function are specific heat, magnetic susceptibility, compressibility,
etc. This section will describe the process of x-ray absorption and elastic scattering within
the framework of linear response theory. In other words, a system’s reaction to an x-ray
perturbation can be used to extract information about it. This will lead to an expression
which corresponds to f full(~q, E) in Eq. 3.3.

Consider an oscillating electron perturbed by an time-dependent external field. The
Hamiltonian for such a scenario looks like H = H0 + Hext, where H0 is the unperturbed,
equilibrium state, and Hext is the perturbation field, in this case the electromagnetic wave
≡ ~Ein. For small perturbations Hext, as is the case in most particle scattering experiments,
the polarization vector of the electron responds linearly to the field:

~P = χ~Ein(t), (3.7)

where χ is defined as the electric susceptibility of the electron, a quantity describing how

easily the system can be polarized. For an electromagnetic wavefield, ~Ein(t) = ε̂E0e
−i(ωt−~k·~r),

where ε̂ is a unit vector along the polarization of the wave which is complex (circular light),
E0 is the amplitude of the field, and ω its frequency. The velocity and acceleration of the
electron are:

~j ≡ ∂ ~P

∂t
= −iωχ~Ein(t) (3.8)

and

~a ≡ ∂~j

∂t
= ω2χ~Ein(t) (3.9)

where the latter quantity implies a radiated field, i.e. ~a ∝ ~Eout. The absorption process can
be viewed as the damping of the oscillatory motion of the electron as it dissipates energy
from ~Ein(t). This is equal to the power it absorbs, which is given by the time-averaged work
done by the oscillator:

W =
1

T

∫ T

0

~F ·~j dt = 〈 ~Ein ·~j〉 =
1

2
Re[ ~E∗in · (−iωχ) ~Ein], (3.10)

where the later step involves simple complex number algebra. Introducing the conductivity
σ(~ω) = ωχ, we obtain a simple expression for the absorption process:

IXAS(~ω) =
1

2
Im[ε̂∗ · σ(~ω) · ε̂]. (3.11)

We note at this point, that σ is not necessarily a scalar quantity, so generally it is referred to
as the conductivity tensor. It has a real and imaginary part, which arise from the solution to
the differential equation of a damped oscillator. Thus, it follows that these two components
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of σ are Kramers-Kronig related3. Therefore, this quantity can be connected to the term
f full(~q, E) in Eq. 3.3, as follows

σ(~ω) ∝ f ′(~ω) + if ′′(~ω), (3.12)

which directly links the conventional notion that f ′′(~ω) is related to the XAS process.
Detecting a scattering process, moreover, is a quantification of the radiated field of the

accelerated electron. It is the squared norm of the radiated field divided by the squared
norm of the incoming field. Using the definitions above, this comes down to

IREXS(~ω) =
| ~Eout|2

| ~Ein|2
∝ |ε̂∗out · σ · ε̂in|2. (3.13)

Equations 3.12 and 3.13 reveal that the conductivity tensor σ holds the pertinent information
about the system, showing the connection between absorption and scattering of x-rays in
analogy to the optical description.

3.3.3 XAS cross section

The development of the XAS cross section begins with quantum mechanical, first-order
perturbation theory. In this case, the system is described by a time-dependent Hamiltonian
H = H0 +Hext. The term H0 refers to the unperturbed system, in this case the ion or cluster
to consider, with eigenstates H0|ϕ0〉 = En|ϕ0〉, and Hext arises from the potential field of the

light, ~A(~r, t), and the canonical transformation of the momentum. The time-dependent part
of the Hamiltonian is Hext. For a light-matter interaction, the full Hamiltonian contains the
terms [20]:

H1 =
e2

2m
~A2

H2 = − e

mc
~p ~A

H3 = − e~
mc

~s(∇× ~A)

H4 = − e~
2m2c3

~s(
∂ ~A

∂t
× e

c
~A).

(3.14)

The term H1 is responsible for so-called Thomson scattering, involves the field potential
interacting with itself so it is left out of the REXS process. The term H4, on the other hand,
is quadratic in ~A and describes the non-resonant magnetic scattering process, which we will
not discuss in this section. The terms H2 and H3 describe the resonant process, and thus
their inspection is needed. The term H3 is related to the spin, but the higher order terms
of the Taylor expansion of the exponential (see below) can be regrouped with high-order
multipole terms of H2 and will thus not be considered further. We will see, moreover, how
the magnetic terms can later be incorporated into σ. It is therefore from the term Hext = H2

that we will derive the connection between σ and the transition rate matrix. Also known as
Fermi’s Golden Rule, this matrix is an important quantity in experimental spectroscopy.

3The connection between a damped oscillator and the Kramers-Kronig relations is given in Appendix A.
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We begin by expressing the momentum operator ~p = im[H,~r], which can be derived from
the canonical commutation relations. Thus, Hext can be expressed as

Hext =
ie

m2
[H,~r] · ~A. (3.15)

The photon field potential ~A has the form of a traveling wave, i.e.

~A = A0ε̂e
−i(ωt+~k·~r) + A0ε̂

∗eı(ωt+
~k·~r) = 2A0ε̂cos(ωt+ ~k · ~r). (3.16)

Using the gauge transformations ~E = −∂ ~A
∂t

, the last term can be expressed in terms of the

electric field as ~E = 2iωA0ε̂sin(ωt+ ~k · ~r). So Hext becomes

Hext =
eE0

2m2ω
[H,~r] · ε̂eı~k·~r, (3.17)

where E0 = 2iωA0.
Fermi’s Golden Rule, on the other hand, is a way to calculate the rate of transition into

a certain state, given a perturbation acting on the system. In other words,

IXAS =
∑
f

|〈f |Hext|i〉|2(δ(ω + Ei − Ef ) + δ(ω − Ei + Ef )), (3.18)

where the initial and final states of the transition are labeled i and f , and the delta functions
appear to enforce energy conservation.4 Having a useful expression for Hext, we turn to
calculate the matrix element:

〈f |Hext|i〉 = 〈f | e

2m2ω
[H,~r] · ε̂eı~k·~r|i〉

=
eE0

2m2ω
(Ef − Ei)〈f |~r · ε̂eı

~k·~r|i〉.
(3.19)

When the photon’s energy matches the transition, ω ∝ Ef −Ei we obtain an expression for
IXAS:

IXAS =
eE2

0

2m2

∑
f

〈f |~r · ε̂eı~k·~r|i〉|2(δ(ω + Ei − Ef ) + δ(ω − Ei + Ef )). (3.20)

In real physical experiments, Dirac functions are replaced by Lorentzian functions, which
can be done mathematically through the transformation

δ(x) = −Im(lim
Γ→0

1

π(x+ iΓ/2)
), (3.21)

where Γ is the width. Developing an expression for IXAS:

IXAS =
eE2

0

2m2

∑
f

|〈f |~r · ε̂eı~k·~r|i〉|2(δ(ω + Ei − Ef )) (3.22)

4More details on the derivation of Fermi’s Golden Rule can be found in Appendix C.
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= − eE
2
0

2m2
Im

∑
f

(lim
Γ→0
|〈f |~r · ε̂eı~k·~r|i〉|2 1

π(ω + Ei − Ef + iΓ/2)
+

1

π(ω − Ei + Ef + iΓ/2)
)

= − eE
2
0

2m2
Im

∑
f

lim
Γ→0
〈i|(~r · ε̂eı~k·~r)†|f〉( 1

π(ω + Ei − Ef + iΓ/2)

+
1

π(ω − Ei + Ef + iΓ/2)
)〈f |(~r · ε̂eı~k·~r)|i〉

= − eE
2
0

2m2
Im lim

Γ→0
〈i|(~r · ε̂eı~k·~r)†( 1

π(ω + Ei −H + iΓ/2)

+
1

π(ω − Ei +H + iΓ/2)
)(~r · ε̂eı~k·~r)|i〉.

(3.23)
Using the Taylor expansion of the exponential, the first approximation simplifies Hext →

ε̂ · ~r, yielding the dipole approximation (E1) which is useful to model most scattering
processes. Mentioned for completeness, the linear term of the expansion is the so-called
quadrupole term (E2), with an interaction Hamiltonian that looks like ε̂ · ~k~r · ~r.

Finally, comparing Eqs. 3.11 and 3.23, a useful expression for σ can be written as

σ =
e

2πm2
〈i|~r( 1

ω + Ei −H + iΓ/2
+

1

ω − Ei +H + iΓ/2
)~r|i〉. (3.24)

The process can be described as follows: the Hamiltonian H acts twice on the system, driving
the system into an intermediate state, also known as the core-hole state, and returning it
to its initial state. Thus, knowing the eigenvalues of the Hamiltonian H in the core-hole
state will suffice to calculate the conductivity tensor σ, and all the cross sections needed for
scattering experiments. The resonant enhancement to the scattered intensity is evident from
the divergence of the denominators with photon energies tuned to the right transitions. In
practice, for 3d TMOs, L2,3-edge enhancements can reach up to several orders of magnitude.

Finally, we turn to derive rules for the transition to take place with non-zero probability.
For this purpose, we make use of the spherical harmonic expression of the wave functions
and the photon field. Consider the case of linear polarization along ~z, the dipole term can
be expressed as r cos(θ) ∝ rY 1

0 (θ, φ). The case for circular polarization is ∝ rY 1
±1(θ, φ),

indicating that that the angular part of the integral 〈l′m′|Y 1
m(θ, φ)|lm〉 will yield selection

rules for the transition process. For linear polarized light, the rules are ∆l = ±1 and
∆m = 0,±1.

The studies presented in this thesis involve L2,3-edges of 3d TMOs. In this case, the
transition corresponds to 2p→ 3d. Since the electronic states of interest, close to the Fermi
level, are around the 3d-level, this transition is the key one to investigate these systems.
Furthermore, spin-orbit coupling splits the 2p core-hole state into two: 2p3/2 and 2p1/2.
These states are separated by∼ 10 eV for these systems. This yields two available transitions,
which are usually called L3 (2p3/2 → 3d) and L2 (2p1/2 → 3d). The final state 3d, moreover,
also has several features which can be probed using x-rays. The real-space orbitals that were
outlined in Chapter 2, t2g and eg, and their occupation number are useful quantities that
we will discuss later. A schematic of a transition of electrons into the 3d shell is shown in
Fig. 3.6, which illustrates a process that represents the fundamental backbone of resonant
x-ray physics in TMOs.
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2p3/2

2p1/2

3d conduction 
band

3d (t )2g

3d (e )g

Figure 3.6 A schematic of a photon
inducing a 2p → 3d transition. This
example portrays a 3d7 system with
crystal field separating the t2g and eg
into a low spin state.

A two level system

We proceed to calculate the conductivity tensor σ for the simple case of a system with two
levels, which also serves a realistic approach because REXS experiments are taken in the
vicinity of one absorption edge, i.e. one transition element. We take a transition |s〉 → |p〉,
and we define the difference in energy between the two states as ω0. In that case, we can
evaluate the expression 3.24, and obtain

σ =
e

2πm2
(

1

ω + ω0 + iΓ/2
+

1

ω − ω0 + iΓ/2
). (3.25)

Fig. 3.7 shows the resulting projections of σ on the imaginary and real axes, taking the values
of ω0 and Γ listed in the caption, which resemble the Kramers-Kronig related response of
the damped oscillator.

8 4 4 8 4 8 8 5 2 8 5 6 8 6 0 8 6 4
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 I m [ σ ]
 R e [ σ ]

Figure 3.7 A plot of the real and
imaginary part of σ, taking ω0 =
854 eV , and the broadening Γ =
0.5 eV .

Furthermore, the tensor character of σ can generally be expressed in matrix form as
follows:

σ(ω) =

 σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

 . (3.26)
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In this general case, the symmetry of the final state will be represented in the (in)equivalency
of the terms σij. For example, a final state with |p〉-character will yield a matrix of the form

σs→p(ω) =

 σs→px σs→pxy σs→pxz
σs→pyx σs→py σs→pyz
σs→pzx σs→pzy σs→pz

 .

where off-diagonal elements will be projections of the |px,y,z〉 states off the cartesian axes.
Consider, a |p〉-state in cubic symmetry, where |px〉 ≡ |py〉 ≡ |pz〉, then the terms σii are
all equal, and the off-diagonal σij = 0. For the case of tetragonal symmetry, which is one
commonly considered in TMO heterostructures, epitaxial strain usually distorts the lattice
in-plane. This might introduce an energy separation between otherwise degenerate orbitals
(like p or d), and so the conductivity tensor becomes,

σtetragonal(ω) =

 σxx 0 0
0 σxx 0
0 0 σzz

 .

Recalling Eq. 3.11, taking the coordinates of the light polarization in the linear, cartesian
basis, a conductivity tensor of this form will yield inequivalent spectra when the polarization
of the incoming light is in- or out-of-plane. This phenomenon, called natural linear dichroism
(LDIC), can be very useful to determine the occupation of non-degenerate eg orbitals, as can
be visualized in Fig. 3.8. In that case, depicting a typical measurement geometry available in
heterostructures grown on a tetragonal substrate, the light with polarization in-plane (ε̂ab)
will couple with the terms σxx. Similarly, the light with perpendicular linear polarization
will have a component on the c axis, so ε̂c can couple into the states σzz. In 3d systems like
the ones investigated in this thesis, the character of σxx and σzz can be directly related to the
occupation of the eg orbitals. A prime example of an application of such linear dichroism
in TMO heterostructures can be found in Refs. [42, 69–71]. Later, we will see how this
plays a role in the magnetic properties of RNO heterostructures. We note that other crystal
symmetries result in different relations between σij, with the triclinic system with lowest
symmetry rendering 6 unequal matrix elements (3 different diagonal elements, and 3 more
obeying the condition σij = σji).

b
a

c

εab

~εc^

^

substrate
heterostructure

incoming 
light

y
x

z

Figure 3.8 A schematic of a LD ex-
periment of a heretostructure grown on
a substrate. The polarization vectors
are either in-plane (ε̂ab) or have a com-
ponent out-of-plane (ε̂c). The former
couples into states with x2 − y2 sym-
metry (red orbitals), and the latter to
3z2−r2 states (purple orbitals). Thus,
this measurement can probe the unbal-
ance of occupation of such states.

In summary, we derived and discussed the importance of the scattering tensor σ, which
contains the information about the system under investigation. It holds the key for the inter-
pretation of XAS, especially when considering symmetries which can manifest in dichroism
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effects. Because of the relation between σ and the scattered signal given by Eq. 3.13, these
symmetry details will reappear, and sometimes more effectively, in the scattered signal.
Eq. 3.26 shows the general form of the conductivity tensor.

Finally, to lead in to the following section, we briefly discuss the basic form of a magnetic
conductivity tensor. Consider a cubic system with a net magnetization along the ẑ-direction.
Classically, the magnetic field will create a Lorentz force which creates a Hall current in the
xy-plane, modifying the electric permittivity into ~D = ε̂ ~E = ε̂′ ~E + ı~g × ~E, where ~g is
the gyromagnetic ratio. This results in the well-known off-diagonal, imaginary terms in σ,
which lead to the magneto optical phenomena like the Kerr and Faraday effect. Quantum
mechanically, spin-orbit coupling and time-reversal symmetry breaking causes the tensor to
take on imaginary off-diagonal elements. The cubic system described above results in a
tensor like

σmagneticz (ω) =

 σxx ıσxy 0
−ıσxy σxx 0

0 0 σzz

 .

3.3.4 Magnetic scattering: symmetry considerations

We now turn to discuss in more detail the different forms that σ can take in the presence of
a magnetic moment, and the implications it has in the scattered signal. This will provide
the tools needed for magnetic structure determination using RSXS. The majority of this
section’s scope was obtained from Refs. [57,59,64] and others therein.

We begin by considering the general form of the scattering tensor in for any crystal
symmetry to consider:

F (ω) =

 Fxx(ω) Fxy(ω) Fxz(ω)
Fyx(ω) Fyy(ω) Fyz(ω)
Fzx(ω) Fzy(ω) Fzz(ω)

 ,

where we make use of Cartesian coordinates highlighting that even in the presence of a
randomly oriented magnetic moment, the strong energy dependence of F (ω) can be projected
to the principal axes which are in turn aligned with the crystal axes. Note that taking high
crystal symmetries and its set of symmetry operations Γ without a moment will simplify
the form of F (ω). Furthermore, consider now the presence of a magnetic moment along a
random orientation. It is easy to visualize that any operation Γ will break the symmetry
by inevitably rotating the moment, leaving only the identity operation as valid. Thus, a
new symmetry operation Γ′ will require first a rotation of the whole system, Γ, and then a
rotation of the magnetic moment back. That is, we will treat the moment and the system it
lies in separately, defining F (ω) ≡ F1(ω, ε̂)F2( ~M), where one part depends only on the energy
and polarization of the light and the other term holds the magnetic moment’s identity. This
can be achieved by expanding the terms of F (ω) in spherical harmonics on the unit sphere,
that is

F (θ, φ, ω) =
∞∑
k=0

k∑
m=−k

 F km
xx (ω) F km

xy (ω) F km
xz (ω)

F km
yx (ω) F km

yy (ω) F km
yz (ω)

F km
zx (ω) F km

zy (ω) F km
zz (ω)

Ykm(θ, φ), (3.27)
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where θ, φ define the moment’s direction in spherical coordinates from

~M =

 mx

my

mz

 =

 | ~M | cos(φ) sin(θ)

| ~M | sin(φ) sin(θ)

| ~M | cos(θ)

 ,

and Ykm are the spherical harmonics. The Fij(ω)’s are the components of the scattering
tensor on the basis of linear polarized light projected on the crystal system, that is ε̂ ≡
(εx, εy, εz). Now, to calculate the set of allowed coefficients of the expansion, the same set
of symmetry operations considerations will be taken, that is Γ′F = F . In other words,
F (ω) must fulfill the symmetry of the system. The simplest operation to consider is a 4-
fold rotation along the z-axis (C4(z)), which implies rotating the system and the magnetic
moment by −π/2, and then rotating F (ω) back:

 0 1 0
−1 0 0
0 0 1

 · ∞∑
k=0

k∑
m=−k

 F km
xx F km

xy F km
xz

F km
yx F km

yy F km
yz

F km
zx F km

zy F km
zz

Ykm(θ, φ) ·

 0 −1 0
1 0 0
0 0 1

 =

∞∑
k=0

k∑
m=−k

 F km
yy −F km

yx F km
yz

−F km
xy F km

xx −F km
xz

F km
zy −F km

zx F km
zz

Ykm(θ, φ− π/2)

,

which gives a set of rules to evaluate the coefficients Fij.
The first, simplest, and perhaps most useful system to consider is the case of spherical

symmetry. In this case, the φ-dependent part of the function can be integrated out, and
the properties of the remaining Legendre polynomials (

∫
Pm(cos θ)d cos θ = 0 unless m = 0)

reduce the summation over m to one term. In addition, following the triangular truncation
procedure, the summation on k is only taken for k ∈ {0, 1, 2}. So we can easily see the rules
the coefficients must follow:

2∑
k=0

F k0
yxYk0(θ, φ) = −

2∑
k=0

F k0
xyYk0(θ, φ− π/2),

2∑
k=0

F k0
zz Yk0(θ, φ) =

2∑
k=0

F k0
zz Yk0(θ, φ− π/2),

2∑
k=0

F k0
xxYk0(θ, φ) =

2∑
k=0

F k0
yy Yk0(θ, φ− π/2),

and all other coefficients are 0. After some algebra, we arrive at the expression for a magnetic
moment along the ~z-direction, i.e. setting θ = π/2:

Fmag
~z =

 F (0) − 1
3
F (2) −F (1) 0

F (1) F (0) − 1
3
F (2) 0

0 0 F (0) + 2
3
F (2)

 . (3.28)

More realistic scenarios, however, will not have the magnetic moment along such a high
symmetry direction. Indeed determining the direction of the moment is a problem that
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REXS is viable to address. For that reason, we turn to develop an expression for Fmag with
a random orientation. This is done simply by taking the tensor Fmag

~z and rotating it to
a random direction: Fmag = RFmag

~z RT , where the rotation matrix defining the spherical
angles (φ, θ) is given by

R =

 cos(φ) − sin(φ) 0
sin(φ) cos(φ) 0

0 0 1

 ·
 cos(θ) 0 sin(θ)

0 1 0
− sin(θ) 0 cos(θ)

 .

This yields the general form of Fmag in spherical symmetry:

Fmag =

 F (0) + (x2 − 1
3
)F (2) −zF (1) + xyF (2) yF (1) + xzF (2)

zF (1) + xyF (2) F (0) + (y2 − 1
3
)F (2) −xF (1) + yzF (2)

−yF (1) + xzF (2) xF (1) + yzF (2) F (0) + (z2 − 1
3
)F (2)

 . (3.29)

In magnetic diffraction experiments, the quantity IREXS of Eq. 3.13 must contain the
phase shift of the diffracted wave. In other words

Imag = |
∑
i

eı(
~kin−~kout)·~ri ε̂∗out · F

mag
i · ε̂in|2, (3.30)

where ε̂in,out represent the polarization vectors of in- and out-coming light, and likewise
~kin,out represent the wave vectors of both light states, which are set by the requirement of
fulfilling the Bragg condition. ~ri, F

mag
i represent the position and scattering tensor of the

i-ion, and the summation runs over the sample size, but the phase information is entirely
encoded by running the summation over the magnetic unit cell. In a practical experiment,
the polarization vectors can be tuned using the parameters of the undulator (Section 3.2)
between circular left and right, and linear vertical and horizontal. The latter two define the
most useful set of coordinates as follows. Let π be the linear polarization state parallel to
the scattering plane, and σ the one perpendicular, as in Fig. 3.95.

We express now the light wave propagation vectors ~kin,out in the cartesian coordinate
system we have defined. Let q̂ ≡ {qx, qy, qz}/|~q|, and q̂⊥ any vector perpendicular to it,
which will be needed to define the scattering plane in these coordinates. Now, let ψ be the
angle between q̂⊥ and the scattering plane. The angle between ~kin and q̂, related to the Bragg
angle, we call θ. So now we can define all the needed vectors in the crystal coordinates, as
follows:

~kin ‖ sin(θ)[cos(ψ)q̂⊥ + sin(ψ)(q̂⊥ × q̂)] + cos(θ)q̂,

~kout ‖ sin(θ)[cos(ψ)q̂⊥ + sin(ψ)(q̂⊥ × q̂)]− cos(θ)q̂,

σin = σout ≡ σ = (~kin × ~kout)/ sin(2θ),

πin = (~kin × σ),

πout = (~kout × σ).

(3.31)

Finally, the polarization vectors ε̂in,out can be written as linear combinations of the vectors σ
and π. So now we define the four experimental quantities that can, in principle, be measured
in experiment at a fixed angle: Fij, where ij ∈ {σ, π}. For example, one of the four channels

5Not to be confused with the conductivity tensor σ, shown in non-bold typeface in this work
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Figure 3.9 The definition of the vectors used in the description of the scattering process in
the main text, combining the visualization in the crystal frame and in the experimental scattering
frame. The crystal axes lie in an arbitrary position, determined by the position in q-space where
the Bragg peak of interest lies. The figure does not show the direction of the magnetic moment,
which will be determined later.

can be Fσσ ≡ (σ ·F ·σ), so the four channels are Fσπ, Fσσ, Fπσ, Fππ. Completely discerning
the polarization state of the outgoing light is possible using a polarization analyzer of the
scattered beam, which is not always available, especially in the soft x-ray regime. However,
measuring four linear-independent spectra (σ,π,σ + π,σ + ıπ, the latter two being linear
45◦ rotated and circular light) yields enough information to map out the scattering tensor
on the basis of σ,π. In many cases, enough information about the scattering tensor can be
obtained by measuring only the two states σ,π, provided the azimuthal dependence can be
measured. Then, the two measurable channels are given by

Iπ = Iπσ + Iππ; Iσ = Iπσ, (3.32)

where we will show later how the channel Iσσ goes to 0. Finally, we turn to express Fmag

in terms of the experimentally accessible vectors ε̂in,out, evaluating the expression 3.29 and
carrying out some algebra leads to:

Fmag = F (0)(ε̂∗out · ε̂in) + F (1)(ε̂in × ε̂∗out) · m̂+ F (2)(ε̂∗out · m̂)((ε̂in · m̂)), (3.33)

which is the result obtained by Hannon et al. [57], a long-standing and widely used expression
for magnetic scattering in spherical symmetry. Note that in their approach, the magnetic
Hamiltonian, H3 in Eq. 3.14, was the starting point to calculate the scattered intensity. In
the approach described here, the magnetic moment information is contained in the scattering
tensor we have defined. From Eq. 3.33, it can now be seen which terms will be needed to
interpret the scattered intensity of a AFM system. F (0) has no term proportional to the
magnetic moment and is usually disregarded in magnetic scattering. The term F (1) is linear
in m̂ and will give rise to the first harmonic of an AFM. This term is indeed related to the



3.3 Resonant scattering 33

magnetic circular dichroism (∆mj = ±1). The term proportional F (2) also has magnetic
influence, but it is quadratic in m̂, so it will be blind to an AFM system, canceling the
antiparallel spin directions. If the AFM system is a spiral, then it will give rise to second
harmonics, which require twice the momentum transfer to access the corresponding Bragg
peak. A quintessential example of such an spiral system was studied in films of Holmium
metal [72] and in manganites [73]. A visualization of this consequence can be seen in Fig. 3.10.

q =¼1

q =½2

m̂

2m̂

Figure 3.10 In a spiral, the term
quadratic in ~m will give rise to sec-
ond harmonics of the first Bragg peak,
which are double in momentum trans-
fer.

Therefore, the intensity of magnetic scattering is proportional to the terms containing
F (1), which can be expressed in spherical symmetry as:

Fmag =

 0 −mz my

mz 0 −mx

−my mx 0

 . (3.34)

From this expression, it can be seen that for any vector ~v, ~v · Fmag · ~v = 0. Therefore,
knowing that vector σ remains unchanged during the scattering event (from Eq. 3.31 and
Fig. 3.9), Fσσ = 0 for resonant magnetic scattering. This expression also yields a valuable
piece of information: the components of the magnetization direction mi are encoded in the
tensor Fmag, and they can be determined by measuring azimuthal scans around the Bragg
condition q̂, as shown in Fig. 3.11. For simplicity, the figure is represented in the laboratory
frame of reference, as opposed to Fig. 3.9 which is in the crystal frame. Both are equivalent
and advantageous depending on the discussion. In this thesis, the latter will be used, and
we can arrive at expressions of the diffracted intensity as a function of the azimuthal angle.
For example, the channel Fσπ for a simple AFM system looks like:

Fσπ = (~kout×σ)(eı0

 0 −mz my

mz 0 −mx

−my mx 0

+eıπ

 0 mz −my

−mz 0 mx

my −mx 0

)(~kin×~kout)/ sin(2θ),

where the phase of ~q = 1
2

was taken, and the sum runs over two sites. Note that the second

matrix in F represents a spin oriented antiparallel to the first. The terms ~kin,out and σ
contain the geometry information, including the azimuthal angle ψ. It is important to define
here the reference frame, that is ψ = 0◦ and the sense of rotation. This is achieved by
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Figure 3.11 The way the direction of a magnetic moment ~m can be determined by doing
azimuthal scans around the diffraction vector q̂. Axes in this figure are defined in the laboratory
reference frame, where the direction of the crystal axes (x, y, z) can be rather skew.

carefully defining q̂⊥ at the value of ψ = 0◦, while the rotation around q̂ is defined as right
handed.

Finally, for completeness, it is noted that the form of Fmag can change when considering
systems beyond spherical symmetry. Although that was not the case during this thesis, there
are systems which deviate substantially from spherical symmetry, and their scattering tensor
must be considered accordingly. In our treatment, the different symmetries will arise from
carrying out the summation over the spherical harmonics of Eq. 3.27. A full description of
this effect can be found in Ref. [64].

3.3.5 Experimental access to reciprocal space

The theoretical framework presented so far will now be brought to the experimental realm,
discussing typical RSXS experimental setups. To this effect, let us begin by visualizing
the translation between a real space context of a diffraction experiment and its reciprocal
space counterpart. Fig. 3.12 shows on the left, and incident ray of x-rays into a sample (of
tetragonal nature, common to the heterostructures investigated in this thesis). The light
that has penetrated to the sample is eventually scattered following Eq. 3.6 in many different
directions. The task of a diffraction experiment is to align the detector in such a way as to
pick up the scattered signal. However, in systems of single orientation (single crystals and
heterostructures), accessing a desired reflection requires more than just moving the detector:
it involves moving the incident angle of the beam, i.e. rotating the sample with respect to
the incoming beam. Moreover, the beam which is scattered in directions underneath the
sample surface, the sample horizon, will be absorbed by the sample. The relationship given
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by Eq. 3.6 will yield information about the Bragg planes. Whether they be of structural
or electronic origin, Bragg planes will result in points in reciprocal space. Their layout is
shown on the right of Fig. 3.12. The reciprocal space vectors (~qx, ~qy, ~qz) are defined by the

crystal axes (~a,~b,~c), and the points below the sample horizon are shown as faded. They
are accessible in tilted geometries, as described below. Finally, the momentum transfer
~q = (~kin − ~kout) is limited by the wavelength of the incoming x-rays. This limitation is also
know as the Ewald sphere. For soft x-rays, the Ewald sphere is in the order of 0.1Å−1, which
is sufficient to probe Bragg planes with separation of at least ∼10Å.

Incident x-rays

Scattered x-rays

Detector

kin

kout q

Bragg planes

reciprocal lattice vectors

Real space Reciprocal space

Sample

q
z

q
y

sample 
horizona

c

b

Ewald sphere

Figure 3.12 The translation between real space (the experimental setup and the probed
atomic positions) and reciprocal space, where the x-ray’s provide the means to obtain the Fourier-
transform of the Bragg planes. Navigating in reciprocal space corresponds therefore to scanning
different combinations of the direction of incident beam, detector position.

Navigating in reciprocal space

Any position in ~q-space can be reached by adjusting a set of angles in real space, essen-
tially the angle of incidence and exit. In a multiple circle diffractometer, a direct translation
between the angles and the position in ~q-space can be calculated using the so-called ori-
entation matrix [74]. For RSXS, where normally there is no structural Bragg peak within
the Ewald sphere, the orientation matrix is defined in “virtual” terms. That is, the crystal
systems are previously aligned and the angular directions are known. The heterostructures
investigated throughout this thesis have the advantage of withholding the overall substrate
tetragonal symmetry. Even for cases when the systems are relaxed, the (a,b,c) directions are
well-defined with respect to the macroscopic sample. Epitaxially grown heterostructures,
however, cannot be polished along different crystal directions which can make accessing
Bragg peaks below the sample horizon difficult.

Figure 3.13 shows a 3-dimensional pictograph of reciprocal space. The sample-horizon-
blocked areas are shown by shaded blue spheres, as is the entire Ewald sphere (gray). Peaks of
the kind (0, 0, l) are reached by adjusting (ω, 2θ) with the constraint ω = 2θ/2. Furthermore,
there are essentially two ways to access a reciprocal lattice point with in-plane component
(0, k, l). First, setting 2θ to the value of θ given by Bragg’s law. Then, an angular offset is
introduced to the angle ω (χ) to introduce the value along k (h). The offset is given by

α = arccos
(0, 0, l) · (0, k, l)
|(0, k, l)||(0, 0, l)|

. (3.35)
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Figure 3.13 (left) 3-dimensional pictograph of scans in reciprocal space. The in-plane directions
can be accessed by offsetting ω or χ, while rotating ϕ and a combination of ω and χ will access
positions of the kind (h, k, l). (right) A typical sample horizon schematic when using the flat
scattering geometry.

This schematic is outlined in Fig. 3.13. The geometry in which the offset is introduced
in ω is flat, because the sample surface normal is in the scattering plane. On the other
hand, placing the offset in χ yields a tilted scattering geometry. Fig. 3.13 also shows that
in a flat geometry, a ϕ-rotation of 90◦ (rotation about qz) will invert the roles of ω and χ.
Finally, to access reflexes of the kind (h, k, l), a combination of all three angles ω,χ and ϕ
is required. For example, accessing the (1, 1, 1) direction, as we will see in later chapters,
involves offsetting χ→ 55◦ and ϕ→ 45◦. When doing this, the vector of interest (h, k, l) is
placed into the scattering plane, but more importantly, that vector is now perpendicular to
the ϕ-rotatable disc. This means that rotating ϕ will now rotate around (h, k, l). However,
the tilted geometry will have a disadvantage. As we will see in Chapter 4, this tilt will
restrict the access to rotation around (h, k, l).

The shape of Bragg reflex in RS can be visualized using the technique of reciprocal space
mapping (RSM). Any diffraction measurement involves a scan of ~q-values in RS. The method
of RSM is essentially cutting several adjacent lines in RS in such a way as to record a 2-
dimensional intensity map around the vicinity of a certain Bragg peak. This is discussed at
length in Ref.’s [75,76].
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Figure 3.14 A schematic of
how certain angular movements
translate into RS, as well as some
definitions of linear scans in de-
fined directions. A RSM con-
sists in an array of adjacent linear
scans to map a 2D region in RS.

Bragg reflex topology

In practice, the rules given by Eq. 3.6 are relaxed for different values of (h, k, l). In other
words, real conditions of the sample and the experiment will give rise to broadened peaks.
The main mechanisms of elongation common in heterostructures are mosaicity (mostly finite
in-plane correlation), truncation rods, resolution of the experiment, and strong absorption.
The latter is a consequence of the reduction of scatterers when the penetration depth is
reduced. Strongly enhanced on resonance, quantifying a Bragg reflex’s width as function
of energy across a resonance can yield absorption coefficients in absolute units [77]. The
experimental resolution is the smallest effect in many of today’s sources.

Mosaicity arises when different portions of the sample are slightly misaligned with respect
to others. In heterostructures, this can easily occur during the growth process. Introducing
small misalignments of the unit cell with respect to the substrate implies the scattering in
different directions at a given incident angle. Since the magnitude of ~q is the same, the other
scattering directions will all be along a centered at the origin, with radius

√
q2
x + q2

y + q2
z .

Scanning ω, also known as a rocking curve, is a common method of quantifying the degree
of mosaicity in a sample. The angular width of a rocking curve corresponds to the amount
of mosaicity in the sample. In heterostructures, the term mosaicity is commonly associated
with the in-plane correlation length. That is, it refers to the size of laterally spaced domains
with the same crystal orientation. The concept is shown visually in Fig. 3.15.

Heterostructures always posses a marked surface along z, which leads to an important
inherent property: the crystal truncation rod. Taking the Fourier-transform of the product
of the infinite (and periodic) ρ(~r) with a Heaviside function h(z), one convolutes the Fourier-
transforms of those functions. The Fourier transform of a step function like h(z) is i/qz, and
thus the intensity is proportional to 1/q2

z . Combining this result with the delta functions
of Eq. 3.6, one obtains streaks of intensity along the surface normal. This effect is shown
visually in Fig. 3.15. Moreover, this effect is also present in any truncated crystal system,
like the superconducting cuprates, as we will discuss in Chapter 5.

The experimental setup

The actual scattering geometry commonly used in RSXS is shown in Fig. 3.16. First of
all, due to the large absorption cross section of air for x-rays of this wavelength [67], these
experiments can only be done with operating pressures below 10−4 mbar. Thus, the entire
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Figure 3.15 (left) The concept of mosaicity involves domains of equal crystal orientation, which
gives rise to a broadening along the ω direction. (right) A long broadening along the l-direction
arising from the surface truncation.

experiments are enclosed in vacuum chambers. The simplest kind of diffraction setup offers
2 automated motors: the sample and detector rotation. Additionally, the setup can offer the
option of mounting the sample on a rotatable disc (highlighted yellow in Fig. 3.16), which
allows rotation around a vector perpendicular to the holder’s back surface in the scattering
plane.

σ
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kinkout

Detector

sample 

surface

Sample 
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TEY
contacts

Front view Top view

πinDetector

TEY
contacts

kinkout

sample rotation

substrate

Figure 3.16 A schematic of the two-circle diffractometer used in throughout this thesis.

When scattering in the flat geometry of Fig. 3.16, this corresponds to a ϕ-rotation. The
measurement of the XAS is done by grounding the sample from the heterostructure to the
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High-field 
diffractometer

XUV-diffractometer

Beamline

x-rays Figure 3.17 The setup of
the the UE46-PGM1 beamline at
BESSY, in Berlin, Germany. The
beamline operates two chambers:
one predominantly for diffraction
which Fig. 3.16 depicts, and one
for magnetic circular dichroism
(XMCD) experiments.

holder, as indicated in Fig. 3.16 by wires connecting the sample surface6. Then, when the
light strikes the samples and releases photoelectrons, the grounded sample will replenish the
exited electrons and register a current. This current measurement is normally called a “drain
current” or total electron yield (TEY) signal.

The RSXS experiments of this thesis were done using the setup of the UE46-PGM1
beamline at BESSY in Berlin, shown in Fig. 3.17. The undulator at this beamline generates
x-rays with variable polarization and energies in the range 200-1900 eV with a bandwidth of≤
1 eV. The beamline operates two end-stations, which can be run independently. The first one
is an ultra-high vacuum diffraction chamber. It operates at pressures of around 10−10 mbar
and is equipped with a continuous flow He cryostat. The temperature ranges that can be
achieved are 10-350K, although certain conditions can even allow lower temperatures (down
to 3K). Inside the chamber, there is a 2-circle diffractometer like the one depicted in Fig. 3.16.
The sample motor (ω) and detector motor (2θ) rotations are essentially independent, with
wide angular ranges accessible (−30◦ < ω < 160◦, −50◦ < 2θ < 180◦). The diffractometer,
which is built on a very stable mount, has motorized movement in all three directions of
the sample stage, and so allows maximum precision when measurement small samples. The
ϕ-rotation of the sample is not motorized, in order to reach temperatures below 30K. This
rotation is done manually using a screw driver installed behind the sample holder. The
precision of this rotation is about ∼ 5◦. The drain signal is measured independently from
the scattered signal.

The second end-station operating at UE46-PGM1 is a high-magnetic field chamber. A
rotatable, superconducting magnetic coil can generate fields of up to 7T in any direction
with respect to the sample surface. Whilst most of the experiments carried out in this end-
station are XAS measurements of magnetic circular dichroism (XMCD), the chamber does
possess a very unique feature. The chamber has rotatable sample and detector motors (ω
and 2θ). This permits scattering experiments in high magnetic fields, albeit with certain
limitations due to the rotatable magnet. Fixed slits provide windows in 2θ of 0◦ < 2θ < 66◦

6The substrates used to grow TMO heterostructures are insulating, so the grounding cannot be done
through the substrate.
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Figure 3.18 A schematic of the scattering geometries available with applied magnetic field at
the high-field station of the the UE46-PGM1 beamline at BESSY. The field direction rotates with
the magnet.

and 84◦ < 2θ < 96◦. A schematic of the available scattering geometries under applied field
with the magnet set at 0◦ is shown in Fig. 3.18.



Chapter 4

The Nickelates: A Spin Density Wave

Engineering new electronic and structural phases by combining complex materials into het-
erostructures is a task taken on with widespread enthusiasm around the world. Amongst
others, heterostructures comprising 113-rare-earth nickelates RNiO3 (RNO), where R is any
rare earth metal in the Lanthanum line, have become very popular. In the bulk, the RNO
family of materials display a phase diagram which reflects the complexity of TMOs. It has
several electronic phases which are accessible by small structural changes. In this Chapter,
we will review some of the most relevant aspects of the RNO family, spanning research done
over more than a decade. In the end of this summary, we will outline theories of how the
ground state of these materials can be described, motivating the study of this PhD. In the
experimental part, we will present evidence of a novel kind of magnetic order in LaNiO3

(LNO)-based superlattices (SLs), as well as in RNO films grown under epitaxial strain, us-
ing RSXS. We will attempt in the discussion to connect these findings to a spin density wave
(SDW) instability in the FS of these materials.

4.1 Properties of bulk RNO

To summarize the properties of 113 rare-earth nickelate family, the following section was
collected from body of literature developed between 1992 to the present, including most
prominently Ref.’s [78–82].

4.1.1 Electronic configuration and the Torrance phase diagram

We begin the discussion of the properties of bulk RNO with a brief description of the its
electronic configuration shown in Fig. 4.1(left). Formally, the Ni3+ ion inside a perovskite
building block is in a 3d7 valence electron configuration. The lower-lying t2g-levels are all full
with six antiparallel electrons. This leaves one electron occupying the states of the higher
energy eg-levels with a spin= 1

2
. This electron interacts with the crystal field environment,

which is expected to split the degeneracy of the eg levels via a Jahn-Teller distortion. Such
a distortion has been suggested for the low temperature phase of the heavy rare-earths (Lu,
Y, Ho), where a segregation into two sites with subsequent octahedral environments with
covalent and ionic bonds was proposed [81]. In the lighter elements (Nd, Pr, La), a structural
distortion of this kind has not been observed and is presumed to be dynamic rather than

41
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Figure 4.1 (left) Formally, the Ni ion in a perovskite unit is in a 3d7 state with low-spin con-
figuration, leaving one electron in the eg-level. (right) The phase diagram of the 113-RNO family,
comprising temperature driven metal-to-insulator transitions and paramagnetic-AFM transitions
with different onset temperatures depending on rare-earth ion.

static [81]. The main focus of this thesis are RNO materials with R=Nd,Pr,La, where the
eg-level bandwidths exceed any remanent splitting.

Fig. 4.1(right) contains the temperature vs rare-earth ion phase diagram that fully sum-
marizes the most important properties of the RNO family, known as the “Torrance Phase
Diagram”, in honor of the substantial contribution of Ref. [78]. It displays the transition
temperatures across a metal-insulator transition (MIT) and a paramagnetic-AFM transi-
tion for all the different rare-earth ions across the Lanthanide row, except for Lanthanum.
While an ideal perovskite retains the cubic symmetry, the rare-earth ions of the RNO fam-
ily are not large enough to accommodate the cubic lattice. Therefore, they result in lower
symmetry structures, as discussed in section 2.1.1. As these ions shrink in size while they
grow in weight across the periodic table, the resulting structure can distort up to a strongly
orthorhombic Pbnm lattice. To quantify this structural distortion upon changing the rare-
earth ion, two quantities serve useful. First, the angle between two adjacent Ni ions, passing
through a ligand oxygen will decrease as the rare-earth size shrinks. Second, the ratio of
the distances between the R-O and the Ni-O ions, known as the tolerance factor, defined as
t ≡ DR−O/

√
2DNi−O. These are the horizontal axes of the Torrance Diagram of Fig. 4.1,

which connects the electronic phase transitions to the deviations of the perovskite structure
upon the chemical pressure of larger R-ions.

The heavier R-ions result on the left exhibit highly distorted Pbnm lattices, with Ni-O-Ni
angles well away from 180◦and correspondingly low tolerance factors. The gray scale of phase
diagram in Fig. 4.1 quantifies the Pbnm distortion as it weakens when approaching the Pr
ion. Ultimately, the LNO has such a smaller distortion that it results in a rhombohedral R3̄c
structure (white). Remarkably, the electronic phases throughout the diagram show a close
behavior to the structure. For the heavy R-ions, the onset temperature of the MIT (TMIT )
starts from about 600 K and drops to about room temperature for Samarium. Moreover,
a solid solution mixing two adjacent R-ions will result in a TMIT right between the two
pristine materials, as observed in for the Sm 1

2
Nd 1

2
case. In the insulating phase, below TMIT

the materials enter a Néel state below TN , with AFM order discovered by neutrons in the
seminal work of References [83–85], which will be addressed in detail in upcoming sections.
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In the more intriguing cases of the larger Nd, Pr compounds, TMIT and TN coincide at
around 200 and 120 K, respectively. For these materials, the Pbnm distortion is rather small
and they are very close to a metallic ground state. For LNO the distortion is the smallest
and the straighter Ni-O-Ni bonds allow hopping and conductivity of a metal down to lowest
temperature. In the bulk, this material has never shown any sign of magnetic order. Work
done in this thesis will show the properties of RNO can be changed by heterostructuring and
that magnetic order emerges.

4.1.2 The MIT: charge disproportionation

The mechanism which drives the MIT has been discussed extensively in the past years. Aside
from being strongly connected to the material’s bulk structure as previously discussed, the
insulating state is believed to be strongly connected to a charge density wave, or charge order
(CO). Although the CO results only in a minimal change in the unit cell’s (u.c.) volume,
it is very easily observed in the case of the heavier R-ions (Y, Lu, Ho), as it results in a
structural transition from Pbnm to a low-temperature P21/n monoclinic phase [82, 86, 87],
which doubles the pseudocubic u.c.. In the lighter R’s, this structural transition is too small
to be detected from conventional structural refinements, as discussed in Ref.’s [86, 87].

The case of NdNiO3 (NNO) was thus investigated with an alternate technique in the semi-
nal work of Reference [88]. In that study, evidence of a different low-temperature “structural”
phase was observed by doing resonant hard x-ray diffraction. Since the doubling of the pseu-
docubic u.c. results in peak of the kind QCO=(h

2
, k

2
, l

2
), the L-edge wavelength’s insufficient

momentum transfer precludes from doing RSXS experiments at QCO. Therefore, the study
required x-rays tuned to the Ni K-edge which is around 8340 eV. The electronic transition
that corresponds to this edge is between 1s→ 4p, which as we discussed in Chapter 3, does
not enter into a state close to the Fermi level for the 3d TMOs. So these experiments do
not directly probe the d-electrons as RSXS does, but can still be sensitive to the local envi-
ronment of the Ni ion. In certain cases, a “resonant” lineshape can arise from details that
alter the scattering tensor. For other examples and reviews on K-edge resonant diffraction
experiments, see Ref.’s [89–91].

The study by Staub et al. [88] was performed on NNO films grown using PLD on sub-
strates of (001)-oriented NdGaO3 substrates, which are also Pbnm. We note here that the
advance in film growth was crucially important to this investigation, and later ones as well,
as the RNO materials cannot be grown into large single crystals. Previous neutron studies
were done on powder samples, and it was difficult to assign reciprocal lattice peaks given the
multi-domain patterns. So the studies performed after 2002 were done mostly on films. This,
of course, questions whether the bulk properties are actually being measured or whether epi-
taxial strain already modifies the system. However, in the work by Staub et al. the data
confirmed the film to be of Pbnm structure, i.e. like the bulk.

A Pbnm structure has a distorted pseudocubic u.c. (Fig. 2.4) which results in peaks of
the kind (h

2
, k

2
, l

2
) in pseudocubic notation. Thus, distinguishing their origin as structural or

electronic is a task which involves resonant x-ray diffraction. However, not all the half-order
peaks are structurally allowed. Some of these forbidden Pbnm peaks become allowed in the
low-temperature phase, so their mere appearance serves a solid clue of a phase transition.
The main findings that lead to the CO picture in NNO are summarized in Fig. 4.2. First
of all, panel (a) shows the two reflections the study focused on. Note that the hkl-indexing
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(a) (b)

Figure 4.2 (left) The energy dependence of the scattered intensity of certain reflexes which are
sensitive to the CO phase. (right) The temperature dependence of these energy lineshapes shows
a connection of the CO to the MIT observed in the transport measurements. Both panels taken
from [88].

is in Pbnm notation. The conversions to the PC system are (105)Pbnm≡(5
2
, 1

2
, 1

2
)PC and

(015)Pbnm≡(5
2
, 1̄

2
, 1

2
)PC . In both cases, intricate lineshapes arise in the low temperature phase,

suggesting the increasing role of the Ni contribution in the structure factor. The (5
2
, 1̄

2
, 1

2
)

peak is structurally allowed in Pbnm, so the lineshape resembles that of an “anti-resonance”:
the effect of reducing the scattered intensity as the penetration depth decreases across a
resonance. In this case, the structure factor is dominated by ions other than Ni, and the
lineshape across the Ni K-edge is an “inverse” of the Ni’s XAS contribution.

The (5
2
, 1

2
, 1

2
), on the other hand, is not allowed in Pbnm, so its appearance in the low-

temperature phase can only arise from a structural phase transition: one where the structure
factor takes on strong contributions from the Ni ions (see Eq. 3.6). Fig. 4.2(b) shows how
the energy lineshape of the (5

2
, 1

2
, 1

2
) peak changes with different temperatures. The resonant

lineshape, and the peak itself, vanishes upon warming above TMIT , as compared to transport
measurements done on the same film.

Although, the “wiggly” lineshape observed in Fig. 4.2(a) appears to be of electronic
origin, the phenomenon that the x-ray experiments are detecting is more a structural one.
The CO, assuming for simplicity to localize charge only on the Ni sites, will alter the valence
state from 3d7 to a modulated 3d7+δ-3d7−δ wave. The propagation vector of this CDW is the
(111), resulting in a rock salt type of pattern. Assuming at first approximation the valence
bond sum model holds, which connects the valence state of the Ni and ligand ions to the
structure, the dissimilar Ni sites will yield disproportionate bond lengths. We note here that
these conclusions do not assert which of these effects is precursor and which is consequence.
Most likely they both occur in a lockstep fashion. Each Ni site will have a different core
potential, shifting the position of the edge jump in the XAS (and in the real part of σ). So
XAS measurement will only measure the average of the two sites: XAS ∝ =(σNi1 + σNi2),
which will wash out any possible difference between them into a slightly broader spectrum.
A diffraction experiment, on the other hand, will be sensitive to the difference between the
two sites. In other words, by introducing the phase shift of the x-ray wavefront, the two
σ’s will interfere into a complex lineshape, with the real and imaginary part simultaneously
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playing a role in the scattered intensity. Thus, by shifting both the real and imaginary parts
of the two sites, and then diffracting them at the right QCO, the authors of Reference [88]
were able to estimate a charge δ in the order of ∼0.2. A visual summary of this interpretation
is shown in Fig. 4.3.

3-δNi

3+Ni 3+Ni

MIT

(111)

(111)

3+δNi

8340 8350 8360 8370

Energy (eV)

8340 8350 8360 8370

Energy (eV)

Figure 4.3 A schematic of the
charge disproportionation taking
place in NNO upon cooling across
the MIT, following the discussion
of Ref. [88]. In the CO state, a
rock salt pattern of smaller-larger
sites yielded from different va-
lence state of the Ni ion will give
rise to different reflexes as com-
pared to the high-temperature,
metallic phase. This yields a
shift between the K-edge of each
Ni site, exemplified in the right
panel comparing the XAS.

4.1.3 AFM order: noncollinear spiral

The magnetic ordered phase of the RNO materials is a rather intricate one. As discussed
on page 8, perovskite-type oxides tend to form AFM order via the next-nearest neighbor
superexchange interaction. This would result in a doubling of the u.c. and peaks similar to
QCO. However, neutrons first determined that this is not the case for the RNO materials.
In Ref.’s [84, 85], authors Garćıa-Muñoz et al. discovered an unusual (↑↑↓↓) quarter-fold
spin density wave propagating along the PC (111) direction in the more itinerant NNO and
PrNiO3 (PNO) compounds. This resulted in peaks of the kind QSDW=(1

4
, 1

4
, 1

4
). The size

of the moment is ∼0.9µB, indicating a low-spin (S = 1
2
) Ni3+ configuration. Other studies

like [92] confirmed the same type of magnetic ordering present in all the RNO’s (except La).
To explain the mechanism behind the magnetic order, Garćıa-Muñoz et al. proposed an

orbital superlattice where dx2−y2 and d3z2−r2 orbitals are staggered with the same periodicity
as the magnetic moments, thus also contributing to QSDW . A schematic of the magnetic
u.c., with a simple (↑↑↓↓) structure as well as the orbital superlattice suggested are shown in
Fig. 4.4. Despite the discoveries made by neutron scattering, the fact that the samples were
polycrystalline powders precluded a magnetic structure determination. The direction of the
spins was left largely unaddressed. This spurred the discussion between collinear (↑↑↓↓) and
non collinear (↑→↓←) models, which remained unanswered for several years.

To address these open questions regarding the origin and details of the unique magnetic
structures of the RNO materials, Valerio Scagnoli et al. contributed substantial knowledge
in their work of Ref.’s [93, 94]. Once again, to circumvent the problem of polycrystalline
samples the authors investigated films of NNO. In contrast to the work done to qualify the
CO scenario, these were (111)-oriented NdGaO3 substrates, whose similar lattice parameters
and Pbnm symmetry did not alter NNO’s bulk structure. The orientation was chosen to
allow to reach QSDW inside a RSXS chamber and measure a full azimuthal dependence of
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apc

cpc

bpc

Figure 4.4 A schematic of the
four-fold magnetic (↑↑↓↓) u.c. in
PC reference, propagating along
the (111)PC direction. The or-
bital superstructure of alternat-
ing dx2−y2 and d3z2−r2 orbital
occupation proposed by Garćıa-
Muñoz et al. in Ref.’s [84, 85] is
also superimposed.

the scattered intensity. The experiments were performed at the Ni L2,3-edges, utilizing the
resonance enhancement and sensitivity we elaborated on Chapter 3.

In those studies, the authors were able to disentangle the ambiguity between a combined
magnetic/orbital scattering and a purely magnetic ordered state. By looking at the azimuthal
dependencies at both the L3- and L2-edges, which would be different in the case of two
ordered states living at QSDW , they noticed only one origin of the scattering: magnetic order.
By ruling out the orbital superlattice picture, the consensus of CO mechanism driving the
concomitant MIT rose. In addition, the authors exploited the formalism discussed under the
context of Eq. 3.33 on page 32. Thus, by performing the azimuthal scans of the scattered
intensity, they directly determined the orientation of the spins.

The results of their azimuthal investigation are reproduced in the left panel of Fig. 4.5.
First of all, we discuss the vertical axis of their plot. In conventional RSXS chambers, a full
polarization analysis of the scattered intensity is difficult to achieve. Therefore, the authors
measured the scattered intensity for σ- and π-polarized incident photons, so that the two
channels π ≡ Iπσ + Iππ and σ ≡ Iσπ were distinguished.1 Moreover, because of the large
wavelength of the soft x-rays, there is no Bragg reflex accessible for signal normalization.
Therefore, the authors present the data as the ratio π

σ
, which heals out experimental effects

like sample position, beam shape/size, etc., that can alter the absolute intensities.
In their calculations, the authors considered two magnetic models shown in Fig. 4.5. On

the one hand, they considered a collinear (↑↑↓↓) model, with all spins parallel/antiparallel
to the (110)PC direction, as suggested by neutron scattering. In addition, they considered
a noncollinear (↑→↓←) period-4 spin spiral. In that case, the first and third spins are
parallel/antiparallel to the (111)-direction and the second and fourth spins point along the
(1̄1̄2) direction. Fig. 4.5 shows that the experimental data fits fairly well to the spiral ruling
out the collinear model.

At this point, a notation which will be extensively used throughout this thesis is intro-
duced, shown in the panels below the spin structures on the right of Fig. 4.5. Using the PC
cartesian reference frame, each figure shows the first and second spin sublattices. The third
and fourth spins are the negative counterparts of the first two.

1Recall that the channel Iσσ is not active in magnetic scattering
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collinear noncollinear spiral
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spin #1

spin #2

spins #1,2

Figure 4.5 (left) The azimuthal dependence of the π
σ ratio, shown for a collinear and spiral,

along with the actual data for NNO (from Ref. [94]). (right, top) Schematics of the collinear and
non-collinear (spiral) spin orientation along the (111) direction. (right, bottom) The nomenclature
to be used throughout this thesis, where first two spin sublattices are shown in the PC reference.
The other two are just the corresponding negative vectors.

4.1.4 A SDW-nested Fermi surface

After the intensive research carried out between the 1990’s and early 2000’s on the nickelates,
details of the ground state properties were discussed in terms of charge and spin order.
However, a close look at the Torrance phase diagram has recently motivated a revisiting
of the ground state. Except for the cases of Nd and Pr, with TMIT=TN , in the rest of
the phase diagram the magnetic ordering is apparently independent from the MIT. The
onset of the magnetization is a first order transition when TMIT=TN and second order when
TMIT>TN [95]. In fact, an extrapolation of an order-parameter like temperature behavior
of the magnetization in NNO and PNO suggests that the magnetic order onset temperature
would actually be higher than the TMIT [95]. These open questions call for particular
attention to the lighter Nd and Pr systems, since for them TMIT=TN , and the question
of whether the ionic, localized picture truly corresponds to these rather itinerant systems.
The coincidence of both onset temperatures further puts into doubt whether the CO is a
precursor to the AFM order.

In a resurgent interest to address these questions, several new theories including modern
ones addressing nickelate heterostructures have emerged in the last years [96–98]. Despite
the increasing accuracy of the tools to develop these theories, widespread consensus is not
yet reached. A recent proposal by Lee et al. used a framework based on a phenomenological
Landau theory [99] founded upon semi-microscopic Hartree-Fock calculations [100]. In their
theory, the structure of the eg levels near the Fermi level, as calculated by their microscopic
theory, yield a nesting-unstable Fermi surface (FS), which addressed under a Landau for-
malism will reproduce the observed properties of NNO and PNO. The authors find a peak
in the spin susceptibility, which suggests the proneness to spin order driven by the nesting.
The fermiology, moreover, seems to show a nesting vector very similar to QSDW . This is
summarized in Fig. 4.6, taken from [99]. The authors also suggest that under certain ge-
ometrical modifications of the RNO systems which might be accessible via heteroepitaxial
growth like layered confinement and strain, the CO could be “turned off”, resulting in a pure
SDW material: an AFM metal.
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Figure 4.6 (left) The FS for the RNO’s calculated in Ref.’s [99,100] with a nesting vector close
to QSDW . (right) The spin susceptibility peaking at QSDW , strongly suggesting a SDW instability
which would explain the robust magnetic ordered state of the RNO’s. Both figures taken from [99].

4.2 Properties of LNO SLs

Despite bulk LNO not undergoing phase transitions, the resurgent interest in nickelates dur-
ing the last ∼5 years arose from LNO-based superlattices. Spawned by the theory discussed
on page 13, we will turn now to briefly discuss the most recent results in the field of exploring
LNO-based superlattices.

4.2.1 Reconstructing LNO

Elaborated on page 13, the motivation of constructing LNO-based superlattices (SLs) is
based on the idea of potentially creating a system with three ingredients which we know from
the superconducting cuprates (for more, see Chapter 5): a spin-1

2
system with strong AFM

correlations, charge carriers confined to a 2-dimensional plane, and a FS with a pronounced
dx2−y2 character.

The question around the orbital reconstruction has sparked an interesting dialogue be-
tween the theoreticians. Some have supported the feasibility of altering the orbital occupa-
tions using strain and confinement [101,102] or by varying the counter-ion across the interface
between LNO and the blocking layer [103]. Other studies have oppositely suggested that
the covalency with the oxygen ligand will effectively make altering the orbital occupation
impossible [104]. The answers to these open questions have been experimentally addressed
exploring natural linear dichroism (LDIC) using polarization dependent XAS measurements.
As depicted and described in Fig. 3.8 on page 28, x-rays polarized linearly can be projected
onto two different orthogonal directions with respect to the PC cartesian reference. In this
way, the measurement will probe the symmetry of the available end-states of the system. For
example, when the system has one hole in the dx2−y2 orbital like in Cu 3d9, the XAS intensity
will be suppressed when the x-ray’s polarization is orthogonal to the plane. Motivated by
the reconstruction of the valence states near the Fermi level, results of this kind have been
shown in nickelates grown on epitaxial strain in Ref.’s [69–71, 105]. In all these cases, the
orbital polarization, the amount of imbalance in the occupation of the otherwise degenerate
eg levels, is defined as:

P =
nx2−y2 − n3z2−r2

nx2−y2 + n3z2−r2
, (4.1)

where nx2−y2 represents the number of electrons in the dx2−y2 orbital. To connect the latter
to the quantities experimentally accessible via XAS: the number of holes or empty states,
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so-called sum rules for linear dichroism are utilized, namely:

X ≡
n3z2−r2

nx2−y2
=

3IE‖z
4IE‖x − IE‖z

, (4.2)

where IE‖z would represent the XAS intensity of x-rays polarized along the z-axis. These
sum rules are thoroughly addressed in Ref.’s [69,106,107].

Figure 4.7 The way that
LDIC is probed in LNO systems.
The vicinity of the La M4-line t
the Ni L3-edge makes the analy-
sis intricate. A very careful back-
ground subtraction is required.
Image reproduced from Ref. [69].

In the first paper addressing this issue experimentally, XAS was combined to x-ray re-
flectivity to quantify not only the orbital polarization of LNO-LAO SLs on STO to be in
average of ∼5% (Fig. 4.7), but to map a spatial profile of orbital polarization across the
LNO layers [69]. These results were disputed later on by other groups relying only on XAS
data. In a more simplistic case, the authors of Ref. [70] studied single films of LNO on
both compressive and epitaxial strain: LaSrAlO4 (LSAO) and STO, to find that while com-
pressive strain results in a level splitting and a preferred occupation of the d3z2−r2 orbital,
the case of tensile strain does not simply reverse the sign of the effect. The authors claim
no eg-level splitting and no LDIC is clear for the film on STO, although ruling this out
completely seems difficult, as there is at least a little dichroic signal evident in their data.
When studying more intricate systems, built from LNO-LAO SLs, authors Freeland et al.
also suggest an asymmetric response in the splitting of the orbital levels with compressive
and tensile strain [71], albeit they did see an orbital polarization arising in SLs on tensile
strain. In both of these papers, they propose that SLs under tensile strain show a distortion
which could act as a precursor to a charge disproportionation. The close lying La M4-line
(∼ 852 eV) compels a careful background subtraction to quantify details of the Ni L3-edge
(see Fig. 4.7).

In a detailed experimental survey, we recently addressed a possible answer to these open
questions. By investigating SLs with several different compositions and amount of epitaxial
strain, we found a symmetric response of the lattice to the orbital modifications and the effect
of confinement were comprehensively laid out [105,108]. In summary, these results show that
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Figure 4.8 A summary of the results of Ref.’s [69, 71, 105, 108], showing orbital polarizations
in nickelate heterostructures depending on strain and confinement. Tensile strain splits drives a
preferential occupation of the dx2−y2 level, while pure compressive strain shows preferential d3z2−r2 .
Pure confinement results in a preferred dx2−y2 orbital.

SLs on compressive strain show a eg-level splitting which lowers the d3z2−r2 orbital. The effect
is countered by layer confinement which results in a zero net orbital polarization. The results
also show that for tensile strain the situation is reversed with increasing eg-level splitting
and preferential occupation of the dx2−y2 . Moreover, epitaxial strain’s ability to distort the
lattice was identified as the more viable road towards a dx2−y2-like band structure. These
results are summarized in Fig. 4.8. The trend will later on be connected to the behavior of
the magnetic structure with epitaxial strain.

The effect of confining Ni electrons on the ground state properties of LNO has attracted
widespread interest. Ref.’s [109–111] are among the most important experimental results.
Despite differing details about which thickness of LNO is a critical one, the results show
that when reducing LNO to .5 u.c. in SLs or thin films, the system undergoes changes
in the electrical conductivity at low temperatures. Instead of a temperature-independent
metallic behavior as observed for bulk LNO, MIT’s are observed using dc-conductance probes
[110, 111] or optical probes [109], the latter of which serve a more reliable experiment as it
is not sensitive to misfit dislocations which may alter the absolute values of conductance.

The results of Ref. [109] are summarized in Fig. 4.9. In the top panels, the data of the
optical response ε∗1 as function of sample temperature shows that a SL with 4 u.c. behaves
metallic down to lowest temperature, just like bulk LNO. But when the SL only contains 2
u.c. of LNO, the real part of the dielectric permittivity shows an upturn at temperatures
around 120 K. This behavior is confirmed by noticing a spectral weight shift in the optical
conductivity from low frequencies to energies above ∼0.4 eV, which suggest a loss of Drude
weight due to the partial gapping of the FS. While the onset temperature of this “pseudogap”
differs between substrates, the fact that it occurs independent of the substrate’s strain and
only dependent on the layer thickness suggests that confinement is the only driving force
behind the phenomenon.2 We note here that despite the fact that a full gap does not open
in the low temperature phase, we label the upturn in the temperature dependence of ε∗1 a

2These results also rule out the phase transition of STO [112] as driving the transition.
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Figure 4.9 (Top) The optical
response as function of tempera-
ture for LNO-LAO SLs withN=2
and 4 u.c. of LNO, grown on com-
pressive (left) and tensile strain
(right). (Bottom) The slow µSR
asymmetry spectrum, revealing
the presence of ordered moments
in the SLs with N=2 of LNO. Im-
age reproduced from Ref. [109].

“MIT”.
Most reports approximately converge upon the fact that LNO’s conductance approaches

that of a MIT at low temperatures when confined to sufficiently small systems. However, only
one paper has addressed the magnetic ground state of LNO by low-energy muon relaxation
under these conditions; Ref. [109] (lower panels in Fig. 4.9). In such experiments [113], the
sample is placed into a beam of spin-polarized muons at low temperatures in an applied
magnetic field transversal to the muon spin polarization. Muons, which carry a spin= 1

2

magnetic moment, will precess about the transverse field direction with a cyclotron frequency
proportional to the applied field strength.

When penetrating into a magnetic sample, the muons interact with the local magnetic
fields. Within microseconds, muons decay into µ+ → e+ + νe + ν̄µ, with the positron
forward motion along the direction of the muon spin. The experiment detects these emitted
positrons in a spatially discerning way. This way, the precession frequency of the muon can
be determined by detecting the asymmetry of positrons that decay in a given direction. So
in a paramagnet, the frequency of the precession will be given only by the external field.
However, in a magnetized sample, the precession frequency will be much higher given by the
strong local interaction between the muon and the magnetically ordered electron spin. The
lower panel of Fig. 4.9 shows that a 4 u.c. SL of LNO (on both cases of strain) have a response
oscillating equal to the cyclotron frequency of the applied field even at lowest temperatures.
On the other hand, SLs with 2 u.c. of LNO show that at low temperatures all the muons
precess at a much faster frequency, well above the experiment’s resolution. These findings
strongly suggest the presence of a magnetic ordered state. Although the technique does not
serve to say which kind of magnetic order, which element is involved, etc., the findings served
the motivation to understand the newly found magnetic ground state of LNO-LAO SLs.

Other groups investigated the magnetic characteristics of related LNO-based SLs. In the
work by Gibert et al. [114] on LNO-LaMnO3 SLs, with LaMnO3 a ferromagnetic insulator,
the authors found the effect of exchange bias when confined to ultrathin LNO layers. This
indicates a magnetic ordered state evolving in LNO, presumably an AFM state, although
other scenarios like a spin glass or SDW were suggested. We note here that these results
have also motivated the research done in this thesis, although these SLs are different than
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the ones we have investigated: grown on substrates cut in the (111)-direction and containing
a ferromagnetic insulator LaMnO3 instead of a band-gap insulator like LAO. These findings
were also studied using XAS, in particular XMCD [115].

Work done in this thesis was carried out to study the magnetic order in LNO-based SLs
by RSXS to address the following questions: is it a spin glass state? Is it true AFM order? If
so, what kind? Could it be related to the FS nesting vector proposed in Ref.s [99,100]? If so,
by confining the system are we altering the FS of LNO and bringing it closer to its unstable
nested case? These questions have motivated the research described in the upcoming section.

4.3 Experimental results

Now we turn to the experimental results obtained in the investigation of nickelate het-
erostructures and their magnetic properties. As in many TMOs, the structure of the system
is of crucial importance. Therefore, before discussing the magnetic properties, we will go
through some structural details observed in LNO-based heterostructures. At this point we
introduce the notation to be used throughout this section of this thesis. A SL with X u.c. of
LNO and Y of RMO material repeated N times will be labeled (X//Y)×N. The hkl-indexing
of the reciprocal lattice points will be done in the pseudocubic (PC) notation.

4.3.1 Structural details of LNO SLs

The structure of the films and SLs we have investigated were probed using non-resonant hard
x-ray diffraction. The basic principle of diffraction was described on page 21. Moreover, a
more thorough account of the technique employed here of reciprocal space mapping (RSM)
is available on page 35 and Ref. [76]. For the structural characterization, experiments were
performed at the MPI-MF Surface Diffraction beamline of the ANKA light source of the
Karlsruher Institute of Technology in Germany, using X-rays of 10keV to access a large
Ewald sphere. A linear array of 1280 reverse-biased silicon diodes was used as a detector
(each 50µm wide), which allowed recording of high-precision mapping of (qy, qz)-planes. The
same detector was used to record maps along the (qx, qy)-plane, with a 10 pixel region of
interest.

We divide the following study into the case of tensile and compressive strain, focus-
ing primarily on the latter. The case of tensile strain was investigated in Ref. [76] and is
summarized in Fig. 4.10, for a (4//4)×10 LNO-LAO SL on STO.

Each sub-figure of Fig. 4.10 shows black solid lines which indicate the lateral position of
the substrate peak, and can be used to identify the relaxation amount. Pink solid lines show
the values for a cubic lattice. The position of the bulk LNO and LAO are also indicated.
The dashed black lines indicate the mosaicity direction, which is q-dependent. It is evident
that the elongation of the SL peak is due to mosaicity. The extracted lattice constants are
a, b = 3.852 ± 0.001Å, c = 3.789 ± 0.001Å, resulting in a (57 ± 0.1)% relaxation. The same
partially relaxed behavior was observed for all samples on STO. Other cases of tensile strain
result in fully strained systems, as shown in Table 4.1.

The case for LNO-LAO SLs grown on LSAO, i.e. compressive strain, is much more intri-
cate and we thus elaborate on it further. The structure of LSAO is tetragonal (I4/mmm),
with parameters c = 12.636 Å and a = b = 3.756 Å so it applies differing values of com-
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Figure 4.10 RSM’s of the labeled reflexes of a 285 ± 20 Å SL grown on STO (LNO-LAO-
BE53). Pink lines point towards the origin, black-solid lines indicate the lateral position of the
substrate peaks, and dashed-black lines denote the mosaicity direction.

pressive strain to both LNO and LAO, which have lattice constants of 3.837 and 3.789 Å,
respectively. The SL bilayer periodicities and total thicknesses (T ) were obtained from spec-
ular X-ray diffraction patterns, as described in [76]. First of all, we discuss SLs with total
thickness T = 30 nm.

Fig. 4.11 exemplifies representative RSMs slicing the (qy, qz)-plane around the (015) and
(025) reflexes. Around the (015) peak, recorded intensity peaks at (1.671, 8.104) Å−1 re-
vealing a structure with in-plane lattice constant matching LSAO (shown as a white solid
line) and a c-axis lattice constant of 3.874 Å. This behavior was realized for all samples
with similar T and bilayer periodicities ranging between 2 and 4 u.c.’s. Furthermore, we
searched for diffracted intensity at all accessible half-order positions. Following the Glazer
approach [7, 10, 116], their extinction rules served to determine the oxygen octahedra rota-
tion pattern. All samples with thickness T < 400 Å exhibited half-order peaks at all (h

2
, k

2
, l

2
)

values except (h
2

= k
2

= l
2
) (h, k, and l are odd integers) [8]. These selection rules are con-

sistent with octahedral rotations of the kind a−a−c−: equal rotation angles along a and b
and different rotation around c, all anti-phase [7]. This results in a monoclinic space group
C2/c, in agreement with LNO films and SLs [117,118]. Within our experimental resolution
no peak splitting is observed, so the monoclinic angle γ deviates only minimally from 90◦.
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Figure 4.11 The behavior of a LNO-LAO SL (3//3)×13, i.e. T = 30 nm, grown on LSAO,
measuring RSMs near the (015) and (025) reflections of the SL. A high degree of strain is evident
from the match of the SL to the substrate lattice (indicated as vertical streaks). The black dotted
lines indicate the mosaicity direction.

Furthermore, equivalent peaks like (h
2
, k

2
, l

2
) and (−h

2
, k

2
, l

2
) show similar intensity, suggesting

equal occupation of all four possible orientational domains. In this structure, the cation
sublattices essentially preserves the tetragonal symmetry imposed by the substrate, with
octahedral tilts allowing to accommodate the lattice mismatch. We stress that because a
single peak characterizes the system, growth of a two-component SL with total thickness
T < 40 nm results in a single structure, epitaxially strained to the substrate.

A striking difference is observed when investigating samples with total thickness of about
100 nm. A pronounced change in the structure is observed for 40 < T < 100 nm, exemplified
in Fig. 4.12. The (qy, qz)-maps covering the same range as for thin samples reveal now a
multiple peak structure. Despite the multiple peaks, a feature at qz = 8.133Å−1 resembles the
in-plane lattice parameters of thin SLs, likewise showing no splitting in any direction. This
single feature was also characterized at half-integer positions, showing the same extinction
rules as the previous case, i.e. a C2/c space group.

Furthermore, around integer k-values two additional peaks appear at qz = 8.172Å−1,
split 0.06Å−1 along the qy-direction. To understand the pattern, we recorded (qx, qy)-maps
around several Bragg reflections at qz = 8.172Å−1, shown in Fig. 4.13(a), where the (h, k)-
grid is referenced to the substrate index. First, it confirms the peak multiplet around every
Bragg spot to be 4-fold. A constant qx(qy) separation for all values of h(k) indicates a
twinned structure rather than a system composed of distinct structures with different lattice
parameters, while a growing qx(qy) splitting for increasing l (not shown) would evidence a
twin-domain structure without in-plane periodicity. No out-of-plane splitting was observed,
i.e. all peaks share the value of l for a given (hkl)-index. From individual peak widths we
estimate the size of the domains to be ∼ 30nm. The average in-plane lattice constant, taken
from the center-of-mass of the peak multiplet, is a, b = 3.80 Å, indicating a partial relaxation
of the system.

A similar instance of non-periodic, in-plane splitting was observed in 88-nm-thick man-
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Figure 4.12 The behavior of a LNO-LAO SL (2//2)×66, i.e. T ∼ 100 nm, grown on LSAO,
measuring RSMs near the (015) and (025) reflections of the SL.

ganite films [116] and was ascribed to twin domains with (001)-planes tilted along (100)
and (010). In contrast, our data shows splitting along the face-diagonals hence a different
structural description is needed. On Fig. 4.13(b), comparatively laid out over the measured
RS regions of Fig. 4.13(a), is the calculated Bragg spot layout resulting from the real-space
structure proposed in Fig. 4.13(c-d), color coded to four equivalently occupied (x, y) do-
mains. The cation sublattice is distorted by pulling the a, b-vectors along the face diagonal
and shifting along the z-axis, leaving the c-vector unaffected. Vertical planes remain vertical,
ensuring no l-splitting. Then, the primitive PC vectors for one domain can be written as

~a = (a, δx, δz),

~b = (δx, b, δz),

~c = c(0, 0, 1).

where δx = 0.00675, δz = 0.0045 were obtained to quantitatively match the observed splitting
pattern. The resulting unit cell angles are α = β = 89.74◦, γ = 89.22◦. Furthermore, we
characterized the reflections at half-order values, and again registered intensity at all (h, k, l)-
half-integer numbers except when h = k = l. These selection rules indicate a monoclinic
distortion in the ab plane which would be consistent with space group I2/m (standard setting
C2/m, No. 14) (a−a−a0). However, this space group is not a subgroup of the bulk LNO
R3̄c (a−a−a−) and is not compatible with the monoclinic space group C2/c (a−a−c−) found
from the full structural refinement we performed for the 30 nm thick SLs [8].

To understand the details of the structure in the thick LNO-LAO SLs grown on LSAO,
we performed a corresponding control study on single films of LNO and LAO grown on LSAO
with 100 nm total thickness. Fig. 4.14 compares RSMs for the two films around the (005)
and (015) reflexes, respectively . Fig. 4.14(d), a (qx, qy)-map around (005), reveals the lattice
of the LNO films to have a peak structure similar to the one found in LNO/LAO SLs, with
the exception that the LNO film exhibits only the distorted rhombohedral structure and no
sublattice strained to the substrate. An inspection of the intensity at half-order h, k, l-values
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Figure 4.13 (a) Layout of measured Bragg reflexes at qz = 8.172Å−1 (l = 5) gridded to the
(hk)-units of LSAO. (b) Color-coded Bragg spots calculated from the four equivalent distorted
lattices shown in (c). (d) the in-plane projection of the PC a and b axes. Distortions are enhanced
for clarity.

yielded the same extinction rules as the sublattice of LNO-LAO SLs. With wider peak
splitting, the distortion is slightly more enhanced, yielding values δx = 0.018, δz = 0.012,
and α = β = 89.31◦, γ = 87.93◦, but it preserves the same symmetry and twin domain sizes.
Fig. 4.14(c), a (qy, qz)-map around (015), shows it has an average in-plane lattice constant
of 3.84Å, indicating a relaxed state throughout the entire film. In contrast, the LAO film,
represented in Fig. 4.14(b):(005) and (a):(015), shows a single peak for all h, k, l-values. These
data confirm the lattice constants to be strained to the LSAO substrate. Measurements of
the half-order peaks yielded the rotation pattern a−a−c− with space group C2/c. This
comparison provides understanding of how the materials LNO and LAO naturally relax to
the lattice mismatch of LSAO.

To support our X-ray diffraction data, we carried out TEM studies on the same samples.
Fig. 4.15 compares high-resolution TEM images of SLs with thicknesses of T = 30 nm (a) and
T = 100 nm (b-d), along with respective zoom-ins. The thin SL reveals a single structure,
with epitaxial growth conditions preserved for all distinguishable (La, Ni, Al) atoms. These
results are consistent with single Bragg spots strained to LSAO, inset (a). Thicker SLs
exhibit a different scenario. In this case, an alternating array of homogeneous (LAO) and
fuzzy (LNO) layers is evident, matching the periodicity of the SL (in this case each bilayer
has 4 unit cells). However, diffraction patterns and Z-contrast TEM images (not shown)
confirm that the epitaxy is preserved for both layers, LAO and LNO. We attribute the
fuzziness of the LNO layers in the high-resolution, phase-contrast images to twin boundaries
in LNO which lead to phase changes of the electron wave.

Before we turn to discuss scenarios explaining the observed SL data, we make a few
remarks about the relaxation mechanisms that single-compound films are known to exhibit.
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LAO

LSAO

LNO

LSAO

Figure 4.14 RSMs around (a):(015) and (b):(005) for an LNO film compared to (c):(015) and
(d):(005) for an LAO film, both with 100 nm thickness.

Ref. [119] reports examples of relaxation gradients in semiconductor heterostructures, which
maintain a strained lattice close to the substrate interface and relax continuously as the
thickness increases. In a different reported scenario, the entire semiconductor film undergoes
a structural transition beyond a certain critical thickness. Films of α-Sn, for example, exhibit
a thickness and temperature dependent phase transformation from a metastable to a stable
polymorph [120]. For oxides with more complex structures, similar instances of thickness-
driven structural changes have been reported [121, 122]. In addition, perovskite cells tend
to accommodate lattice mismatches with octahedral tilts, and their resulting low-symmetry
structure is prone to minimize the strain energy by twinning, as was observed in manganite
films [116].

The RSM of the thick SL (Fig. 4.12) exhibits a distinct set of reflections and is thus
incompatible with the relaxation-gradient scenario. While we cannot fully exclude an in-
homogeneous relaxation depth profile, the data renders it unlikely: The only conceivable
scenario would be one with two distinct layers, a nearly strained one at the substrate, yield-
ing the single peak at low qz, and a fully relaxed one above, yielding the fourfold split peaks
at higher qz. This, however, is incompatible with the TEM results: First, the two sets of
diffraction peaks are clearly split, implying a rather abrupt transition with hight misfit dis-
location density between the two layers, which we do not observe with TEM. Second, the
TEM image indicates that the LNO layers are twinned throughout the entire sample, down
to the substrate. Finally, if we were to identify the fourfold split set of peaks with both
the LNO and LAO layers of the upper part of the film, both constituents would need to be
twinned, which is not supported by TEM.

These observations substantiate the notion of a thickness-driven structural transition of
LNO throughout the entire thickness of the SLs. It is immediately evident for our LNO film,
Fig. 4.14(a,b), where no trace of a strained portion can be detected, and is the most likely
scenario for the SLs. The comparison between Fig.’s 4.11 and 4.12 exposes that independent
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Figure 4.15 A comparison of TEM micrographs between a LNO-LAO SL with T = 30 nm (a)
and one with T = 100 nm (b-d).

of their bilayer periodicity, LNO-LAO SLs grown on LSAO develop from a single structure
system into a system in which the LNO and LAO sublattices exhibit different crystallo-
graphic structures. This change takes place when growing beyond a total SL thickness of the
order of ∼50 nm. A close look at Fig. 4.12 reveals that the sublattices are incommensurate
both with respect to the substrate and to each other. The structural similarities of each
sublattice to corresponding films of LNO and LAO along with our TEM data suggest a sce-
nario in which the nanometer-scale LNO and LAO layers comprising the SL exhibit different
structures across the entire SL: Each compound develops into its natural state, leaving LAO
nearly strained while LNO alters into a twinned, distorted rhombohedral structure. The
incommensurability of the two sublattices is manifest at every interface, in intriguing anal-
ogy to bulk structures built out of distinct units with different natural lattice parameters,
like the Bi-based superconducting cuprates [123] or cobaltites [124]. These incommensurate
crystal structures result in additional modulations (commensurate or not) that require a
higher-dimensional space group formalism to be described [125]. In analogy to our case, it
is the twin domain walls which serve to compensate the incommensurability. The resulting
structure with alternating space groups may originate from the out-of-plane Coulomb in-
teractions existing in oxide heterostructures, giving rise to so-called “Madelung strain” (see
Ref. [126]). Despite the lattice and symmetry mismatch of the components, the layer connec-
tivity is enhanced through the condition that the distorted rhombohedrons preserve vertical
planes (and c-axes). The SL will thus switch between the two structural analogues, favored
energetically by an alternating material. In conclusion, we have demonstrated SLs com-
prising LNO and LAO on compressive epitaxial strain exhibit a strong thickness dependent
relaxation mechanism. As the SL grows beyond a certain critical thickness, it morphs into
an alternating array of differing structural distortions. Such a strain relaxation mechanism
proves how even under the violent, non-equilibrium conditions triggered by laser ablation
growth techniques, oxide SLs can heal into self-organized arrays of constituents with differing
properties.
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Sample Name Periodicity Total overlayer Substrate In-plane
(N//N)×M thickness (Å) (lattice parameter Å) lattice parameter

LNO-LAO-BE36 (2//2)×66 1000±30 LSAO (3.756) 3.80(2)
LNO-LAO-BE118 (2//2)×46 700±30 LSAO (3.756) 3.77(1)

NNO film - 300±30 LSAO (3.756) 3.79(1)
LNO-LAO-BE48 (2//2)×66 1000±50 STO (3.905) 3.852(1)
LNO-LAO-BE125 (2//2)×46 700±30 LSAT (3.87) 3.860(2)
LNO-DSO-BE36 (2//2)×15 230±20 DSO (3.95) 3.951(2)

PNO film - 400±30 LSAT (3.87) 3.840(5)

Table 4.1 Summary of the properties of the samples used in this work.

4.3.2 Magnetic order in LNO

The promise of controlling spin-ordered ground states in TMO heterostructures is equalled by
the challenge to probe the details of these magnetic states. Neutron and x-ray diffractometry
have been colossal tools to examine these features, but have hitherto only monitored bulk
or films with strong magnetic moments [127]. In recent years, new techniques like low-
energy muon relaxation to study magnetism in thin films even with weak moments have
been developed, but they are rarely available [113], not element specific, and provide limited
information about the magnetic structure. While there exist methods to indirectly probe
spin-related macroscopic properties, these usually pose more questions along the way.

Although avenues to drive metal to insulator transitions in systems with ultrathin slabs
of LNO have been discussed, their magnetic ordered ground state has proven difficult to
observe [109, 114], let alone manipulate. Understanding and tailoring the details of the
LNO’s magnetic structure, and perhaps therefore of its ground state, is paramount to the
field. In this chapter, we will present resonant soft x-ray scattering (RSXS) experiments
carried out at the Ni L3-edge to reveal sought-out diffraction evidence of magnetic order in
(001)-oriented, ultrathin LNO SLs. We will discuss the details of the SDW polarization and
point out first steps towards controlling it.

Alignment and Q-dependence

The search for magnetic order in LNO based superlattices was guided originally by the
magnetic order observed in NNO and the proximity to a FS at QSDW suggested in previ-
ous references [99, 100]. The samples investigated in this work are listed and described in
Table 4.1. The substrates used are LSAO, (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), STO, and
DyScO3 (DSO), whose in-plane lattice constants are listed in Table 4.1 as well. Against the
natural lattice constants of NNO (3.807 Å), PNO (3.815 Å) and LNO (3.837 Å) [82], these
substrates then apply different amounts of tensile and compressive strain. Growing a fully
strained heterostructure on large amounts of epitaxial strain is difficult, as discussed in the
previous section. Thus, the actual lattice constants should be measured using the technique
of RSM, described above and on page 35. The obtained lattice constants are listed in Ta-
ble 4.1, which still confirms different degrees of strain. Finally, reference films of NNO and
PNO were measured for comparison, and their properties are also listed in Table 4.1.

In order to provide the right epitaxial strain geometry to manipulate the occupation of
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Figure 4.16 (a) The wedges designed for the experiment of this section, with a marked right
angle at the bottom of the wedge to guide the mounting of the samples (highlighted by white
lines). These were glued to the conventional disc mounts of the diffractometer at UE46-PGM1
using silver paste and further supported by epoxy-like Torr Seal glue. (b) A sample was glued to
the wedge using silver paste, with the diagonal facing up. (c-d) Finally, the sample was mounted
on the diffractometer for measurements. The solid white line shows the azimuthal rotation, and
the marks on the disc and diffractometer mount serve as guide for the quantitative rotation. The
beam spot’s fluorescence is seen on the sample, confirming the good alignment.

the eg orbitals, all the substrates used in this investigation have surfaces along pseudocubic
(001)-direction. (111)-oriented substrates, on the other hand, distort the lattice in oblique
directions, possibly altering the eg-splitting in a different way (and have shown intriguing
magnetic properties as well [114]). However, the (001)-geometry incommodes the search
for a magnetic Bragg reflection along the (111)-direction at QSDW , given the limitation of
the χ-angle inside the RSXS chamber at UE46-PGM1, as discussed on page 37. Therefore,
to access the (111)-direction, samples had to be mounted on wedges tilted 55◦ from the
vertical mount of the chamber. Shown in Fig. 4.16, these wedges were designed to fit on the
conventional sample holders of the UE46-PGM1 setup. Since the samples have edges along
the crystallographic a and b axes, their alignment along the in-plane diagonal was guided
by the lower edges of the wedge, which were cut at a 90◦ angle, as shown in Fig. 4.16(a-
b). Later, the samples were mounted into the chamber, which allows 2 sample discs to
be mounted simultaneously, shown in Fig. 4.16(c). The azimuthal rotation allowed in such
setup is depicted in Fig. 4.16(d), which shows the marks carved on the sample holder and
mount. The latter are 10◦ apart, yielding an error in the azimuthal angle of ∼5◦. With
(111) in the scattering plane, the axis of this rotation is QSDW , as desired for the azimuthal
dependencies which will be addressed later on.

A more detailed schematic of the scattering geometry using the pre-cut wedges is shown
in Fig. 4.17, which is a scattering mode known in the field as “bisecting mode” or 2ω = 2θ◦.
In panel (a), which corresponds to our definition of ψ = 0◦, the crystal axes of the SL and
their relative orientation in the experimental setup are shown in detail. The incoming and
scattering angle are both the same, ∼ 55◦ (hence the name of the scattering mode), as shown
by the green arrows. The sense of rotation around QSDW we have defined as left handed.
The two linear polarizations that define the ratio π

σ
are also shown.

The strongest limitation imposed by this scattering geometry is shown in panels (b-c)
of Fig. 4.17. When the azimuthal angles approach ±90◦, the take-off and incoming angles
falls right below the horizon of the sample surface. Therefore, as the azimuthal angles
approach these values, the diffracted intensity is reduced usually below our detection limit.
This situation is worsened at ψ = 90◦, as a normal incident beam penetrates deeper into
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Figure 4.17 A schematic of the wedge alignment indicating the incoming light beams and their
polarization vectors, the direction of QSDW , the crystal axes, and the azimuthal rotation, for the
three labeled values of ψ.

the sample, making the grazing scattered beam travel through more material and suffer
from absorption effects which dramatically reduce the overall intensity. In conclusion, the
azimuthal angles 40 < ψ < 130◦ are impossible to measure.

Perhaps the most important result of this investigation is illustrated in Fig. 4.18. Panel
(a) shows representative scans around QSDW for LNO-LAO SLs which contain 2, 3 and 4
u.c. per slab. While the latter two cases show no Bragg peak, consistent with paramagnetic
system, the sample with 2 u.c. shows a clear peak at QSDW . This undoubtedly confirms
the presence of long range, AFM order in LNO for the first time, at a position predicted by
theory [99, 100]. We note here how remarkably sensitive the technique of RSXS is, making
slabs of 2 u.c. scatter enough intensity to be detected.

To rule out the possible influence of strain on the newly discovered AFM ground state of
LNO, we investigated (2//2) samples grown on different substrates. While the precondition
of confining LNO to 2 u.c. still holds true for all substrates, the magnetic peak at QSDW is
observed in all cases. The overall intensities of all cases are comparable, albeit with different
widths possibly pertaining to different structural details of the SL. We note that ∼15 repeti-
tions M suffice to generate a detectable intensity, as was the case for the LNO-DSO sample.
The absolute intensity of the peak, in the units of the detecting system of the UE46-PGM1
setup, was ∼2 pA.

The problem of scattering at QSDW when mounted on the 55◦ wedge described above
can be partially circumvented by using an alternate scattering geometry. In the so-called
“asymmetric mode”, the incoming and take-off angle are not equal 2ω 6= 2θ◦. The sample
in this mode is not mounted on the wedge, but instead flat on the disc. Still, the in-plane
diagonal is placed into the scattering plane, as shown in Fig. 4.19(a). Similar to the cases
described in section 3.3.5, this allows certain ranges in RS to be scanned, but is strongly
limited by the sample horizon. For this system’s lattice constants at the Ni L3 edge, the
peak at QSDW falls below the horizon, as shown by a red spot in Fig. 4.19(b). However,
there is still a region of RS with slightly higher l-values which can be measured. The result
of this RSM is shown in Fig. 4.19(c), which confirms a rod along the out-of-plane direction.
Such an elongated peak is consistent with a truncation rod, as described on page 37, and/or
the quasi 2-dimensional nature of the ultrathin slabs of LNO. The latter case would yield
period-2 oscillations (2 u.c. layers) which can unfortunately not be verified in the limited
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Figure 4.18 (a) Scans around QSDW=( 1
4 ,

1
4 ,

1
4 ) for SLs with N = 2 consecutive LNO unit

cells show a magnetic Bragg reflection, while those with N = 3, 4 do not. (b) Scans for different
(2//2)×N SLs with compositions and substrates as shown in the legend consistently show a peak
at QSDW .

scanning range available.
In a relevant note, we point out here that the tail measured at (1

4
, 1

4
, l) corresponds to

the azimuthal angle ψ = 90◦, while the region around (−1
4
,−1

4
, l) corresponds to ψ = −90 =

270◦. Estimating the π
σ

-ratio around these points will be crucial later on to help discern
between magnetic structures.
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Figure 4.19 (a) The alternative geometry used to access the vicinity of QSDW without the
wedge. (b) In RS, the latter geometry translates into areas blocked by the sample horizon, with
the peak at QSDW already at critical angles (red dot). However, slightly above it there is a small
portion accessible for scanning, shown as a black square. (c) The results of scans of the LNO-LAO
SL on LSAO in the area labeled previously, showing a rod-like shape.

Energy and temperature dependencies

The origin of the peak at QSDW observed in LNO-based SLs with 2 u.c. slabs is experimen-
tally investigated by observing the temperature and energy dependence. To carry out the
experiments, the sample height was scanned at every temperature to certify that despite the
thermal contraction of the cryostat upon warming and cooling, the same position of the sam-
ple was scanned. This is particularly crucial when scattering off a wedge since movements of
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Figure 4.20 (a) The temperature dependence of the peak’s integrated intensity at QSDW of all
the SLs investigated here, as labeled in the legend. (b) The correlation length extracted from the
widths of the peak as function of temperature. For comparison, the temperature dependence of
the magnetic volume fraction fm as measured by slow µSR (SL on LSAO is taken from Ref. [109]).

the sample height result in strong misalignment. Fig. 4.20(a) shows the dependence of the
peak upon sample temperature for all the SLs investigated in this work. The data indicate
magnetic phase transitions with Néel temperatures in the range TN = 50 − 100 K for all
samples. The sharp onset is smeared out by a somewhat rounded temperature dependence,
as commonly observed in quasi-2-dimensional antiferromagnets as a consequence of critical
scattering [128].

Fig. 4.20(b) shows the temperature dependence of the peak width for a representative
LNO-LAO SL on LSAO. The widths of the Bragg reflections saturate at low temperatures
corresponding to a magnetic domain size of ∼ 25± 5 nm3, identical (within the error) to the
structural domain size inferred from non-resonant x-ray diffraction using RSM. Along with
muon spin rotation measurements on the same sample [109] as well as on LSAT (shown as
well in Fig. 4.20(b)), this indicates that the magnetically ordered state comprises the entire
sample volume.

The latter data suggests that the origin of the peak at QSDW is magnetic, at least
partially. To discern whether the peak originates from an additional scattering entity like
orbital ordering, we have carried out measurements to quantify the peak’s dependence on
incoming photon energy. These measurement involve scanning rocking curves at each photon
energy to subtract out the fluorescent background. The results are shown in Fig. 4.21.
First of all, the XAS spectrum measured as TEY is shown for comparison, which is usually
dominated by the neighboring M4-line of Lanthanum, as was shown already in Fig. 4.7. The
magnetic Bragg reflex, however, only resonates at the Ni L-edge. Thus, the magnetic order
originates only from the Ni-ions.

The latter energy profiles of the peak at QSDW were taken at different azimuthal positions,
yielding identical lineshapes. A close look at Eq. 3.13 indicates that if the peak had several
intrinsic origins, for example magnetic (σmag) and orbital (σorb), living at QSDW , then the
two scattering tensors which presumably have different symmetries would produce different
lineshapes at different azimuthal angles. The fact that all azimuthal angles yield identical
lineshapes indicates that only one ordered state, i.e. one σmag, lives at QSDW , ruling out

3From the expression Corr. Length = a(nm)
π×FWHM
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Figure 4.21 The energy de-
pendence of the scattered inten-
sity at QSDW , taken at two dif-
ferent azimuthal values. Super-
imposed is the XAS spectrum
measured by the TEY.

any possible ordered state coexisting.
In the study of Ref. [94], the magnetic order at QSDW was also found induced in the

Nd (4f 3) ions. By measuring the azimuthal dependence of the scattered intensity at the Nd
M4-edge, the authors found the same magnetic spiral in the Nd sublattice. In the case of
LNO-LAO, this bears no influence because the La ions (5d0) are non-magnetic. The case
of the LNO-DSO SL is different. DSO has a Dy3+ ion in a 4f 9 configuration across the
interface, with AFM order reported below 3.1 K [129]. Therefore, measurements were done
to test whether there is a magnetic coupling across the interface between neighboring LNO
and DSO layers. Scans at 10 K around QSDW at the Dy M5-edge are shown in Fig. 4.22,
indicating magnetic order also in the Dy ions due to the presence of the AFM order of
LNO. Further investigating the properties of this intriguing phenomenon remains part of the
outlook of this thesis.
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Figure 4.22 Scattered inten-
sity was also observed at the Dy
M5-edge at QSDW . The inset
shows the XAS spectrum as mea-
sured by fluorescence, to identify
the edge position.

Azimuthal dependence

Once the peak has been identified as a novel AFM ground state of LNO, the next step
is to carry out measurements in search of the details of how the spins are oriented. The
measurements were carried out by scanning rocking curves for both light polarizations at
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Figure 4.23 The az-
imuthal dependence of the
π
σ -ratio for a (2//2) LNO
SL grown on LSAO which
applies compressive strain
to the LNO lattice, along
with the magnetic spiral
model of Ref. [94] (solid blue
line).

all accessible azimuthal angles. The scans were later analyzed by subtracting a polynomial
to the background shown in Fig. 4.18, and the peak intensity was quantified by its integral.
The lack of a structural reflex for signal normalization is enhanced when scattering off a
tilted wedge. Rotating the azimuth results in inequivalent projections to the sample surface
(see Fig. 4.17). Therefore, we focus on the π

σ
-ratio of the peak intensity.

The first result is shown in Fig. 4.23 which plots the π
σ

-ratio obtained for a LNO-LAO SL
grown on compressive strain (LSAO), along with the model identified in Ref.’s [93, 94]. De-
spite the areas where measurements cannot be done marked by a gray area, the information
is sufficient to yield an acceptable agreement with the model. Note that the error bars arise
from the peak analysis which suffers from systematic errors ranging from the background
subtraction to the fitting procedure, and does not correspond to the statistical error of a
standard counting experiment.

A very different situation was observed for all other LNO-based SLs. Recalling Table 4.1,
these samples were grown with different amounts of tensile strain, taken from their measured
lattice parameters. Fig. 4.24 displays the azimuthal dependence of all these samples, com-
pared to the model found previously. The data for all samples on tensile strain deviates
substantially from the previous model, especially when approaching ψ = 90◦, where the
π
σ

-ratio grows to values between 4 and 5. We note that remarkably, within the error bars,
all samples show the same azimuthal dependence despite the differing lattice constants.

4.3.3 Magnetic structure of RNO films

To shed more light on the surprising behavior observed in the azimuthal dependence of the
LNO-based SLs under tensile strain, we will turn to investigate films of RNO materials whose
magnetic order exists already in the bulk. For this reason, films of PNO and NNO were grown
on LSAT and LSAO, respectively. They serve reference points for the corresponding strain
cases of the LNO study previously described.
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Figure 4.24 The az-
imuthal dependence of the
π
σ -ratio for LNO SLs with
2 u.c. of LNO, grown on
the labeled substrates which
apply varying amounts of
tensile strain to the LNO
lattice. Also shown is the
magnetic spiral model of
Ref. [94] (solid blue line).

In what comes as no surprise, first we set to reproduce the magnetic ordered state ob-
served in bulk NNO and RNO. Fig. 4.25 confirms the peak observed in these systems,
resulting in 2-3 orders of magnitude more intensity than the ones observed in LNO. Later
we will attempt to discuss the reduction of intensity in the LNO system. Fig. 4.25(a) shows
the onset of such magnetic order for both systems. While the PNO film shows an onset
temperature in agreement with the bulk data [80], the NNO film on LSAO shows a reduced
transition. Similar reports of NNO on compressive strain show that strain yields a fully
metallic/paramagnetic state [80,130,131]. In this case, the partially relaxed lattice of NNO
(as shown in Table 4.1) yields a AFM with an onset temperature reduced to ∼100 K, well
below its reported bulk value of ∼190 K [93]. The energy dependence of the peak is also
shown for the representative PNO film on LSAT in Fig. 4.25(b).

The first of the two azimuthal dependencies to compare with the LNO system is shown
in Fig. 4.26(a), which is the case of PNO on tensile strain. It shows azimuthal dependence
in agreement with LNO under different amounts of tensile strain. This result implies the
observed trend in distorting the magnetic structure such as to yield a noticeably different
magnetic structure does not pertain exclusively to the novel case of AFM in LNO. Instead,
it seems to affect PNO in similar fashion when applying tensile strain.

With the former suggestion of epitaxial strain affecting already the bulk RNO system,
we turn to investigate a NNO film under a slight amount of compressive strain. The result
of such measurement is shown in Fig. 4.26(b), which yields yet another remarkably different
azimuthal dependence. Instead of symmetrically turning upwards around ψ = 90◦, the π

σ
-

ratio reverses by turning upwards away ψ = 90◦and hovers around 1 around that point.
Finally, we note here that the more intense peaks allows a reliable estimate of the point
corresponding to ψ = 90◦, which we have carried out using the ω 6= 0◦ scattering geometry,
described earlier. The data points are included in these plots already along with their error
bars, and will be addressed in more detail in the following section.
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Figure 4.25 (a) The temperature dependence of the peak’s integrated intensity at QSDW of all
the RNO films investigated here, as labeled in the legend. (b) A representative energy dependence
of the PNO film on LSAT.
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Figure 4.26 (a) The azimuthal dependence of the π
σ -ratio for a PNO film grown on LSAT. (b)

The azimuthal dependence of the π
σ -ratio for a NNO film grown on LSAO, In both cases, the solid

blue line corresponds to the magnetic spiral model of Ref. [94].
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4.3.4 Models: collinear vs. noncollinear spins

The different azimuthal dependencies observed for different RNO systems so far calls for a
magnetic structure model beyond the one found for bulk NNO and for LNO SL on LSAO. In
this section, we will go through the different magnetic models that are physically significant
and show which one best fits the data for each case. To analyze the data, we used the
following procedure in order to set up the formalism of Eq. 3.30. First, we build a magnetic
cell containing 4 spins from the periodicity of QSDW . This yields a system with different
Fmag’s with the general form of Eq. 3.34, namely

Fmag
i =

 0 (−mz)i (my)i
(mz)i 0 (−mx)i

(−my)i (mx)i 0

 (4.3)

where i runs from 1 to 4. After, we setup Eq. 3.30 considering the phase 4 positions in the
phase shift of QSDW (0,π/2, -π, 3π/2), Eq. 3.31 is taken using (1, 1, 1) = q̂, (1, 1̄, 0) = q̂⊥
and the angle θ = 35◦ (notice Eq. 3.30 is based on θ with respect to q̂, i.e. (90 − 55)◦).
With those definitions, we can now calculate the π

σ
-ratio as explained on page 32. We

have left the directions of the spins (mx,y,z)i as the adjustable parameter, applying the

constraint: ~S1 = −~S3 and ~S2 = −~S4, which defines AFM order with (1
4
, 1

4
, 1

4
) periodicity.

The Mathematicar script used to model the data is given in Appendix D.
Fig. 4.27 shows the results of this analysis for the case of samples on tensile strain, which

require only one solution as all systems display the same behavior within our error. Four
magnetic structures are displayed alongside their corresponding azimuthal dependence of
the π

σ
-ratio. Panel (a) shows a system with both spin sublattices symmetrically tilted from

the c-axis by 28 ± 2◦, coplanar with the blue arrows of the bulk model. A spiral with out-
of-plane moments ∼ 2 times larger than [110] moments is shown in panel (b). This model
yields an azimuthal dependence identical to the one of panel (a), but it would imply a charge
disproportionation which will be addressed later on. Finally, collinear models are shown in
panels (c-d). The first of these, in cyan color, represents spins along (1̄1̄2) (perpendicular
to (111)) whose calculated π

σ
-ratio clearly deviates from the data. This also holds for all

3 directions perpendicular to (111) (not shown). Models with moments directed close to
the c-axis yield reasonable agreement with the data in the ranges −40◦ < ψ < 40◦ and
150◦ < ψ < 230◦. However, the data point at ψ = 90◦ obtained as described above clearly
rules out this model, as shown in Fig. 4.27(d) for moments tilted ∼ 13◦ away from the c-axis.
In the case of moments directed straight along c, the σ channel reaches 0 at ψ = 90◦, making
the π

σ
-ratio diverge.

The same analysis was carried out for the NNO film on compressive strain. Adjusting spin
orientations, the solid green line is the solution which best describes the data. Fig. 4.28(a)
illustrates the corresponding magnetic structure with solid green arrows. In this case, the
first spin sublattice lies along the (110) diagonal while the second sublattice is perpendicular
to (110). Similarly, we outline a possible description of the azimuthal dependence of the
NNO film under compressive strain in terms of a collinear ordering pattern. Fig. 4.28(b)
shows such a solution, which has moments parallel to (110) (magenta color). Although the
solution reproduces the increase of π/σ as ψ → −90◦ and ψ → 270◦, the data point at
ψ = 90◦ again allows us to rule out this collinear state.

The collinear states discussed above were difficult to rule out without estimating the
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Figure 4.27 The azimuthal dependence of different models considered for the case of samples
on tensile strain, color coded to the arrows as follows: (a) a system with both spin sublattices
symmetrically tilted from the c-axis by 28± 2◦, coplanar with the blue arrows. (b) A system with
spins along the (001) and (110) with the former twice in magnitude as the latter. (c) A collinear
system with spins along the (1̄, 1̄, 2)-direction, perpendicular to QSDW . (d) A collinear spin with
spins pointing ∼ 13◦ away from the c-axis.
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Figure 4.28 The azimuthal dependence of different models considered for the case of NNO on
LSAO, color coded to the arrows as follows: (a) a system with perpendicular spin sublattices in
the a, b-plane. (b) A collinear system with spins along the (1, 1, 0)-directions.
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Figure 4.29 Tensile strain. (a-b) The scans obtained using the non-tilted geometry at ψ = 90◦

and 270◦. (c) A comparison of the azimuthal scans obtained using wedges with differing tilt angles,
which yield the shown l-values. The data points in open squares are measured in the non-tilted
geometry.

point at ψ = 90◦. Therefore, we turn to discuss details of the acquisition of this data point.
As explained previously, this data point was obtained using the ω 6= 0◦geometry and thus not
measured at QSDW , but at a higher l-value, namely (1

4
, 1

4
, 0.28) (ψ = 90◦) and (−1

4
,−1

4
, 0.28)

(ψ = 270◦). By varying the incoming light polarization, we can estimate the π
σ

-ratio. The
actual data is shown in Fig. 4.29(a-b) for the case of tensile strain, and Fig. 4.30(a-b) for
the case of NNO on compressive strain.

Technically speaking, the azimuthal dependence at QSDW must not be identical to the
one measured at (1

4
, 1

4
, 0.28). To validate the estimated value of the ratio measured at a

slightly different q-value, we carried out the experiment using wedges of different angles
measuring the azimuthal dependence at overlapping angular regions. The resulting data for
tensile strain are show in Fig. 4.29(c), and for compressive strain in Fig. 4.30(c). The two
data sets are equivalent within the experimental accuracy. This suggests a non-collinear
magnetic structure rather than a collinear one for heterostructures on tensile strain as well
as for the NNO sample on compressive strain.
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Figure 4.30 Compressive strain. (a-b) The scans obtained using the non-tilted geometry at
ψ = 90◦ and 270◦. (c) A comparison of the azimuthal scans obtained using wedges with differing
tilt angles, which yield the shown l-values. The data points in open squares are measured in the
non-tilted geometry.

A final test to verify the point extracted at these two critical angles ψ = 90, 270◦ was done
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by fixing (−1
4
,−1

4
, 0.28) and scanning the polarization of the light. This feature is unique to

modern undulators, as discussed on page 18. A schematic of such a measurement is shown
in Fig. 4.31, viewing the wedge and sample from the ~kin perspective. In this case, instead of
rocking the sample or detector, the setup is fixed while the incoming light’s polarization is
moved from π to σ, whose angle we call φ. Note that the extreme values of φ correspond to
the original π and σ channels.

kinkout

σε

επ
φ

Figure 4.31 The defi-
nition of the light rotation
scans, as viewed from the
direction of the incoming
light. The diffraction condi-
tion remains fixed, while the
incoming light polarization
is rotated from π to σ, with
a rotation angle we call φ.
Data points follow Fig. 4.26
and solid lines show the cal-
culated behavior.

The results of such scans are shown in Fig. 4.32, for both tensile and compressive strain,
along with model calculations of the polarization rotation scans using the noncollinear models
that were obtained in the previous sections. Once again, the agreement between the data
and the model calculations is acceptable, yielding solid proof in favor of the noncollinear
models proposed before.
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(a) Tensile strain
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(b) Compressive strain

Figure 4.32 Light rotation scans performed for the case of (a) tensile strain, (b) compressive
strained NNO, along with the calculated intensities using the noncollinear models discussed in the
previous section.
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4.4 Discussion and conclusions

Finally, we turn to discuss the main conclusions and potential outlook around the results
pertaining to the discovery a magnetic ground state in LNO-based SLs. The discovery itself
of AFM order with a period 4 unit cell, analogous to the bulk magnetic order in other
members of the RNO family is perhaps the most resounding result of this investigation.
Although much effort had been invested in exploring the changes in the transport properties
of LNO upon confinement in a SL geometry, the magnetic properties had remained relatively
overlooked. In this thesis, following up on the work we did in Ref. [109], the first diffraction
evidence of an AFM order in otherwise paramagnetic LNO was reported. As astonishing as
it appears, we were able to use the powerful technique of RSXS to identify magnetic order in
slabs of LNO with only 2 u.c., as depicted in Fig. 4.33, which summarizes the main findings
of this investigation. The study lead in addition to identify a new state in the spin spiral
that forms in these systems, whose mechanism we now attempt to explain.

[110]
kin

ψ+

[001]

q kout [110]

σε
πε

Figure 4.33 The main
conclusions of this investi-
gation, where magnetic or-
der was found in SLs con-
taining 2 u.c. layers of
LNO, a material otherwise
paramagnetic.

4.4.1 Orbital polarization altering the magnetic structure

The pattern observed of different SDW polarizations, both in and out of the a, b-plane,
must be understood by accounting for known effects that epitaxial growth has on these
systems. The first candidate is the crystal lattice. Structurally, in-plane strain is known to
affect oxygen octahedra rotations in inequivalent ways for tensile and compressive strain [8,
117, 118]. We have carried out our own extensive structural characterization which reveals
similar Glazer rotation patterns for all samples under tensile strain, with subtle differences
in the magnitudes of the rotations [8, 11]. Within our sensitivity, these samples exhibit the
same SDW polarization which could thus arise from such strain driven structural distortions.
However, these fail to account for the systematics pertaining to compressive strain. In such
case, similar Glazer rotation patterns are expected for both the strained NNO film and
the LNO-LAO SL, while distinguishable magnetic structures are observed. Thus, a purely
structural origin of the magnetic structure’s response to strain can be ruled out.

Another property that strain is known to modify is the orbital occupation of the eg lev-
els. In the more itinerant bulk NNO, PNO and LNO, all 3d7 systems in low spin state, a
single electron occupies the degenerate eg level. As discussed previously on page 50, STO’s
tensile strain and confinement of LNO in a SL geometry induces an average polarization
of ∼ 5% favoring the dx2−y2 orbital [69]. Single films of LNO under compressive strain,
where the c-axis expands at the expense of in-plane contraction, have slightly more occupa-
tion of dz2−r2 [70]. Equivalent behavior is observed for a compressed NNO film. However,
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Figure 4.34 Linear dichroism around the Ni L2-edge from XAS signals with incoming light
polarization in and out of plane for (a) LNO-DSO on DSO, (b) NNO on LSAO, (c) LNO-LAO
on LSAO. The sum-rule derived eg orbital occupations are given and schematized by color coded
solid and semitransparent lobes.

heterostructured LNO under compressive strain is less straightforward to interpret. As we
reported in Ref. [105] and discussed on page 50, the competition between the confinement
and compressive strain will result in an orbitally degenerate system.

To test these ideas and their connection to the magnetic structure changes observed, we
measured XAS with linearly polarized x-rays near the Ni L2-edge to determine the occu-
pation of the Ni d-orbitals. Fig. 4.34 displays the difference of the absorption spectra for
photons polarized parallel and perpendicular to the heterostructure plane for three repre-
sentative samples. The derivative-like lineshape of the spectra in panels (b-c) arises from
an energy splitting between d-orbitals of 3z2 − r2 and x2 − y2 symmetry due to the non-
cubic crystal-field, as described in Fig. 4.8 and Ref. [105]. With the aid of the sum rule
for linear dichroism, the energy-integral of the dichroic difference spectra can be converted
into the ratio of hole occupation numbers, as shown in Eq. 4.2. The SLs and films grown
under tensile strain show X > 1, corresponding to an enhanced electron occupation of the
dx2−y2 orbital (red lobe in the case of tensile strain in Fig. 4.34). Lifting this degeneracy
and occupying more dx2−y2 results in a finite dmlz

state with finite orbital moment along z.
Therefore, the experimentally observed canting of the spin moments towards this direction
is a natural consequence of the intra-atomic spin-orbit coupling. Conversely, the preferential
d3z2−r2 occupation (X < 1) found in the compressively strained NNO film (middle Fig. 4.34)
accounts for the observed spin polarization in the x, y-plane. In the compressively strained
LNO-LAO SL, our data show that the equal population of dx2−y2 and d3z2−r2 found in bulk
nickelates is restored. In contrast to the long-range effect of epitaxial strain, the orbital po-
larization due to dimensional confinement is more effective at the interface with a blocking
layer, thus affording an independent means of controlling the SDW polarization.
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4.4.2 Remanent conductance in the SDW state and the question
of concomitant CO

Finally, we turn now to carefully examine the conductivity of the LNO SLs in the AFM
state and discuss the possible suppression of CO justifying the usage of the term SDW. The
main observation of this context is summarized in Fig. 4.35, which compares the onset of the
magnetic Bragg peak detected by RSXS to a representative resistance curve of a LNO-LAO
SL on LSAO. Two important trends are observed: First, the change of slope of the resistance
occurs at around the same temperature as the onset of the AFM state, suggesting that the
two are connected. Second, the absolute values of the resistance at the lowest temperatures
are still quite low, defying the term “insulator”. This is consistent with a SDW that leaves
some segments of the Fermi surface ungapped [99, 100], and with experimental results on
other SDW systems [15,132].
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Figure 4.35 The tem-
perature dependence of the
peak at QSDW compared
to the resistance of a LNO-
LAO SL on LSAO.

The question about CO in the LNO based SLs is one which was partially addressed dur-
ing this thesis. The main findings done so far are summarized in Fig. 4.36. In an effort to
further characterize the low-temperature ground state, we measured the intensities of Bragg
reflections with wave vector QCO = (1

2
, 1

2
, 1

2
) as a function of photon energy close to the Ni

K-resonance at several temperatures. Previously, commensurate CO was detected on NNO
films grown under tensile-strain conditions [88,133], as discussed on page 45. We have repro-
duced the same lineshape in the low-temperature insulating state of a reference film NNO
on an STO substrate, which also imposes tensile strain (Fig. 4.36(a) top). The maximum
of the resonant peak decreases with increasing temperature. In panel (b), the electronic
modulation amplitude (defined as the peak maximum normalized by the off-resonance in-
tensity) is compared to the off-resonant intensity of the structural peak. Both the electronic
and structural amplitudes show an order-parameter-like temperature dependence consistent
with the metal-to-insulator transition observed in the resistance curve shown as a red line
Fig. 4.36(b). However, a clear difference to the results reported in Ref.’s [88, 133] is a re-
maining energy-dependent peak at QCO above the TMIT . We attribute this to structural
differences between our film and the one of Ref.’s [88,133] which we observe in non-resonant
diffraction studies [11].

To obtain a qualitative understanding of the spectra, we have done first principles calcu-
lations as follows [8]. We considered LNO structures with a charge disproportionation into
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Figure 4.36 The discussion about the CO in NNO and the LNO SL on STO.

two inequivalent Ni sites with valence states 3−δ and 3+δ, along with a corresponding mod-
ulation of the Ni-O bond lengths and distortions induced by rotation of the oxygen octahedra
with different Glazer patterns and bond angles. These calculations were performed using the
WIEN2k code based on the full-potential (linearized)-augmented-plane-wave plus local or-
bitals method within density functional theory in the generalized gradient approximation [8].
These calculations yield the imaginary component of σ around the Ni K-edge for each struc-
ture. The real part of σ was obtained using the Kramers-Kronig transformation. With these
results, the diffraction spectra were then calculated using the matrix formalism implemented
in the ReMagX program [69]. The model lineshape, shown in Fig. 4.36(a) (upper panel),
are in decent agreement with the low temperature data. The modulation at temperatures
above TMIT may arise from either a residual charge disproportionation and/or from NiO6

octahedral tilts, driven by different strain conditions which relax the Pbnm-extinction rule
at QCO. In such case, the lower symmetry phase will result in non-zero off-diagonal terms
in σ. A schematic of the two different sites is shown in Fig. 4.37. It also depicts examples of
the resulting matrix =(σ).
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Figure 4.37 A schematic of
the results of charge dispropor-
tionation and octahedral tilts
where two Ni sites have different
σ tensors. The off-diagonal terms
are generated by the tilts and
have smaller amplitude than the
diagonal terms, whose asymme-
try arises from a different core po-
tential at disproportionate sites.

In contrast, the LNO SL on STO, with a weaker overall intensity at QCO, shows a different
behavior (Fig. 4.36(a), bottom). While the structural amplitude decreases with increasing
temperature, the electronic modulation does not change with temperature (Fig. 4.36(c)).
This might suggest a precursor structural transition that, in the case of LNO SLs, does not
lock-in the electronic CO transition. In other words, the structural modulations are not
connected to the change in conductance. However, the weak changes in structural intensity
can also be related to the phase transition of STO [112] and/or alignment issues which could
not be fine-tuned during the experiment. Modeling the “wiggly” lineshape for this sample
as well as for the NNO film at high temperatures remains a part of the outlook.

The temperature dependent structural amplitude of Fig. 4.36(c) tempts us to attribute
the dimensionality-induced MIT to a structural change in LNO. However, the LNO SL
on LSAO (whose lattice structure is characterized by the same space group I2/c but a
smaller octahedral tilt amplitude [8]) defies this connection. In this case, no diffraction
signal is detectable at QCO above background level at all temperatures. These observations
would agree with the suggestion of [99,100] where the SDW amplitude is the primary order
parameter in these systems, and a secondary CDW can be suppressed depending on details
of the lattice structure. From these observations, compressive strain may effectively provide
conditions for a suppressed CO.

Finally, the nickelates can be epitaxially integrated with other oxides exhibiting ferro-
magnetic metallic or insulating states through atomically sharp interfaces. Along with the
control options for the SDW polarization and the secondary CO we have identified, and the
possibility of in-situ monitoring of SDW and CDW order by resonant x-ray diffraction, our
discovery provides interesting new perspectives for spintronic devices, in particular for the
possible application of spin-transfer torque effects on spin valves containing metallic AFM
systems [134]. In analogy to Ref. [114] where exchange bias between nickelates and man-
ganites was observed, a possible design is shown in Fig. 4.38. However, in this case the
design would comprise a half-metallic manganite layer and an AFM-metallic nickelate layer.
The former could be LCMO. The latter could be LNO or PNO, which has shown a metallic
behavior when grown on compressive strain [11]. A spin-polarized current applied in the
FM-ordered state of the manganite can pass into the AFM-metallic nickelate layer and exert
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a spin-transfer torque on the Ni ions. This could conceivably alter in the spiral state of
the nickel. Thus, dynamically manipulating the orientation of the spins in a spin-valve-like
heterostructure would offer intriguing perspectives to the spintronics community.

manganite

nickelate

manganite

j

Figure 4.38 A simple de-
sign of a heterostructure com-
bining a FM-metal with a nicke-
late in a AFM-metal phase. The
spin-polarized current generated
in the manganite may exert a
spin-transfer torque on the mag-
netic spiral of the Ni, which could
lead to a change in their polariza-
tion.
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Chapter 5

The Cuprates: A Charge Density
Wave

Superconductivity (SC), a prime jewel of condensed matter physics, was discovered in simple
metals in 1911. It took physicists several decades to better understand the phenomenon,
when the BCS theory was developed and granted the Nobel prize to Bardeen, Cooper and
Schrieffer in 1972. And just when physicists were convinced that the upper limit in the
transition temperature (Tc) cannot be breached, along came the cuprates. Discovered in
1986 by Müller and Bednorz, they still challenge physicists with fundamental questions.

This chapter will present and discuss the evidence of incipient charge density wave (CDW)
order found throughout this PhD project in the YBa2Cu3O6+x (YBCO) system, including
single crystals and YBCO-based heterostructures. It includes a brief introduction to cuprate
physics, serving to motivate the importance of the present study.

5.1 Properties of bulk YBCO

The crystal structure

As in many TMO materials, details of the crystal structure are crucial. The superconducting
cuprates have a crystal structure deriving from the perovskite CaTiO3 structure, discussed
on page 3. However, the fundamental building block of cuprates are closely spaced, CuO2

planes, separated by ∼ 6-8 Å. Thus, the ABO3 cell is split into AO and BO2 layers. The
families of superconducting cuprates can be obtained by stacking CuO2 planes between
charge reservoir layers with family-dependent chemical composition. This effectively results
in a 2-dimensional system, which can be observed in anisotropic measurements of different
kinds [135]. A general schematic of this characteristic is shown in Fig. 5.1.

79
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CuO  planes2

blocking layers

c

a

b

blocking 
layers

Figure 5.1 The basic build-
ing block in all superconducting
cuprates are the CuO2 planes,
which are isolated between block-
ing layers, which are different for
all families.

YBCO is a member of the so-called 123 -cuprate family. The unit cell, shown in Fig. 5.2,
contains two adjacent CuO2 layers, separated by 2.85 Å. The Y-ion sits between these two
layers, ensuring their 2-dimensional nature. The BaO+CuOx block follows the CuO2 plane
double-stack, separating them by about 8.5 Å.

CuO  chain layerx

Ba

c

a

b

~11.75 ÅY CuO  planes2

2+ 9
Cu   (3d )

1+ 10
Cu   (3d ) 2+ 9 9

Cu 3(d +d L)

Figure 5.2 The unit cell for YBCO6+x for x = 0 (left) and x = 1 (right). Two adjacent
CuO2 planes, separated by 2.85 Å conform a bilayer unit. The added oxygen is located along the
CuOx chains which run along the crystallographic b-direction, which transitions from a tetragonal
P4/mmm phase (left) to an orthorhombic Pmmm structure (right). The degree of orthorhombicity
increases with x. Figure based on Ref. [136].

A close look at Fig. 5.2 will reveal a unique characteristic of the YBCO system. Within
one unit cell, there are two different Cu-O environments. Aside from the ions lying within
CuO2 planes, 1-dimensional chains of Cu-O run along the crystallographic b-axis. These
chains fill up as the excess of oxygen x varies from 0 to 1 and have important consequences
on the structure of YBCO.
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� Figure 5.3 The dispropor-

tionation of the a, b lattice con-
stants of YBCO6+x increases
with the excess oxygen x. The
crossover from a tetragonal to or-
thorhombic structure takes place
at x ∼ 0.33. Image reproduced
from [136].

The parent compound YBCO6 has a tetragonal P4/mmm structure, with a = b = 3.86 Å
and c = 11.78 Å. As the oxygen ions are introduced, their preferential aligning along the b-axis
results in a uniaxial length distortion along that direction. After x ∼ 0.33, YBCO6+x evolves
into an orthorhombic structure (Pmmm), with increasing a−b disproportionation until x = 1,
as shown in Fig. 5.3. No structural phase transitions occur below room temperature, i.e. in
the temperature ranges of interest to this study.

OII (x=0.5)

OV (x=0.6)

OVII (x=0.625)

OIII (x=0.67)

OI (x=1)

T (x≤0.3)

a

b

Figure 5.4 The several oxygen-ordered phases of the chains in YBCO6+x are shown, with Cu
ions in blue and O in red. Depending on the content x, the superstructures along a can be N-fold
(with N=1,2,3,5,8), and the super unit cell is shown underneath each case. No superstructure
exists in the tetragonal phase. Figure based on [137,138].

The Cu-O chains can have yet another implication on the structure of YBCO6+x. Within
the orthorhombic phase, special annealing treatments can lead the Cu-O chains to order
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into b-axis-oriented arrays of Cu-O and Cu-empty sites [137,138]. This results in a periodic
superstructure visible along the a-axis, shown in Fig. 5.4. The period of this superstructure,
which depends on the amount of oxygen x, serves to classify the different phases. Their
nomenclature follows the notation ortho-N (or ON), where the roman numeral N stands for
the N-fold periodicity along the a-axis. The structural coherence length of these ordered
chains can be very good, reaching its best value in the OII phase.

XAS: the valence states of the Cu ions

The different Cu sites in the unit cell of YBCO can be distinguished by their valence states.
Planar CuO2 has a d9 oxidation state while the CuO chains have changing valence states
between Cu1+ and Cu2+ as the excess of oxygen x varies from 0 to 1. These yield several final
states for the XAS process [139–142]. Fig. 5.5 shows typical spectra for different samples
of YBCO6+δ around the L3 absorption line: a 2p3/2 → 3d transition. In it, three features
can be identified, which correspond to three different final states, as follows. The first and
most intense of all features, at photon energy of 931.5 eV, corresponds to 2p63d9 → 2p53d10

transition, filling up the valence states of the Cu ions that live in the planes. Since the 3d
shell has one single hole in the dx2−y2 level the transition has such an in-plane symmetry. In
other words, for light polarized along the c-axis this absorption peak weakens. Such feature
in the XAS is generic and present for all the cuprate families at any doping level. The
feature at 934.4 eV corresponds to the monovalent Cu1+ states that the empty chains possess
(2p63d10(sp)0 → 2p53d10(sp)1), similar to XAS measurements of monovalent Cu2O [141].
Since this transition pertains to empty chains, this feature is absent in fully oxygenated
YBCO7.

Figure 5.5 XA spectra mea-
sured for several doping levels
and light polarizations, taken
from [139].

An additional shoulder emerges upon introducing excess oxygen to the chains. At 933 eV
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this energy corresponds to transitions of the kind 2p63(d9 + d9L) → 2p53(d9 + d10L). This
implies a strong hybridization between the Cu orbitals and the ligand oxygen ions. These
states correspond to the copper ions along the Cu-O chains and can probe the oxygen content
comparatively. In untwinned samples with well ordered chains, such a feature will vanish
with light polarized along the a-axis. Although the chains only exist in YBCO, other cuprates
may also show this feature (albeit weaker) since the doping similarly alters the valence state
of the CuO2 planes.

Hole doping YBCO

The properties of YBCO6+x can be tuned by introducing positive charge carriers, holes, into
the CuO2 planes. In general, hole doping a cuprate parent compound is achieved by altering
the valence state of blocking layers, which transfers the excess charge into the CuO2-planes.
YBCO6+x accommodates the charge by introducing excess oxygen into the CuO chains [143].
Since the chains can be well-ordered, this doping mechanism makes the 123 -family the least
disordered one of the cuprates.

(a) (b)

Figure 5.6 (a) The hole count p per CuO2 unit dependence on the oxygen content x. (b) The
relationship between the c-axis lattice constant and doping. Figure reproduced from [143].

The hole count dependence on the oxygen content x is shown in Fig. 5.6(a). For x . 0.25,
a critical fragment length of 3 Cu ions connected by 2 oxygen ligands must be exceeded in
order to trigger doping into the CuO2-planes, which leads to the flat dependence [144]. The
onset of the orthorhombic distortion at around the same x-value (Fig. 5.3) corroborates the
formation of longer chain fragments, which coincides with the initiation of transfer of holes
into the planes and to the onset of SC. Fig. 5.6(b) shows how the oxygen content affects the
c-axis lattice constant. More oxygen anions contract the unit cell along the vertical direction.
Thus, the c-lattice parameter can generally be used to monitor the doping level. Since the
oxygen content in YBCO6+x cannot exceed x = 1 and YBCO7 is only slightly overdoped,
further doping is done by substituting the Y ion by controlled amounts of Ca [145].
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The phase diagram
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Figure 5.7 A general
schematic of a doping vs. Tc
phase diagram of the cuprates.
From an AFM parent compound,
doping leads to a SC state at
optimal level (popt), passing
through the pseudogap phase.
In the overdoped regime, the
system is well-described by Fermi
liquid theory. Image reproduced
from Ref. [146].

The doping vs. temperature phase diagram of the SC cuprates is one of the most enigmatic
problems in modern condensed matter physics. The generic schematic of a cuprate phase
diagram is shown in Fig. 5.7. Albeit slightly different for different families, they all show the
same general features.

The low-temperature, undoped parent compound of YBCO is an AFM Mott insulator
with a Néel temperature in the order of TN=400 K [147–150]. The superexchange coupling
in the plane is larger than out of the plane, as observed in the modulated l-dependence of
the AFM peak at (1

2
,1
2
,l) investigated by neutron scattering [148]. The magnetic moments

lie mostly in the plane, directed along the Cu-O bond direction, and show a small in-plane
anisotropy between the two orthogonal directions [151].

Doping the system with holes destroys the long-range AFM order and leads to a SC
ground state with a gap showing d-wave symmetry (Fig. 5.9(a)). Empirically, the doping
dependence of the superconducting critical temperature is often described using the following
formula [143]:

Tc = Tmaxc (1− 82.6(p− popt)2).

In the underdoped regime, SC sets in at low temperatures with increasing Tc. However,
the formula breaks down in YBCO6+x for doping levels near p ∼ 0.12 or x ∼ 0.6, forming
the “plateau” shown in Fig. 5.8. Among the most likely origins of the plateau1, observed in
other cuprate families as well, is the formation of charge and/or spin ordered phases at the
same doping levels, which are believed to be in competition with SC [152]. This notion was
hitherto challenged by the absence of a charge or spin ordered state around the plateau in
YBCO.

1Others discussed in Ref. [149]
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Figure 5.8 A comparison be-
tween the empirical model of the
SC dome and the actual values
of Tc for YBCO6+x reveals a set
of doping levels where the model
does not fit the data. This is
known as the “plateau”. Figure
reproduced from Ref. [143].

At high doping levels (p & 0.16− 0.20) the normal state out of which superconductivity
emerges is often considered as a good Fermi liquid. It shows a hole-like Fermi surface (FS)
with 1+p holes per Cu ion [146, 153, 154], a T2 dependence of the resistivity [155], and
obeying the Wiedemann-Franz law [156].

The pseudogap

As it turns out, however, the normal state from which SC emerges is not always conven-
tional, and is particularly puzzling in the underdoped region [146, 150, 157–159]. The term
“pseudogap”, coined by Sir Nevill Mott in his seminal treatment of metal-insulator transi-
tions [160], refers to a loss of low-energy excitations, i.e. a reduction of available states near
the Fermi level in a metal. In the cuprates, a consequence of such a loss of states was first
observed by nuclear resonance experiments on YBCO6+x. A reduction in the dynamic [161]
and static [162] spin susceptibilities were observed below T∗ >Tc (although at different tem-
peratures2), in contrast to a temperature-independent Pauli susceptibility expected for a
Fermi-liquid metal. These observations fueled speculation that the pairing mechanism of the
SC cuprates was stemming from AFM correlations, in analogy to the spin-singlet formation
leading to a loss in susceptibility at Tc in conventional SC. Inelastic neutron scattering,
another probe coupling to the spin channel, later confirmed a loss of spectral weight of the
magnetic resonance peak at low energies at T∗ [163], although not clear-cut for lower doping
levels x < 0.5 [149].

Despite the amounting evidence of a gap in the spin channel pointing to a pre-formation
of a paired singlet, it was known that any instability could result in the emergence of a gap.
These instabilities could be AFM correlations or charge density waves (CDW), as incidentally
one of the pioneering theories of pseudogap states was developed for 1-dimensional CDW
systems [164]. Furthermore, the implications the “spin gap”3 would have on the electronic
charge lead the way to explore this phenomenon with probes which couple directly to the
charge. Among these were optical conductivity and dc-resistivity. The former probe showed
a drop in the c-axis, frequency-dependent conductivity below a certain frequency ωgap in
the order of 75 meV, at temperatures lower than T∗ [157, 158]. Interestingly, the in-plane
response showed an increase in the conductivity, suggesting a lowering of the scattering rate
by partial removal of states with high cross-section. This anisotropy was confirmed in the
dc-resistivity, which showed the changes at a T∗ roughly coinciding with NMR [158].

2The actual value of T∗ can vary substantially depending on the probing tool.
3Not to be confused with the spin gap observed in the low-energy excitation spectrum [149,165,166].
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Angle-resolved photo emission experiments (ARPES) done on cleave-favorable cuprate
compounds also contributed evidence of the pseudogap. The experiment yielded an estimated
gap value, and more importantly, its symmetry. Tracking the position of the gap along k-
space, the FS was monitored through the crossover between regimes in the phase diagram. It
showed symmetry properties similar to the SC gap where it vanishes along certain directions
in k-space due to its d-wave symmetry [167]. However, instead of fading out only at the
nodal points, available states remained along portions of the FS coming from the overdoped
side, eventually ending in a complete loss of antinodal quasi-particle spectral weight when
approaching the Mott insulating state. These segments along the FS are known as “Fermi
arcs” (FAs) (Fig. 5.9). Disconnected portions of the FS are not easy to account for in current
theoretical frameworks, which only predict continuous or closed (pockets) contours [146].
This has led to a discussion of whether the FAs are parts of a coherent, closed and pocket-
like FS or whether they are indeed a discontinuous phase separation in momentum space
between gapped and non-gapped electrons at certain k’s. Recent measurements of quantum
oscillations point towards the existence of closed loops in a real FS [168, 169], and will be
discussed later on.
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Figure 5.9 (a) The gap (∆) symmetry of the d-wave SC state in the cuprates. As opposed to
a spherical s-wave scenario, the gap has nodes where it vanishes (purple open circles), along the
(π, π) direction. (b) A schematic of the hole-like FS in the overdoped regime (solid black lines), the
nodes in the SC gap (solid purple circles) and the Fermi arcs developed within the pseudogap (solid
orange lines). (c) A schematic of the gap values in the SC (dotted purple lines) and pseudogap
(solid orange lines) state as function of the angle along the FS, as indicated by dotted blue lines
in panel (b). Image adapted from [159].

Today, there are two leading interpretations which attempt to explain the pseudogap
phenomenon [146, 157, 158]. On the one hand, there is the notion of a “precursor” state to
SC. In this sense, the pseudogap seen by ARPES and other techniques see a “leading-edge”
peak below the Fermi level set in at T∗ and eventually become a coherent quasiparticle peak
in the SC state at Tc. Scientists supporting this view believe the SC state is merely the
onset of coherent pairing coming from the incoherently paired state: the pseudogap.
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Figure 5.10 The two scenarios proposed to explain the pseudogap phenomenon. The left panel
shows the precursor picture, where the SC state is merely present when the gap excitations gain
coherence, thus the pseudogap extends always above the SC dome. On the right, the competing
phase picture implies the presence of a QCP (marked by a pink x) where a symmetry broken
state sets in at T=0 K. The position of this QCP in terms of doping in the phase diagram is also
controversial and is probably material dependent.

The second viewpoint is that of a competing phase. In this notion, the idea is that a
quantum critical point (QCP) at T=0 K marks the border between a broken symmetry state
and a normal state. These correlations extend into higher temperatures and lead to the
FS reconstruction observed by many techniques. Addressed in more detail in the following
section, such idea is compelling due to the observation of charge and/or spin ordered states
in certain families of cuprates, but hitherto lacked universal acceptance due to the fact that
such long-range charge order has eluded the YBCO family.

Charge order in cuprates

Unidirectional “stripes” of charge and spin density waves have been observed in perovskite
manganites [170], 214 -nickelates [171–173], and isostructural cuprates, suggesting a possible
affinity of the underlying mechanism. However, their integration into the SC phase diagram
of the cuprates has been the center of an intensive discussion. Since the literature is rather
extensive, the main scope of this section will be restricted to content relevant to the study
carried out in this thesis. More information (in particular details of spin order) can be found
in Ref.’s [149,150,152,174–178], from which the following section was summarized.

The AFM magnetic structure of undoped cuprates consists of spins living in the CuO2

planes with a staggered “spin-up spin-down” superstructure, with a 2-dimensional wave
vector Q2D

AFM = (1
2
, 1

2
). For doping levels above the undoped phase, there are several mani-

festations of local, incommensurate and dynamic forms of magnetic order, which seem to be
strongly dependent on the material. In some compounds the single AFM Bragg peak splits
into four spots, displaced from QAFM by a certain δ. These new Q-vectors arise from a spin
modulation which is locally commensurate, but jumps by a phase π at periodic arrays of
domain walls. The convolution of these two periodicities (AFM and spin flip at the domain
walls), results in a SDW with QSDWx = (1

2
+ δ, 1

2
) and QSDWy = (1

2
, 1

2
+ δ). The domain walls

host the dopant holes and form charged rivers with an additional sinusoidal modulation.
The CDW peaks appear at QCDWx = (h + 2δ, k) and QCDWy = (h, k + 2δ). A schematic of
a stripe ordered lattice is shown in Fig. 5.11.
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Figure 5.11 A schematic of the stripe phase, shown for the commensurate case of p = 1
8

for simplicity. On the left, the real space picture is described, where the doped holes (shown as
alternating black/blue spheres) reside within the domain walls (shown as blue rectangles). If one
hole lives per CuO2 unit, then the period of the charged stripes corresponds to the doping level.
The locally AFM spin structure is interrupted by these charged walls, changing the phase of the
spin modulation, resulting in a double-sized magnetic super-cell. On the right, the reciprocal space
picture, where four charge peaks appear around each Bragg spot, with 2δ = 0.25 for this doping.
The AFM Bragg spot splits into four incommensurate peaks around it in the stripe phase.

Birgeneau et al. [179] first observed incommensurate, dynamic magnetic fluctuations in
the compound La2−xSrxCuO4 (LSCO) by inelastic neutron scattering. Later on, Tranquada
et al. [152] set out to investigate if the “1

8
-anomaly”, where the SC state is dramatically

suppressed at doping p = 1
8

[180], is connected to these fluctuations. Attempting to stabilize
these fluctuations, they chose to work with Nd-substituted LSCO (LNSCO), a system in a
low-temperature tetragonal (LTT) structural phase which had been identified as an ingre-
dient to enhance of the 1

8
-anomaly [181]. With an onset temperature well below the LTT

phase transition and pinned by the LTT lattice to a commensurate value of δ = 1
8
, the static

spin stripes they discovered emerged as solid evidence of a competing phase.
Subsequent neutron experiments further confirmed and expanded these observations. The

Yamada plot in Fig. 5.12 shows δ’s dependence on doping [182], where we note the occurrence
of static stripes in LSCO at higher doping levels. A comparison of inelastic scattering signals
between LNSCO at p = 0.12 and LSCO at p = 0.15 (optimally doped) shows low-energy
fluctuations of the SDW stripe state above the SC state in the latter. It was also found
that these fluctuations are governed by scaling laws which are typical of the vicinity of a
QCP [174,183].
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Figure 5.12 The Yamada plot
shows the dependence of the
stripes’ incommensurability δ on
the doping in 214-cuprates. Fig-
ure reproduced from Ref. [182].

However informative and conclusive the observation of SDW stripes using (elastic and
inelastic) neutron scattering were, they were only able to detect the spin and nuclear channel.
Thus, the conclusion of a coexisting CDW was based on the symmetry arguments described
in Fig. 5.11. It was then up to a scattering technique coupling to the valence charge to first
directly show the charge order. Abbamonte et al. carried out seminal RSXS experiments and
found CDW order in La2−xBaxCuO4 (LBCO) with p = 0.125 [178] at QCDW = (1

4
, 0, L). The

L-dependence revealed a rod-like feature, suggesting a weak coupling between subsequent
layers, maximizing at half-integer values. This observation suggested a 90◦ rotation of the
stripe orientation at every layer, consistent with Coulomb energy minimization and features
of the LTT phase which stabilizes the stripes.

Measurements at the Cu L-edge are mostly sensitive to the lattice displacements of
the Cu ions. However, tuning the photon energy to the O K-edge can directly probe the
disproportionation of doped carriers since the dopant holes reside in the ligand O atoms.
There are two XAS peaks around the O K-edge shown in Fig. 5.13. The first one at ∼528 eV
corresponds to transitions into the doped hole levels, labeled in the reference as the mobile
carrier peak (MCP). The second peak at 530 eV is from transitions into the upper Hubbard
band (UHB). So the authors exploited the phase QCDW at the MCP which directly quantifies
the doped charge in the ligand. They extracted an estimate of the charge modulation,
yielding a peak-to-trough modulation of ∼0.06 holes. The value, however, is strongly tied
to the charge layout model used, and thus can be controversial [174]. Nonetheless, the
confirmation of a “spatially modulated correlated Mott state” is deemed very instructive.

Figure 5.13 The study of the
CDW resonance around (a) the
O K-edge and (b) the Cu L3-
edge. Figure reproduced from
Ref. [178].
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The onset of the CDW in LBCO coincided with the LTT phase of LBCO (∼60 K), which
made it hard to disentangle the transitions. Therefore, Fink and collaborators turned to
perform similar RSXS experiments on Eu-substituted LSCO: LESCO [175,176] which has a
higher LTT transition temperature (TLTT ). The authors found the charge stripe phase to set
in at ∼70 K, well below TLTT at 125 K and above spin correlations detected at lower temper-
atures [184]. The series of transitions with TLTT >TCDW >TSDW suggests that structural
phases are, at most, weakly driving the CDW state [176]. Some authors believe that stripe
order could be driven by AFM correlations, which set in at higher temperatures [174].

A doping series conducted by the same team revealed a similar behavior of the charge
stripe modulation to the Yamada plot, shown in Fig. 5.14. It showed that the charge ordered
phase has a dome-like trend in the phase diagram, possibly linking it to underlying electronic
mechanisms instead of purely structural, and that the coherence length of the CDW is
probably linked to the proximity to the commensurate 1

8
-state instead of random dopant

potentials.

Figure 5.14 The doping de-
pendence of the onset of charge
order (TCDW ) in LESCO, taken
from Ref. [175].

In summary, x-ray and neutron studies show different temperature dependencies and on-
set temperatures. This suggests that the charge order drives the spin order, and that the
former is not necessarily connected with the LTT phase. In the stripe phase, the charge and
spin order are connected by the relation δspin = δcharge/2. In the 214 -family, the dependence
of p vs.δ behavior appears to rule out the possibility of FS nesting as the driving mechanism,
where δ would decrease with increasing doping (the vector joining the segments near the
antinodal regions decreases with doping). Finally, we note that other techniques have con-
tributed to addressing the presence of charge ordered states. Muon spin rotation, magnetic
resonance, transport measurements and surface techniques like STM have been applied to
the appropriate families and are discussed elsewhere [174].

Despite the thorough literature addressing ordered phases in cuprates, the question of
its role in the phase diagram is still an open one [174]. Does the stripe order compete or
collaborate with SC? Do they coexist? If so, can an external parameter tune this interplay?
These and other questions are compounded by the apparent lack of universality among the
cuprates, in particular YBCO. Recently, the observation of anisotropic, quasistatic, incom-
mensurate spin (possibly non-stripe) order in underdoped YBCO [185,186] has sparked the
notion of a new phase at T=0 K, leading to a electronic nematic state. Whether this corre-
sponds to a new type of stripe phase coupled to an unobserved charge order or to a more
complex spiral structure remains to be discovered. For doping levels where stripes occur in
LSCO, spin excitations in YBCO are gapped, showing no sign of static magnetism.
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Evidence of Fermi surface reconstruction in underdoped YBCO

With its low chemical and structural disorder, the lack of observed charge order in YBCO
troubled the discussion of charge order universality in cuprates. However, recent years saw
amounting evidence of a FS reconstruction in the underdoped region which suggested an
underlying ordering phenomenon [146,168,169,187–189].

Evidence of quantum oscillations were first found in the YBCO6.5 compound under ap-
plied magnetic field of up to 62 T by Doiron-Leyraud and coworkers [168]. These results
vindicated the presence of a FS in the underdoped regime. The oscillation frequency shown
in Fig. 5.15(c) further suggested a reconstruction into a FS with pockets as small as ∼ 2%
of the Brillouin zone, considerably smaller than the FS of the overdoped region and at odds
with the size predicted by Luttinger’s theorem. From their results, they suggested the for-
mation of closed elongated pockets centered in the nodal directions, possibly connected to
the Fermi arcs seen by ARPES. This schematic is shown in Fig. 5.15(a-b). It shows the
difference in the FS between the two doping regimes of the phase diagram, and the proposed
closed FS pocket in the underdoped case. Although they could not conclude whether this
reconstruction is a feature driven by the inherent O-II structure of YBCO6.5 or if it is a real
feature of the cuprates, the study inspired important subsequent results.

(a) (b) (c)

Figure 5.15 A schematic of the FS of (a) underdoped and (b) overdoped YBCO showing the
suggested scenario of an elongated FS pocket (red ellipse) accounting the for the observed Fermi
arc feature and the hole-like FS of the overdoped regime. (c) The Hall resistance oscillations from
which the size of the FS is extracted. Reproduced from Ref. [168]

In these results [169, 188], the authors found that for several doping levels, the sign of
the Hall resistance turns negative at temperatures around 50 K. As a measure of the charge
carrier type, a negative Hall coefficient suggested the presence of electron charge carriers in
a FS with mixed hole-electron character. This result is equally remarkable as the finding of
a FS itself, as it may call to question the models available which presume the physics in the
cuprates to be mostly governed by holes [146, 187]. Furthermore, the same research team
extended their interpretation to include stripe order when they compared the observed Hall
resistance [188] and Seebeck coefficient [189] of YBCO with the 214 -cuprate family. In both
cases, the hallmark of a reconstructed FS sets in at temperatures correlated with the onset
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of stripe order in the 214 -family. This suggested a similar case of a CDW-SDW breaking
symmetry, possibly a QCP at T=0 K in both families. However, the marked difference in the
spin dynamics of the two families particularly in doping levels around the plateau questions
the interpretation (with YBCO showing a gapped spin excitations while the 214 -family has
static magnetic order). This implies, therefore, that were YBCO prone to a CDW instability,
it would probably be unlocked from the spin channel. And as the question about the exact
fermiology of underdoped cuprates remains open, some have proposed a mixed Q scenario
where hole and electron pockets are present and lead to an ordered state acting exclusively
on the charge response [190].

In 2011, nuclear magnetic resonance (NMR) studies revealed the presence of a charge
density wave order in YBCO6.54 under applied magnetic field of up to ∼30 Tesla [191]. With
the observation of a splitting of the spectra assigned to the Cu sites in the CuO2 planes sitting
underneath full CuO chains, below temperatures of around 50K (similar to the temperatures
where the Hall coefficient turned negative in previous results), the research group claimed
the presence of charge order in the planes. The observed hyperfine shift was explained by
accounting for varying charge densities on different sites. The fact that the splitting is
strongly field dependent lead the authors to conclude that the charge order competes with
the SC state. Furthermore, their model proposed a uniaxial CDW, along a, with period
of 4 unit cells, in analogy to the stripe ordered 214 -family with doping p = 1

8
, but found

no evidence of spin order accompanying the CDW. Thus, a spinless, charge ordered state
was finally found in YBCO. But the question of why is this state not visible to x-rays still
remained.
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5.2 CDW order in YBCO single crystals

We now turn to the results obtained during this PhD project regarding the confirmation of
CDW order in underdoped YBCO single crystals using RSXS. The investigation began with
the observation of an Q-dependent intensity anomaly in the elastic line of inelastic x-ray
scattering (RIXS) spectra taken by our collaborators in Milan, Italy, shown in Fig. 5.16(a).
Besides identifying the peak, the RIXS data was crucial to identify that the order phe-
nomenon was charge rather than spin, as shown in Fig. 5.16(b). To confirm and deepen this
observation, particularly at odds with previous reports [139], the samples were taken to the
elastic (REXS) diffractometer of the UE46 beamline at BESSY, and thus became an integral
part of this PhD project. These results will be summarized in the following section. They
can also be found in Refs. [192–194]. Shortly after the first announcement of these findings,
Ref. [195] confirmed the CDW using high energy x-ray scattering.

(a) (b)

Figure 5.16 (a) A Q-dependent intensity anomaly was first observed in the elastic line of RIXS
spectra of YBCO6.6, which was later confirmed using REXS at the UE46 beamline in Berlin, during
this PhD project. (b) The RIXS data confirmed a charge rather than spin ordered state. Figure
taken from Ref. [192].

Alignment and Q-dependence

We begin our discussion of a wide range of results surrounding the investigation of CDW
order in YBCO with a detailed description of the scattering geometry and technical details
of the experiment. Figure 5.17 shows a top view schematic of the scattering geometry where
the peak is maximized. The YBCO single crystals were mounted with the [001] and [100]
crystal axes in the scattering plane. The [010] direction can be accessed by rotating the
sample by 90◦. The incoming beam’s polarizations (σ and π) are also shown in the figure.
As we will later see, the CDW peak has an elongated dispersion along (00l). This implies
that different scattering angles can be used to access parts of the rod. The scattering angles
shown in the left panel of Fig. 5.17 are ones where the peak intensity was maximized.
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Figure 5.17 (left) The top view schematic of the scattering geometry used in the investigation
of CDW order in YBCO single crystals. The peak was found with incoming (green arrow) angle
of θ ∼ 116◦ and scattering angle (blue arrow and detector schematic) 2θ ∼ 167◦ (the largest angle
accessible before blocking the incoming beam). (right) The schematic reciprocal space (RS) of
YBCO for photon energy of 931.4 eV. A red spot indicates the position in RS for the given angles
of the left panel. The red streak indicates the movement of rocking curve.

Following the discussion around Fig. 3.13, we turn to translate into the region in recip-
rocal space accessible at the Cu L3-edge (∼ 930 eV), shown in the right panel of Fig. 5.17.
Underdoped YBCO has an orthorhombic unit cell structure with in-plane lattice constants
a = 3.83, b = 3.88. While the c-lattice parameter can visibly change when altering the dop-
ing level [143], a and b remain essentially the same throughout the doping range of interest
in the phase diagram. Fig. 5.17 shows the resulting region in reciprocal space. The red dot
corresponds to the scattering conditions shown in the left panel, and the red streak displays
the movement of a typical rocking curve scan (∆ω ≡ ±10◦) used mostly throughout this
thesis.

a

b
c

ψ
Figure 5.18 A photograph
of the YBCO6.6 single crystal
mounted at the diffraction cham-
ber at UE46-PGM1 at BESSY.
The crystal axes shown were de-
termined using conventional x-
ray diffraction.

The sample alignment is guided by two reflections which are needed to define the orien-
tation matrix [196]. For the first reflex, we searched for the nominal (002) peak of YBCO
by changing the incoming photon energy to 1070 eV. This wavelength not only brings the
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reflex into the Ewald sphere, but it requires a scattering angle 2θ ∼ 167◦. This angle is very
close to one required for the investigation of the CDW. Thus, we ensure alignment under
the closest conditions of the actual experiment. To define the perpendicular direction (100)
or (010), the samples were pre-aligned using a conventional x-ray diffractometer, allowing
unambiguous identification of the a and b crystallographic axes. In addition, fine tuning of
the azimuthal direction was done once the CDW peak was found, by manually rotating the
azimuth ±12◦ in steps of ∼ 3◦. A representative photograph of the mounted sample during
such procedure is shown in Fig. 5.18.

To confirm the elastic intensity enhancement that was observed in the RIXS spectra,
rocking curve scans were done on a (97%) detwinned crystal of YBCO6.6. The results of
such scans are shown in Figure 5.20. In a very exciting outcome, a clear peak is observed
centered around QK

CDW = 0.315 rlu and QH
CDW = 0.305 rlu. Although with a slight differ-

ence in the position of the peak, scans along both in-plane directions a and b display equal
intensity, showing an isotropic behavior of the CDW order. In the following discussion,
the same behavior was seen in both directions, thus we refer generically to QCDW unless
noted. Before elaborating further on the peak observed, a few words will be said about
the background signal. Particularly on resonance, the background’s shape is a result of an
intricate combination of systematic effects, including most prominently fluorescence, making
it difficult to interpret quantitatively. On a qualitative account, the rocking curve scans we
performed, shown in Fig. 5.17, span up to 40◦, so variations of ∼1-2% in the background
are expected. Particularly on the far side (θ∼135◦, 2θ=167◦), grazing angles for both the
incoming and take-off beam approach the sample horizon, substantially decreasing the reso-
nant fluorescence background via self-absorption. To analyze the peak, a proper background
subtraction procedure must be done. In most cases, the high-temperature scans, when the
peak has vanished, were taken and used to extract the background of the low temperature
data.
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Figure 5.19 The dependence of the
CDW peak on incoming light polariza-
tion.

Figure 5.19 shows the polarization dependence of the scattered intensity, alternating
between π and σ. In the case of charge scattering, pertinent here, the difference between the
two channels arises only from the fact that the available Cu 3d states have a planar dx2−y2
symmetry. Thus, while the π channel’s projection to the xy-plane is reduced by a factor
(sin(θ) sin(β))2 (with β the take-off angle with respect to the surface), the σ channel is not
affected by the scattering geometry (see Eq. 3.13 and Fig. 3.8). Therefore, the polarization
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used throughout this investigation is σ, seen in Fig. 5.17 as the arrow coming out of the
paper.

Figure 5.20(b) shows the peak as measured on the positive (Fig. 5.17) and negative side
of RS. Similar intensities were recorded on both sides, but in the following, the positive side
was chosen in order to have normal incidence on the sample. Figure 5.20(c) shows the raw
data of the peak intensities’ for different scattering angles 2θ, shifted vertically for clarity.
For all cases, the peak is centered around the same Q-value, suggesting a rod-like elongation
shown in Figure 5.20(d), which is a map of the background subtracted scans. Such a dis-
persion is expected from the 2-dimensional nature of the scattering from the YBCO planes.
The slight decrease in intensity at smaller l-values shown in Figure 5.20(e) is qualitatively
consistent with the intrinsic l-dependence centered at half-integer values due to finite inter-
layer coupling, as shown in [195, 197]. In addition, the increasingly shallow take off angle
can suppress the scattered intensity by self-absorption effects. The optimized conditions to
study the reflex involve the highest possible 2θ angle. We also attempted to do straight
h-scans rather than (curved) rocking curves, but the clearest intensity contrast is seen in the
latter method. We attribute this effect to the electronic noise polluting the diode when the
detector arm is in motion. Being a peak of only ∼6% rise over the background, this noise
becomes relevant. Therefore, rocking curve scans were done throughout this investigation.
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Figure 5.20 (a) The result of scans around the scattering conditions shown in Fig. 5.17 for
untwinned YBCO6.6, revealing a peak centered around QK

CDW = 0.315 rlu and QH
CDW = 0.305 rlu,

with equal intensity shown when scanning along both in-plane directions. (b) The peak is evident
in the positive and negative Q sides. (c-e) The l-dependence of the peak.

Energy dependence

A thorough energy dependence was necessary to fully understand the origin and nature of
the CDW intensity observed so far. Due to the rather low intensity of the peak above the
background (∼6%) compared to the high fluorescence yield at resonance above the non-
resonant background (∼400%), a conventional energy scan fixed at QCDW will be strongly
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dominated by the fluorescence background and thus misleadingly resonant at 931.5 eV. Even
the contrast between an energy scan on QCDW versus off QCDW is not sufficient to yield
quantitative description. Therefore, to carry out a reliable quantitative study, a series of
rocking curves were taken at each energy. Later, the peak intensity is found by subtracting
the background. This procedure yields a reliable description of the peak intensity as function
of photon energy across a strong resonance4.

Figure 5.21(a) shows the results of the analysis of such a series of scans. With representa-
tive raw data for several energies shown in the inset, the blue solid circles in the main panel
show the dependence of the peak at QCDW on incoming photon energy. Overlaid to it is a
black solid line representing the XAS taken in the TEY mode. We recall from Fig. 5.5 that
each of the different Cu sites in the unit cell of YBCO has a different resonance energy. The
CDW peak clearly resonates at 931.5 eV, distinguishably away from 933 eV, entirely ruling
out that the resonant scattering originates in the Cu sites in the CuO chains. Therefore,
utilizing the site selectivity offered by RSXS, we concluded the CDW order lives in the CuO2

planes.
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Figure 5.21 The energy depen-
dence of the reflex at QCDW (solid blue
circles) compared to the XAS spectrum
(black line). The inset shows the raw
data for several labeled energies.

Temperature dependence

Using the versatility and flexibility of a REXS chamber as compared to a RIXS setup, the
temperature dependence of the scattered intensity at QCDW was investigated thoroughly
at the UE46-PGM1 station. The temperature dependent experiments were carried out in
similar fashion to the nickelates, where the sample height was scanned at every temperature
to certify that the beam struck the sample at the same position. Moreover, the CDW prop-
erties were monitored at several sample positions. All the scans revealed the same feature,
confirming the homogeneity of the sample and of the CDW order phase. Fig. 5.22(a) displays
the normalized integrated intensity of the peak as a function of the sample temperature. The
onset temperature is between 120-150 K, difficult to quantify exactly due to the background
subtraction issues. The peak intensity grows upon cooling down, until it reaches a maximum
at around 60 K. At this point, coinciding with the transition temperature into the SC state,
the intensity begins to decrease as temperature is cooled down. The inset of panel (a) shows
raw data for some representative temperatures.

4In general, a fixed-Q energy scan only works when the peak intensity-background ratio is ∼5 times larger
than the fluorescence-background ratio.
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In an equally striking result, the peak’s width also reveals a remarkable temperature de-
pendence. Fig. 5.22(b) shows how the peak’s full width at half maximum (FWHM), obtained
from the peak analysis done at every temperature, behaves as a function of temperature. A
minimum of the FWHM at Tc shows a divergence of the CDW order’s correlation length ξ of
up to ∼18 unit cells (≡∼69 Å), calculated from the expression ξ = a

2π×HWHM
. At each side

of Tc, the correlation length decreases to a value of ξ ∼58 Å at lowest accessible temperature
(10 K), and on the high side of Tc until the peak vanishes. In contrast to the non-temperature
dependent behavior of the stripe order below Tc in the 214 -family [176, 178, 198], the case
of CDW in YBCO6.6 strongly suggests a fluctuating rather that static order.
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Figure 5.22 (a) The temperature
dependence of the integrated intensity
of the reflex at QCDW , normalized
to the maximum value measured at
around Tc. The inset shows raw data
for several temperatures. (b) The tem-
perature dependence of the FWHM.

The case of YBCO6.55

The discovery of a CDW in YBCO6.6 described above answered some fundamental questions
about the physics of underdoped cuprates, but also opened new queries concerning the
marriage with previous results from different techniques. In the paper where the RIXS data
was published [192], a major question remained open. As Figure 3 in the paper shows, RIXS
scans along the a-direction for O-II ordered crystals revealed no CDW intensity. However,
this is the doping where the NMR results have suggested a uniaxial CDW along a under
applied field [191].

To address this seemingly contradictory scenario, we turned to carefully explore the
presence of a CDW in excellent quality single crystals of YBCO6.55. Using the same scattering
geometry, we first tested the hypothesis of a CDW along a, without applied magnetic field.
To our advantage, a well ordered O-II sample will show a reflex in the (1

2
, 0, l) position, which

proves useful to align the second in-plane reflection after the (002). Furthermore, albeit it
essentially is a structural peak, it is expected to resonate at the energy of 933 eV, since it
originates in the CuO chains. Fig. 5.23 shows a series of scans along the a direction taken at
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different photon energies. Indeed a strong reflection is visible at (1
2
, 0, 0.78), which resonates

at 933 eV, attesting to the excellent sample quality. The peak also serves to fine tune the
azimuthal alignment, in contrast to the oxygen disordered YBCO6.6 crystal. However, a close
look at smaller Q-value at photon energy 931 eV reveals a small peak above the background
at QH

CDW = 0.315 rlu, as shown in the inset of Fig. 5.23. Unlike the O-II peak which is very
sensitive to azimuthal rotations, we found the CDW peak does not vary when rotating ψ
by ±3◦ around the nominal value. This suggests a shorter in-plane correlation of the CDW
compared to the rigid ortho order. Resulting in a modulation of ∼3.2 lattice units, the
present data clarifies the NMR model proposed for a period 4 modulation. The weakness of
the feature compared to the case of YBCO6.6 may explain why the original RIXS scans were
unsuccessful in finding the reflex. Moreover, the sample quality and treatment was found to
be of high importance during these experiments. It took several attempts to discover that a
thorough polishing of the sample surface is needed shortly before the experiment to ensure a
clean surface (and with a small penetration depth of the soft xrays, this is highly relevant).

Figure 5.23 Rocking curve scans
along the a direction of a YBCO6.55

crystal at different photon energies,
showing excellent O-II order with a
peak resonating at 933 eV. The inset
shows a zoom-in of the scan around
QCDW .

Although at odds with the NMR model, it is encouraging to verify the presence of a CDW
using a scattering technique. With the technique’s reliability and versatility, we set out to
test another important hypothesis of NMR investigation. In that proposal, the CDW was
suggested to be uniaxial along a. In that case, no intensity is expected when scattering along
b. Fig. 5.24(a) shows a comparison of rocking curve scans along both in-plane directions.
It reveals yet another discrepant result to the NMR: not only is there a visible peak along
the b-direction, but it carries about 4 times more intensity than along a. In addition, there
is a larger difference in Q-values than observed previously, with QK

CDW = 0.325 rlu. The
correlation lengths are slightly different ξa ∼48 Å and ξb ∼82 Å, which along b is larger than
in YBCO6.6 and YBCO6.75 [193], presumably due to the lower disorder in the well oxygen-
ordered samples. The peak anisotropy probably arises from the strong commensurate poten-
tial from the ordered CuO chains which weakens the incommensurate CDW. Fig.’s 5.24(b-c)
show the peaks’ dependence on temperature for both directions. The maximum intensity at
Tc is seen once again in both directions. Likewise, the fluctuating correlation length, diverg-
ing close to the SC transition is seen in both directions. These results were simultaneously
confirmed using high-energy diffraction in [199].
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Figure 5.24 (a) A comparison between scans along a (red) and b (black) for YBCO6.55, with
fitted Lorentzian superimposed as solid lines. The temperature dependence of the integrated
intensity (b) and the FWHM (c) for the two directions.

Magnetic field dependence

Since the NMR experiment of [191] was performed under high magnetic field, reconciling
these two approaches requires the REXS experiments to be done under field. To address
this issue, we took advantage of the unique capability of applying a magnetic field during
scattering experiments offered at the UE46-PGM1 beamline at BESSY, described in detail
in 3.3.5. The scattering geometry used to investigate the CDW order in ortho-II YBCO is
shown in Fig. 5.25. The opening of the magnet allowed sufficient angular range to be able
to sneak intensity past and through to the detector. Ideally, to suppress the SC state, the
external field must be applied perpendicular to the surface normal. However, this is not
entirely possible inside the limited scattering chamber without later blocking the scattered
beam. The best compromise was found when the field direction is tilted 11.5◦ from the sample
normal. Thus, the effective field applied on the superconducting CuO2 planes is reduced only
by a factor 0.97, low enough to carry out the experiments. The highest magnitude of field
obtainable with the magnet is 6 Tesla (T), which remains a limitation for comparison with
NMR.

Detector

Field direction

S
am

ple

Slits

Magnet

kin

Magnet

kout

Figure 5.25 A schematic of the
scattering conditions needed to inves-
tigate the CDW under field within the
high magnetic field scattering cham-
ber.

A thorough summary of the results of investigating the CDW in scattering under applied
field is shown in Fig. 5.26. Panel (a) shows the temperature dependent intensity at QK

CDW
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at zero and 6 T. The effect of suppressing the SC state is seen by observing the increase in
overall intensity of the CDW peak in below Tc (shown as a dotted line), while above it the
intensities with and without field are equivalent. Likewise, the same behavior trademark of a
fluctuating order is seen in the temperature dependence of the FWHM under both extremal
fields. Notice the correlation length is higher within the SC state when the field is applied.
The lower panels of Fig. 5.26 (c-d) show the behavior under field of QH

CDW and QK
CDW .

Beyond the fact that the modulation vector of the CDW does not change upon applied field
(not shown), panel (c) shows that both QH,K

CDW increase linearly and with the same slope,
with no visible crossing of the intensities. The FWHM’s dependence on magnetic field also
shows the same behavior for both directions, showing how the CDW order tends to higher
correlation degree with suppression of the SC state.
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Figure 5.26 A comparison between the temperature dependence of the intensity (a) and FWHM
(b) of QK

CDW with 0 and 6 T. The lower panels show the dependence of the intensity (c) and FHWM
(d) on the magnitude of the applied field.

5.2.1 Discussion and conclusions

With the observation of fluctuations of CDW order in YBCO, all superconducting cuprates
have now shown direct evidence of charge order tendency, although sometimes using different
techniques. We note here that during the writing stage of this PhD project in a collaboration
with other groups, we have identified RSXS evidence of charge order in Bi- and Hg-based,
layered cuprates [200, 201]. This bolsters the case supporting ubiquitous charge order in
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the superconducting cuprates. In the stripe ordered cuprates, almost gapless spin excita-
tions coexist with the charge order and their modulation periods are connected. In YBCO,
however, a CDW peak was detected in doping levels where gapped spin excitations reveal
no static magnetic order. The scattering experiments are qualitatively consistent with the
suspicion of a FS reconstruction in underdoped YBCO arising from an underlying ordered
phase, founded on measurements of quantum oscillations and NMR. Although these experi-
ments are done in high magnetic field that destroy the SC state, the new periodicity revealed
by x-ray scattering experiments exists at zero field. This allows to investigate the interplay
of the CDW with the SC phase.

The zero-field temperature dependence of the CDW scattered intensity at several doping
levels strongly suggests a competition taking place below Tc between the CDW and the
SC state. Furthermore, the temperature dependent correlation length above the SC state
(Fig. 5.22) shows evidence of a fluctuating rather than static order. Finally, the reemergence
of the CDW peak upon applying an external magnetic field shown in Fig. 5.26 and its dis-
cussion, clearly shows how the competition between two ordered states takes place, and how
external parameters that suppress one (SC), enhance the other (CDW). A similar scenario
of a competing SDW and SC state was suggested for doping levels below x < 0.45 [150,186],
adjacent and close to the doping level investigated here. So how to combine the latter ob-
servations? When comparing the intensity of the CDW peak for single crystals of YBCO6+x

measured along QK
CDW , a decrease in intensity when approaching the SDW phase can be

observed (the drop along QH
CDW is even more enhanced), as shown in Fig. 5.27(left). This

suggests the destructive influence of the spin correlations on the CDW, the former of which
is believed to be in competition with SC [186].
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Figure 5.27 (left) A comparison of the intensity and position of QH
CDW between samples

of YBCO6+x with varying x, taken at their respective Tc, labeled in the legend. (right) The
dependence of the modulation vector QH

CDW and QK
CDW as a function of doping. Samples with

lower doping do not show a peak along H. The sample with x = 0.75 was measured at the
Canadian Light Source, reported in Ref. [193].

To investigate the (seemingly negative) influence of the spin correlations on the CDW,
we studied the presence of CDW order in YBCO6.6 crystals doped with 2% of spinless zinc
(Zn) ions. These ions substitute the Cu ions within the SC planes and are known to locally
suppress SC [202] reducing Tc of our sample to 30 K, slow down the magnetic fluctuations
and closing the spin gap [203], and induce incommensurate magnetic order( [204]) similar to
the one observed in pure YBCO6+x at lower doping levels [149,150]. The effect of introducing
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impurities into a YBCO6.6 single crystal is observed in Fig. 5.28. Panel (a) shows that while
a CDW peak is still present for the Zn-doped sample measured at its Tc, its intensity is
reduced by a factor of ∼4 with respect to its pristine counterpart. The wavevector of the
CDW is not modified by the impurities, which considering the results of Fig. 5.27 makes
the case consistent with the fact that the impurities do not modify the doping level, as
argued in Ref. [204]. The reduction in intensity and the increase of the FWHM and thus
a shorter correlation length is consistent with a picture in which the CDW is suppressed in
the vicinity of the Zn-ions, where the spin correlations are stronger. In addition, there is no
apparent relation between the modulation vectors of the respective density waves, as shown
in Fig. 5.28(b), which compares the background subtracted CDW peak at ∼0.31 rlu and
the incommensurate magnetic diffraction peak, with modulation ∼0.1 rlu. This supports
the observation that the two orders are decoupled, in contrast to the stripe order scenario
discussed previously.

Finally, panel (c) of Fig. 5.28 attest to the presence of a competition between the CDW
and SC state. In this case, the doped sample does not reduce intensity below Tc in such
evident fashion like the pristine sample does, but the FWHM (inset) does show a minimum at
Tc, once again, suggesting a fluctuating phase, reduced in volume fraction from the presence
of a SDW.
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Figure 5.28 (a) A comparison of the intensity and position of QH
CDW between pristine YBCO6.6

and 2% Zn-doped YBCO6.6, taken at their respective Tc. (b) Overlaid are the CDW and SDW
peaks, the latter reproduced from neutron scattering experiments cited in Ref. [204]. (c) A com-
parison of the respective temperature dependencies between clean and doped YBCO6.6 of the
integrated intensity and FWHM (inset).

Therefore, three main conclusions can be drawn from the collection of observations re-
lated to CDW order in single crystal, underdoped YBCO. First, there exists a CDW in
YBCO6+x with 0.45 < x < 0.75, with anisotropic modulation and intensity along
both in-plane crystal directions a and b. The discrepancy in intensity between a and b
grows as x decreases, presumably because of the Coulomb potential of ordered chains and/or
a FS with anisotropic properties resulting from it. The q-vector’s dependence on doping as
seen in Fig. 5.27(right) is consistent with a FS whose overall size is changing with doping.
This supports the second conclusion: the CDW may be connected to a Fermi surface
reconstruction. This conclusion is in agreement with the amounting evidence of changes
in the FS discussed previously. Moreover, we propose that the CDW is an instability of the
pseudo-gapped FS, rather than attributing the pseudogap to the CDW phase. The latest
RSXS experiments were done on Bi-based cuprates, where the observed CDW modulations
can be connected to the fermiology studied by surface-sensitive probes like ARPES and scan-
ning tunneling microscopy. Here, a connection will be made between FS features and the
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CDW phenomenon, and will be reported in the next months [200,201].
The final conclusion is about the interplay of the several ordered states present in the

underdoped phase diagram of YBCO. The set of data collected here suggests a strong com-
petition between the SC, SDW, and CDW states. In the underdoped region of the
phase diagram of YBCO6+x, close to x ∼ 0.5, there is an proximity of 3 coexisting
phases, which are in mutual competition. This is shown in Fig. 5.29, and explains why
the quantum oscillation NMR experiments required high magnetic fields to reveal the effect
of a FS reconstruction. This conclusion, once again, is supported by the observation of a
suppression of the CDW order in the SC state with magnetic field, as well as by introducing
spinless impurities which also locally suppress SC and enhance SDW.
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Figure 5.29 A phase diagram summarizing the conclusions drawn from work done in this
thesis about the competition of 3 phases within the CuO2 planes of single crystal YBCO6+x. In
the underdoped regime, close to x ∼ 0.5, there is an proximity of the SC, SDW and CDW phases.
The cartoon inset shows how the 3 phases that coexist in the Zn-doped (yellow ion) samples of
YBCO compete for the real estate within the CuO2 planes.
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5.3 CDW order in YBCO-LCMO heterostructures

5.3.1 Properties of heterostructured YBCO

We now turn to the results of a complimentary project involving YBCO grown into a super-
lattice (SL), creating layers of it adjacent to La2/3Ca1/3MnO3 (LCMO). Before discussing the
experimental results, we first briefly outline the most important results in the YBCO-LCMO
system. For a more thorough introduction to the basic aspects of the system, including the
properties of bulk LCMO which motivate this entire class of heterostructures, we refer the
reader to Chapter 2, and references therein.

One of the most important results observed in several occasions in the YBCO-LCMO
system is a reconstruction of the magnetic profile of LCMO when layered between adja-
cent YBCO. Using magnetometry and magnetic neutron reflectivity, researchers were able
to identify a remarkable change in the magnetization profile of the LCMO, which was at-
tributed to either a suppression of the magnetization in the LCMO [39], or the emergence
of an uncompensated ferromagnetic Cu moment in the YBCO layer [38]. In both cases, the
appearance of an otherwise forbidden Bragg peak 5 strongly suggested a reconstruction of
the magnetic properties at the interface. In the case of Ref. [38], moreover, the suggestion
of the magnetism penetrating into the YBCO layer arose from the fitting of the reflectivity,
as well as from the observation of the off-specular diffracted neutrons which showed a strong
enhancement below Tc which suggests a mutual interaction between the SC state and the
FM moments, which presumably live inside the YBCO.

The discussion between the two models for the magnetic profile of the YBCO-LCMO
system remained intense and was further addressed using XAS tools. In work done by J.
Chakhalian et al. [40], evidence of a FM copper imbalance was found, as seen by a sizeable
XMCD signal at the Cu L-edge, with a temperature dependence similar to the one at the
Mn edge, strongly suggesting an AF coupling through the interface. Moreover, a remarkable
effect was seen in the off-specular magnetic neutron reflectivity below Tc, strongly evidencing
the presence of lateral magnetic domains in the SC state. Later, we developed the story
further by comparing YBCO interfaced against a FM-metal, LCMO, and a FM-insulator,
LMO. Using neutron and soft x-ray reflectivity, we concluded that both scenarios are partially
true [41]. While the neutron reflectivity favored the “dead layer” scenario for the YBCO-
LCMO SL, the difference between the LCMO and LMO cases suggested that the LCMO close
to the interface still has a magnetic moment, probably staggered by AFM interactions that
originate at the interface, and was thus called “depleted layer” instead. These interactions
are in competition with the conventional FM coupling in LCMO, which result in a complex
noncollinear magnetic structure near the interface, presumably with a canted net moment.
In this case, the reduced resulting FM moment detected by XMCD and neutron reflectivity
is starkly reduced. Furthermore, using magnetic x-ray reflectivity, we determined that the
magnetic moments are in the YBCO layers. This was concluded to be driven by an intimate
magnetic coupling across the orbitally reconstructed YBCO-manganite interface.

Finally, the origin of the magnetic interactions across the interfaces was addressed using
XAS on several different combinations of YBCO-LCMO stackings [42]. By comparing XAS
measurements done in the TEY mode, sensitive to only a few nanometers (thus called a

5The SLs were grown with symmetric thickness of the YBCO and LCMO, thus the even-numbered SL
peaks in the reflectivity should be structurally forbidden, as the period ideally introduces a phase shift of π.
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surface probe), and fluorescence yield (FY), sensitive to a few ten nanometers (called a bulk
probe), on YBCO-LCMO and LCMO-YBCO stackings, the authors identified a shift in the
L3-edge for the YBCO near the interface. This was attributed to the transfer of charge
(electrons) from the LCMO into the YBCO. They estimated the amount of charge per Cu
site, citing a value of 0.2e, which even for optimally doped YBCO would bring it well into the
AFM insulator phase. Furthermore, they showed that while in bulk YBCO the XAS is highly
polarization dependent due to the single hole occupation of the dx2−y2 orbital (see Fig.’s 5.5
and 3.8), this linear dichroism was not apparent when looking at the interfacial YBCO. This
suggested the presence of unoccupied states of d3z2−r2 symmetry, which implied a strong
orbital reconstruction. Such a modification of the orbitals was suggested to form from a
covalent bonding between the Mn and Cu ions, which is rather novel to occur across such
interfaces. The AFM interactions that lead to the magnetic changes across the interface
(both into the LCMO and YBCO) arise from this newly formed covalent bonding. The
amount of charge transferred into the YBCO and its length scale are still topics of intense
discussion. For the most part, this charge transfer is believed to be responsible for the drop
in Tc with respect to bulk YBCO7. Although this could in general be attributed to the
expelling of oxygen during the growth, it seems apparent that in well-grown samples this
is not the case, as we will later show. In conclusion, widespread consensus exists that near
the interface with LCMO, the effective doping level of fully oxygenated YBCO is lowered by
charge transfer.

5.3.2 Experimental results

While the CDW phase in bulk single crystal YBCO is exclusive to the underdoped region
of the phase diagram, the transfer of charge at the interface with LCMO will allow fully
oxygenated YBCO to search out its phase-space, and could land in a CDW-unstable region.
In addition, the LCMO interface could also alter the delicate competition between ordered
phases in YBCO. For this reason, we chose to extensively investigate heterostructures of
YBCO-LCMO and search for any evidence of a CDW state arising from the reconstruction at
the interface. We investigated 3 samples: superlattices (SLs) of varying YBCO thickness and
fixed LCMO layer thickness. As shown in Fig. 5.30, these were grown on (001)-oriented STO
substrates. The number of layer repetitions varied as to keep the total thickness constant.
These were the same samples investigated in the previous report from our group (Ref. [43]),
for which the total thickness was in the order of a 300 nm (in that case, to ensure no Raman
signal came from the substrate). In this case, as we will later see, the total thickness is of
little relevance due to the low penetration depth of the soft x-rays, particularly on resonance.

STO substrate
YBCO

LCMO

c
a,b

} ~300 nm

Figure 5.30 A schematic of the PLD
grown, YBCO-LCMO SLs invesigated in
this work. The layers of LCMO (green) were
always 10 nm, while the three YBCO (red)
thicknesses were 10 nm, 20 nm, and 50 nm,
with a number of repetitions 15, 10 and 5,
as to keep the total thicknesses similar.

From the practical and historical perspective, YBCO7 was chosen due to its highest ability
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to retain its stoichiometry during the pulsed-laser deposition as compared to intermediately
oxygenated YBCO6+x (details of the growth can be found in Ref’s. [40,42]). However, careful
characterization is needed to ensure that the oxygen content remains maximized (x = 1).
For this reason, we performed a thorough structural characterization following our expertise
in investigating these properties, explained previously in Chapter 2. The results are shown
in Fig. 5.31 for the extremal values of the YBCO thicknesses (the same behavior is seen when
YBCO is 20 nm thick). The top panels are reciprocal space maps (RSMs) of the SL containing
100 nm of YBCO. On the left, panel (a) shows the vicinity of the substrate (002) peak, with
very well defined SL peaks, attesting to the good sample quality. Since YBCO has a c-axis
lattice constant about three times larger than STO (whose Bragg peak is clearly seen with
the most intensity) and LCMO, the Bragg peak of YBCO seen in this map is actually the
(006). From it, and other Bragg peaks with lower l-component, the c-axis lattice parameter
of YBCO was determined to be 11.683 Å. This value corresponds reasonably to the bulk
value of fully oxygenated YBCO [143]. This was also the lattice constant measured in the
RSXS chamber when determining the orientation matrix at 1070 eV. With a comparable
penetration depth to the 931.5 eV, this rules out any oxygen deficiencies within the layer
probed by RSXS.

In addition, from the right panel (b), we can identify that both the YBCO and LCMO
are fully relaxed, with Bragg spots falling on top of the relaxation line (red solid line). In
such case, we identify the in-plane lattice constant to be 3.84 Å. We note here that the
substrate grid being tetragonal will facilitate YBCO to form twin domains. Therefore, an
average between the a and b lattice constants is measured. The lower panels of Fig. 5.31
show the corresponding diffraction patterns of the sample with 50 nm of YBCO, yielding
similar lattice parameters. We note that these measurements were also carried out at lower
temperatures, in particular below Tc and below the structural transition of STO. No changes
in the structure were observed.

Another way to comparatively test the content of oxygen in the YBCO-LCMO SLs
is XAS. As discussed previously schematically in Fig. 5.5, in underdoped YBCO6+x with
x 6= 1, there are three features present in the XAS around the Cu L3-edge. Fig. 5.32
shows a comparison between XAS measurements taken in TEY mode (a) and FY mode (b)
between a crystal of YBCO6.6 (solid blue line) and the YBCO-LCMO SL of 50 nm (solid
red line), with light polarized along the in-plane direction, which would pick up the states
in the CuO2 planes and CuO chains. The main feature around 931.5 eV is common to both
systems, but the feature at 933 eV is dramatically suppressed in the SL, while the feature at
934,4 eV is essentially absent. These two peaks correspond to transitions into states that are
characteristic of chains with empty oxygen sites, in particular the latter peak. In other words,
a full suppression of the smaller features attests to the fact that the chains in the SL are fully
oxygenated. We also note that there is a slight difference in the position of the main peak
of the YBCO-LCMO SL between the two measurements. Measured in the surface sensitive
mode TEY, the main peak is at 931.45 eV, while in the FY spectrum, it lies at 931.6 eV.
Although this difference is small, the trend is in agreement with previous reports, where the
charge transfer effect was cited as driving the shift in the edge position [42]. In that case,
the shift was ∼0.4 eV, to which the authors estimated an upper limit of the transfer to be
0.2e. In our case, the shift is smaller and thus the charge transfer would imply to be smaller.
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(a) (b)

(c) (d)

Figure 5.31 Reciprocal space maps (RSMs) around the (002) (left panels) and (013) (right
panels) for SLs with YBCO thickness of 10 nm ((a, b)) and 50 nm ((c, d)).
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c
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YBCO  single crystal6.6

YBCO-LCMO SL

Figure 5.32 A comparison between the XAS of a single crystal of YBCO6.6 (blue) and the
YBCO-LCMO SL (red), revealing a full oxygen content in the SL. Panel (a) shows the measurement
in TEY mode, and panel (b) in FY mode. The inset in (b) shows the difference in the peak position
when measuring in both modes.

Finally, the SC and FM transitions were monitored using a VSM-SQUID. While in all
cases the Curie temperatures were found to be around 200 K, the SC transitions did vary
with YBCO thickness. A summary of the samples measured in this investigation is shown
in Table 5.1.

Table 5.1 YBCO-LCMO SLs investigated in this thesis

Sample YBCO (nm) LCMO (nm) N a(b) (Å) c (Å) Tc (K)

YBCO-LCMO-XX1 10 10 15 3.84 11.68 45
Y-LCM-084C2 20 10 10 3.84 11.68 60
Y-LCMO-ND1 50 10 5 3.84 11.68 82

Alignment and Q-dependence

Having obtained plentiful experience in finding and characterizing the CDW of YBCO single
crystals, the task of searching for CDW order in YBCO-LCMO SLs was rather straightfor-
ward. The alignment and scattering of the sample was done similarly to the single crystal
case. In this case, the heterostructure has a (001)-surface, so identifying the c-axis is natural,
while the in-plane directions are easily determined by the fact that STO substrates were cut
by the manufacturer in a square that coincides with the cubic a, b-directions. This is shown
in Fig. 5.33.



110 Chapter 5 The Cuprates: A Charge Density Wave

a

b
c

ψ
Figure 5.33 A photograph
of the YBCO-LCMO on STO
mounted at the diffraction cham-
ber at UE46-PGM1 at BESSY.
The crystal axes shown follow the
substrate grid, which is cut along
the edges by the manufacturer of
the substrate.

The scattering geometry used in this experiment, shown in Fig. 5.34, was the same as in
the case of YBCO single crystals. The only difference is the fact that YBCO has relaxed and
is fully twinned, shown as the equivalency between the (100) and (010) directions. The right
of Fig. 5.34 visually shows the effective penetration depth of the soft x-rays by applying a
transparency to the segment of the heterostructure which is undetected. On a L-resonance
of 3d transition metals, the penetration depths are found to be in the order of tens of
nanometers. In our case, an estimate of the penetration depth at the top of the L3 white
line (931.5 eV) yields a value of ∼35 nm, while the LCMO has a penetration depth in the
order of several hundred of nm, making it transparent at the Cu edge. We note that these
values are different to the tabulated values of Henke et al. [205], since they do not consider
localization which gives rise to strong intensity at the L3-edge. The intense absorption edge
can decrease the penetration depth even several orders of magnitude. This implies that
in this experiment, while most of the material detected is YBCO, only a small portion of
the entire heterostructure is probed. In the case of the 50 nm-YBCO SL, only one layer
of YBCO is probed. Respectively, experiments on the 20 nm-YBCO and 10 nm-YBCO SL
capture ∼1.5 and ∼3 layers. The effect of going through more interfaces will be discussed
later, when addressing the thickness dependence of the CDW peak.
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Figure 5.34 (left) The top view schematic of the scattering geometry used in the investigation
of CDW order in YBCO-LCMO SLs. The two in-plane directions are labeled since they are
equivalent in YBCO due to twinning. (top) The schematic is reciprocal space (RS) of YBCO for
photon energy of 931.4 eV. (right) The penetration depth of the soft x-rays on resonance is about
35 nm, thus only the top layer of the 50 nm-thick YBCO SL is probed.

The results of low temperature scans around the angles shown above, at 931.5 eV, for a
50 nm-thick YBCO-LCMO SL are shown in Fig. 5.35. A clear peak is seen around ∼0.30 rlu,
defining QCDW , much analogous to the case of single crystal YBCO6.6, shown in the figure
for comparison, taken under the same conditions. In this case, however, the twinned YBCO
system results in no difference between both in-plane directions. Moreover, the peak is also
broader than in the single crystals, also presumably due to twinning. Recall from Fig. 5.20
that each direction has a slightly different Q-vector, so in the twinned case the two directions
are averaged out into one, broad, feature. However, quantifying the full intensity of the peak
as I = (height)(FWHM)2, we obtain comparable values between the 50 nm SL and single
crystal. A scan performed at lower detector angles, as shown, also yields a peak at the same
Q-vector, confirming the same kind of out-of-plane dispersion seen before. In addition, the
same polarization dependence as in single crystals was observed.
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Figure 5.35 Scans of a 50 nm-
thick YBCO SL in both h and
k directions show a clear peak
centered around ∼0.30 rlu. For
comparison, the same scan under
the same conditions on a crystal
of YBCO6.6 is shown (solid gray
line). In addition, a scan taken at
a lower detector angle still reveals
the peak.

Thickness dependence

The peak described above was in fact observed in all three SLs investigated. Now, we turn
to examine the thickness dependence of the peak by comparing the three cases in detail.
Note, once again, that whilst the amount of YBCO probed in each case is very similar,
the thinner layered SLs will require the beam to traverse more interfaces. However, with
that in consideration, we present the comparison in Fig. 5.36. Color-coded as labeled in the
legend, the figure displays the raw data of all three SLs taken at 10 K. In addition to the low
temperature scans, each case is individually compared to its high temperature counterpart
data, shown as crosses adjacent to the color-coded scans. In the case of the 10 nm-YBCO SL,
the peak is only barely visible as an excess of intensity at around QCDW , more easily identified
when superimposed with high-temperature scan. The peak’s discernibility increases in the
20 nm-YBCO SL, and further manifests fully in the thickest SL.
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Figure 5.36 A comparison
of scans at 10 K around QCDW

for all three SLs investigated
here. The varying YBCO thick-
ness is labeled in the legend.
The color/symbol code intro-
duced here will be used in the
following figures of this section.
Each set of data is directly com-
pared to the corresponding high-
temperature scan, after the peak
has vanished.

To better understand the difference between the three SLs investigated, a thorough peak
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analysis was done for each case. As Fig. 5.36 shows already, the background in these scans is
not a flat, straightforward, easy-to-deal-with shape. So to quantify the intensity and width
and identify the position QCDW of the peaks, a careful background subtraction procedure
was done. In each case, the high-temperature scans were fitted to a 3rd order polynomial
(F (Q) = a0+a1Q+a2Q

2+a3Q
3), such as to have the data fall exactly on the fitted curve. We

note that higher order polynomials also yielded satisfactory fits to the background, but for
clarity and simplicity, the lowest fitting order was used. Once the background is subtracted,
a Lorentzian curve was fitted to the peak without any constraints.

The results of the background-subtracted, fitted Lorentzians is shown in Fig. 5.37. The
right panel compares the Lorentzian fits for all three YBCO thicknesses, normalized to their
corresponding peak height, following the color/symbol code of Fig. 5.36. On the left panel, a
comparison of the obtained results is shown. The solid symbols, referenced to the left vertical
axis, reveal the position of QCDW for each case. A clear trend of a decreasing modulation
length as function of thickness can be readily observed (highlighted by the thick gray line).
Moreover, the peak intensity shown by open symbols, calculated as described earlier in this
section, is compared on the right vertical axes. In this case, the peak intensity is clearly
trending to higher values as the YBCO layer increases, as noted by the dotted gray line.
Later in the Discussion, we explain this data in connection to the observation of competing
phases in YBCO.
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Figure 5.37 (left) The Lorentzian curves fitted after background subtraction for all three cases.
(right) The result of the peak analysis yields a comparison of the position of QCDW shown as solid
symbols (right vertical axis) and the peak intensity shown as open symbols (left axis).

Energy dependence

As in the former case of characterizing the CDW peak in single crystal YBCO, we investigated
the energy dependence of the peak observed in the YBCO-LCMO system. In this case, there
are no ordered CuO chains, or in strict sense, they are fully ordered (O-I order). So there
is no oxygen superstructure peak to be ruled out, and the spectroscopy reveals that there
are essentially no empty chains. However, to confirm that the peak is indeed of the same
origin as in the single crystal case, Fig. 5.38 compares the integrated intensity, following
the procedure described above, to the XAS data of the 50 nm-YBCO SL. A clear resonant
behavior is seen at 931.5 eV, suggesting the electronic origin of the peak. A comparison of
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the energy lineshape between single crystals and SLs reveals no difference, confirming the
same origin. The same trend was observed for the other two SLs.
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Figure 5.38 The energy de-
pendence of the reflex at QCDW

(solid blue circles) compared to
the XAS spectrum (black line),
for the 50 nm-thick YBCO SL.
The same resonant dependence
was recorded for the other SLs in-
vestigated.

Temperature dependence

So far, the behavior of the CDW order in YBCO SLs shows close resemblance to the single
crystals. However, a remarkable difference is observed in its temperature dependence. The
measurements were done in the same fashion as the single crystals, correcting for the sample
height at each temperature. The homogeneity of the sample was also tested and found to
be pristine, as expected for PLD grown heterostructures. Figure 5.39 shows the result of
the peak analysis, as described above, as a function of sample temperature for the 20 nm-
and 50 nm-thick YBCO SL, color coded as labeled. As a reference, the data of the YBCO6.6

single crystal is shown as red crosses, reproduced from Fig. 5.22. The thinner 10 nm-thick
YBCO SL shows the same behavior but with a considerably weaker peak. Its analysis is
more complicated and thus left out of the discussion. The top panel, first of all, shows the
temperature’s effect on the integrated intensity of the peak. With an onset temperature
of approximately 120 K, similar to single crystals, upon cooling the peak rapidly grows in
intensity over the next ∼30 K, reaching a maximum at around ∼90 K. Thereafter, cooling
further down results in no visible change in the intensity. In other words, there is no anoma-
lous behavior upon entering the SC state. Remarkably, the same “order parameter-” like
behavior is observed in all SLs, which have a considerably different Tc, in stark contrast to
the single crystal’s drop of the CDW below Tc.

Even more remarkably, the peak’s FWHM, quantifying the correlation length of the order
parameter, does not change at all throughout its temperature span, as shown in the lower
panel of Fig. 5.39. Albeit with a slightly larger width compared to the single crystal case
(shown as well), the CDW order retains the same correlation length upon going through the
SC phase transition. This suggests that the CDW order in the YBCO SLs is not fluctuating
nor submissible to the SC phase. The peak in this case appears to saturate fully shortly
after it sets in, and completely disregards the Tc.
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Figure 5.39 (Top) The tem-
perature dependence of the CDW
peak in two labeled YBCO SLs,
each with different Tc as noted,
compared to the equivalent data
of the YBCO6.6 crystal (nor-
malized for clarity). (Bottom)
The dependence of the peak’s
width which yields its correla-
tion length for the same two SLs.
For comparison, in both panels
the data for the YBCO6.6 (with
Tc=61 K) crystal is also shown as
red crosses.

Magnetic field dependence

To further test the saturation level of the CDW peak in YBCO SLs, we performed experi-
ments to investigate the CDW order under applied magnetic field. The scattering geometry
utilized is the same as shown in Fig. 5.25. The only major difference in this case is the
fact that the interface contains ferromagnetically aligned Mn moments, which are in the
order of a few Bohr magnetons [40]. However, these moments lie in the plane, and are thus
only somewhat canted when applying a field which is mostly out-of-plane. In addition, the
sample was zero-field cooled. Therefore, the presence of additional Mn moments will only
marginally add to the effective field felt by the YBCO, rendering the effect it could have
comparable to the single crystal case, as shown in Fig. 5.40.

YBCO

LCMO
c

a,b

H-field

Figure 5.40 A schematic of
the applied field in relation to the
YBCO-LCMO interface, indicat-
ing the direction of the Mn mo-
ments.

In a striking result, however, scans taken at different magnitudes of applied magnetic field
at 4 K reveal no increase of the CDW order. Fig. 5.41 shows three background-subtracted
scans at different fields, for the case of the 50 nm-thick YBCO SL. In all cases, the same
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peak intensity and width was recorded. The inset shows the integrated intensity’s non-
dependence on applied magnetic field. In contrast once again to the single crystal, the peak
at low temperature is fully saturated and will not enhance in intensity upon suppressing the
SC state.
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Figure 5.41 The dependence
of the CDW peak on external
magnetic field of a 50 nm-thick
YBCO SL. The main inset shows
the background subtracted peaks
at three field magnitudes, labeled
in the legend. The inset shows
the peaks’s independence on ap-
plied field.

5.3.3 Discussion and conclusions

Now, we turn to discuss the essence of the results observed in the study of CDW order
near the interface of optimally doped YBCO-LCMO SLs. The first issue to review is the
question of how the YBCO gets to the CDW phase. First of all, during the growth a fully
stoichiometric target of YBCO7 was ablated. To ensure the right chemical environment,
the growth process took place under a high oxygen pressure of 0.5 mBar, with the substrate
at 750◦C. These conditions are optimized to enable the growth of YBCO7 heterostructures.
However, despite the experience we have in creating these heterostructures, retaining the
stoichiometry is always a challenge, so there exists the possibility of YBCO expelling oxygen
during the growth. Therefore, there are two scenarios that could bring the optimally doped
YBCO into the CDW phase, schematically described in Fig. 5.42.

One possible scenario is one of a grown layer of YBCO which is homogeneously oxygen
deficient as compared to YBCO7. In this case, shown in Fig. 5.42(a), the SC layer is a uniform
YBCO6+x. A second scenario is that of the charge transfer effect lowering the doping at the
interface from popt (Fig. 5.42(b)). The extent of this reconstructed area is still under debate
but is expected to have an upper limit of a few nm [42, 206], apparently increasing when
considering rough interfaces. The characterization we have described in Sec. 5.3.2 suggests
in favor of the charge transfer scenario. Furthermore, a close look at the frequency of the
Raman phonon which couples to the apical oxygen vibration, highly bulk-sensitive to the
oxygen content, is also consistent with a fully oxygenated system, as explained in Ref. [43].
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Figure 5.42 The two
scenarios that could result
in bringing optimally doped
YBCO into the CDW phase
near the LCMO interface:
(a) the charge transfer of
electrons at the interface
and (b) the loss of oxy-
gen stoichiometry during
the growth, creating a ho-
mogeneous layer of oxygen
deficient YBCO6+x.

The thickness dependence of the CDW characteristics in YBCO SLs contains important
information by closely looking at Fig.’s 5.36-5.37 under the light of Fig. 5.27. Previously,
we attributed the change in QCDW as function of doping to the changes in the size of the
FS that presumably occur around these doping levels. The trend of increasing QCDW in the
superlattices suggests that the doping level is lower, and so the loss of intensity can be also
understood as the approximation of the CDW phase to the nearby, competing SDW phase.
Although twinning precludes an exact identification QH,K

CDW , we can estimate the effective
doping levels by comparing QCDW of the single crystals to the SLs. Fig. 5.43 shows that the
50 nm-SL has p & 0.14, p ∼ 0.13 for the 10 nm-, and p ∼ 0.125 for the 20 nm-YBCO SLs.
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Figure 5.43 By comparing the
values of QCDW between single
crystals and SLs, an estimate of
the doping level in the SLs can
be made.

The thickness of the YBCO layer also affects the intensity of the CDW peak. In the
layers with . 20 nm, the proximity to the SDW adjacent to the AFM insulator phase at
the interface will reduce the CDW parameter. However, in the SL with 50 nm, the situation
allows the CDW to find “breathing area”. A long-range proximity effect presumably extends
the CDW ordered phase well into the interior of the layer, resulting in a peak with more
intensity. These ideas are summarized in Fig. 5.44.

Perhaps the most striking result in the investigation of YBCO SLs is the temperature
dependence of the CDW order. From Fig.’s 5.41-5.39, we conclude that the CDW phase is
maximally enhanced in the SL case. In other words, the difference between the two systems
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Figure 5.44 A tomography of the behavior within a layer of YBCO adjacent to LCMO layers
which could explain the reduction of CDW intensity with decreasing thickness.

at low-temperatures implies a different mechanism of stabilizing the CDW at the YBCO-
LCMO interface. To possibly account for these facts, we discuss several plausible origins.
First of all, one wonders how epitaxial strain would anyway alter an incommensurate ordering
phenomenon. In this case, however, reciprocal space mapping confirms epitaxial strain of
the substrate does not play a role in these heterostructures, since the YBCO is evidently
fully relaxed to its bulk lattice parameter.

Second, the magnetization of the LCMO acting on the YBCO can be ruled out on
grounds that SQUID measurements confirm the LCMO moments lie in-plane and thus only
marginally affect the SC state across the interface (Fig. 5.40), let alone saturate the CDW
order parameter at low temperatures without considerably reducing the Tc with respect
to single crystal YBCO7. The tendency of Cu to align uncompensated magnetic moments
across the interface [38–41] could offer another account. In this case, the exchange “field”
generated by the AFM interaction of the Cu moments could locally alter the competition
between superconductivity and CDW, allowing the latter to maximize its intrinsic state.
Then, applying an external field would only slightly enhance the effective magnetization,
leaving the CDW unaffected. However, this notion is challenged by observing how single
crystal YBCO behaves under applied field. Fig. 5.45(a) shows the resulting temperature
dependence of the CDW-peak for YBCO6.55 with and without field, measured at the UE46-
PGM1 beamline. The maximum applied field of 6 T reduces the Tc from 62 to ∼55 K. In
Ref. [195], the authors were able to apply up to 17 T to YBCO6.67 (hard x-ray diffraction
experiments have less limitations to use large magnetic fields). This data is reproduced in
panel (b) of Fig. 5.45, normalized to its maximum intensity, which in this case occurs at
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Tc=25 K. The onset temperature coincides with the zero field investigation (not shown),
but the drop below Tc is less obvious, due to the weakening SC phase. In addition, the
roundedness of the phase transition presumably arises from the competition taking place
between different order parameters, slowing down the onset of the CDW.

In stark contrast, the temperature dependencies of the two thicker YBCO SLs, normal-
ized to their maximum value at lowest temperature and not at Tc, are shown in Fig. 5.45(b).
A field suppressing the SC state in the SL would render a more rounded temperature depen-
dence with a maximum that scales down with decreasing Tc. Thus, the magnetic interaction
across the interface stabilizing the CDW appears unlikely. Despite the difference in Tc be-
tween the samples, the temperature dependencies of the SLs are the same. In contrast to
single crystal YBCO, the transition in the SLs is apparently supported by a nucleation effect
which allows the CDW phase to enter despite the competition with the SC state.

So if neither the magnetic interactions nor the strain are responsible for the stabilization of
the CDW, then what is? An intriguing explanation arises when considering results emanating
from our group. In a recent study, Le Tacon et al. characterized the CDW order in YBCO6.6

using non-resonant, hard x-ray, high resolution IXS (with even higher resolution than used
in Ref. [192], attainable in the hard x-ray regime), motivated to understand the role of
electron-phonon coupling in the superconducting cuprates [197]. In one of the findings of
the investigation, the authors found a peak at QCDW with minimal energy loss (no more
than 1 meV). This quasi-elastic “central peak” has a temperature dependence peaking at
Tc, but more strikingly, it remains present at temperatures well above it. This implies
that slowly fluctuating CDW domains, of a few nm in size, are formed at temperatures as
high as 150 K, well above the onset seen in RSXS. Such a behavior was observed in other
materials which are about to undergo a first order structural phase transition, such as the
quintessential perovskite STO reviewed in Ref. [207], and in superconducting Nb3Sn [208].
The behavior was attributed to the formation of defect-induced nucleation of domains of the
low temperature phase even well above the transition temperature. The nucleation of CDW
domains, common to first order phase transitions, is in this case uniquely in competition
with the SC phase.
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Figure 5.45 (a) The temperature dependence of the CDW-scattered intensity for a YBCO6.55

single crystal, without and with external magnetic field, with Tc of 55 and 62 K, respectively. (b)
The comparison of the temperature dependence between the YBCO SLs investigated here and the
YBCO6.67 crystal under 17 T magnetic field of Ref. [195], normalized to their maximum intensity
value. The Tc’s are labeled as color-coded bars (25, 60, 82 K).
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The transition to a CDW phase in the YBCO SL is apparently supported by a nucleation
effect much stronger than the single crystals, as the temperature dependence of the RSXS
signal suggests. The concentration of defects in PLD grown heterostructures is found to
be comparable to that of single crystals, by comparing the widths of the structural and
CDW peaks. Thus, unless the concentration of defects in the SL is infinitely higher than in
single crystal, which would broaden the peaks beyond our detection, a higher defect-induced
nucleation in the SL is unlikely. However, there is another “defect” which inherently lives in
this class of heterostructures: the interface. An infinite surface truncation, or defect, may
be plausible to efficiently nucleate the phase transition. This suggests an intriguing scenario
where the interface itself acts as a defect which nucleates the electronic CDW phase. It allows
a phase transition to rapidly find its absolute energy minimum, resulting in the temperature
dependence displayed above. So, in conclusion, we propose that the interface between
oxides can act as an electronic phase transition nucleator, tipping the balance
between competing phases. In analogy to the famous phrase coined in Herbert Kroemer’s
Nobel Prize lecture in the context of semiconductor heterostructures, we conclude by stating
that perhaps the interface can be a phase transition nucleator.
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Appendix A

The Kramers-Kronig Relations

The Kramers-Kronig relations, as described in [209], are given by

f ′(ω) =
2

π
P

∫ +∞

0

ω′f ′′(ω)

(ω′2 − ω2)
dω′

f ′′(ω) = −2ω

π
P

∫ +∞

0

f ′(ω)

(ω′2 − ω2)
dω′,

(A.1)

where P is the Cauchy principal value defined for integrals with divergences. Mathematically,
the Kramers-Kronig relations are formulated based on Cauchy’s theorem which addresses the
contour integral shown in Fig. A.1 for an analytical function with both real and imaginary
part F (z) = f ′(z) + ıf ′′(z) with poles at complex values z0 which are within the contour.

F (z0) =
1

2πı

∮
F (z)

(z − z0)
dz

=
1

2πı

∫ ∞
−∞

F (z)

(x− x0)
dx,

(A.2)

where we have required the integral over the upper part of the semicircle to vanish (i.e.
lim|z|→∞ |F (z)| = 0, 0 ≤ Im(z) ≤ π). Placing the pole z0 on the real axis (or letting
it approach from the upper half, otherwise the contour would not contain the pole), and
taking the average of the second equation of Eq. A.2 and the contour integral around the
small semicircle which is 0 (the contour does not contain the pole), i.e.

F (z0) = (
1

2πı

∫ ∞
−∞

F (z)

(x− x0)
dx+

1

2πı

∮
small

F (z)

(z − z0)
dz)/2

=
1

πı
lim
δ→0

∫ x0−δ

−∞

F (z)

(x− x0)
dx+

∫ ∞
x0+δ

F (z)

(z − z0)
dx

=
1

πı
P

∫ ∞
−∞

F (z)

(x− x0)
dx.

(A.3)

Splitting the last line of this equation into the real and imaginary parts yields the trans-
formation between the real and imaginary parts of F (z), which are the Kramers-Kronig
relations.
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x

y

z0

x0



Figure A.1 The contour integral of
Eq. A.2.

In general, these relations will be obeyed by any causal system, i.e. where the effect
cannot precede the cause. Mathematically, it is possible to show that if the perturbation is
non existent before it acts and F (z) is square integrable, the real and imaginarly parts of
F (z) will eventually obey the above transformations [209]. This makes the Kramers-Kronig
relations relevant to many other interacting systems.



Appendix B

Quantization of the Light Field

To understand how to treat the electromagnetic field under the principles of second quanti-
zation, we begin by recalling Maxwell’s equations in the vacuum:

∇ ·D = ρ

∇ ·B = 0

∇× E = −∂B
∂t

∇×H = J + ∂D
∂t

(B.1)

where we have taken B = µ0H, D = ε0D, µ0ε0 = 1/c2. Further, we take the Coulomb gauge
∇·A = 0, where we have introduced the vector potential A which serves to define the fields
as:

B = ∇×A

E = −∂A

∂t

(B.2)

to derive the wave equation of A in the Couloumb gauge:

∇2A(r, t) =
1

c2

∂2A(r, t)

∂t2

∇2E(r, t) =
1

c2

∂2E(r, t)

∂t2
.

(B.3)

Decomposing A(r,t) into its plane wave components arrives at:

A(r, t) = −ı
∑
k

√
~

2ωkε0
(uk(r)ak(t) + c.c.), (B.4)

After substituting the Ansatz into Eq. B.3, ak(t) = ake
−ıωkt and uk(r) = ε̂k

1
V
eıknr, where V

arises as a normalization factor after introducing periodic boundary conditions of a cavity
with volume V . Thus, we arrive at an expression for A:

A(r, t) = −ı
∑
k

√
~

2ωkε0V
ε̂k(ake

ı(knr−ωkt) + c.c.). (B.5)
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Now, following the formalism of quantizing of the energy levels in harmonic oscillator,
where the following quantities were introduced:

a =
1√
2

(q + ıp)

a† =
1√
2

(q − ıp),
(B.6)

where p and q are the momentum and position, respectively, we can see that ak(t) and a∗k(t)
obey the same equations of motion, and so they can be replaced by the operators ak → âk and
a∗k → â†k, which obey the commutator relation [âki, â

†
kj] = δij,[âkj, âkj] = 0 and [â†kj, â

†
kj] = 0.

Then, the Hamiltonian of the light can be written as

H =
∑
k

~ωk(nk +
1

2
), (B.7)

where we have introduced the number operator nk = â†kj âkj. Just like in the harmonic

oscillator, the operators â†kj and âkj are the annihilation and creation operators. Thus, any
state |nk〉 can be created by acting nk-times on the vacuum state:

|nk〉 =
(â†kj)

nk

√
nk!
|0〉 . (B.8)

The remanent energy of Eq. B.7 shows that even in the ground state (ωk = 0), there are
fluctuations of energy. These vacuum fluctuations lead to intriguing effects within a cavity
like the Casimir effect. For more on the quantization of the light field and the Casimir efect,
the reader is referred to Ref. [20] and others therein.



Appendix C

Fermi’s Golden Rule

In this section, we will derive the transition probability matrix, known as Fermi’s Golden
Rule, for a quantum mechanical system under a perturbation, paraphrased mostly from
[20,53]. Begin by taking a system with Hamiltonian

Hψ = ı~
∂ψ

∂t
, (C.1)

where the Hamiltonian has the form H = H0 + H ′, having a H0 unperturbed system and
H ′ is a small time-dependent perturbation. The Hamiltonian H0 has eigenstates and eigen-
functions

H0ψn = Enψn, (C.2)

and the eigenfunctions form a complete basis. So, to solve the full Hamiltonian, we in-
troduce the Ansatz of expressing the solution as a linear combination with time-dependent
coefficients:

ψ(t) =
∑
n

an(t)ψne
−ıEnt/~, (C.3)

which we can substitute into the Hamiltonian to arrive at

ı~
∂ak(t)

∂t
=

∑
n

H ′knan(t)eıωknt/, (C.4)

where H ′kn = 〈ψk|H ′ |ψn〉, the matrix element connecting states n→ k, and ~ωkn = Ek−En,
the energy difference between the states. Although it can be solved explicitly for a two-level
system, the latter equation must be solved for multiple levels using a perturbation expansion.
That is, the (p+ 1)-th order approximation is found from the the p-th order solution:

ı~
∂ap+1

k (t)

∂t
≈

∑
n

H ′kna
p
k(t)e

ıωknt, (C.5)

while defining the 0-th order approximation to be 0 (
∂a0k(t)

∂t
= 0).

Consider the first approximation term of a system which is initially in the state m. For
that case a0

n(t) = δmn because we had imposed the 0-th term to be constant and so no
transitions occur. Thus, eqn C.5 can be solved for a1

k(t) by integrating

ı~a1
k(t) =

∫ t

−∞
dt′t′H ′kma

p
k(t)e

ıωkmt
′
. (C.6)
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Next, we assume the perturbation to be appear at t′ = 0, and is constant thereafter until
time t. Then, Eq. C.6 can be integrated to give:

ı~a1
k(t) = 2H ′kme

ıωkmt/2(
sin(ωkmt/2)

ωkm
). (C.7)

Now, we can calculate the probability of the system to transition from state m→ k as

Pk(t) = |ak(t)|2 = 4/~2|H ′km|2
sin2(ωkmt/2)

ω2
km

. (C.8)

To further evaluate this transition matrix, we consider that there are a number of states
allowed within an interval dωkm, written as

dn = ρ(k)dEk, (C.9)

where we have introduced the density of states ρ(k) per unit energy interval near Ek.
So the total transition rate to states near k is expressed as

Wk =
1

t

∑
k′

Pk′(t) =⇒ 1

t

∫
Pk′(t)ρ(k′)dEk′

=

∫
ρ(k′)dEk′

1

t

4

~2
|H ′km|2

sin2(ωkmt/2)

ω2
km

=
4

~
|H ′km|2ρ(k)

∫ +∞

−∞
dω

1

t

sin2(ωt/2)

ω2

=
2π

~
|H ′km|2ρ(k),

(C.10)

where we have arrived at Fermi’s Golden rule. Notice that the function sin2(ωt/2)
tω2 only

takes on values at very large t when ω = 0, defining a Dirac delta function, which from
the definition ~ωkn = Ek − En implies that the transition will only take place when there
is enough energy to carry it through, even if the probability matrix allows it. This ensures
energy conservation.



Appendix D

Mathematica script to analyze
azimuthal dependencies

S1 = {x1, y1, z1};

S2 = {x2, y2, z2};

S3 = {x3, y3, z3};

S4 = {x4, y4, z4};

F1 = {{0, S1[[3]], -S1[[2]]}, {-S1[[3]], 0,

S1[[1]]}, {S1[[2]], -S1[[1]], 0}};

F2 = {{0, S2[[3]], -S2[[2]]}, {-S2[[3]], 0,

S2[[1]]}, {S2[[2]], -S2[[1]], 0}};

F3 = {{0, S3[[3]], -S3[[2]]}, {-S3[[3]], 0,

S3[[1]]}, {S3[[2]], -S3[[1]], 0}};

F4 = {{0, S4[[3]], -S4[[2]]}, {-S4[[3]], 0,

S4[[1]]}, {S4[[2]], -S4[[1]], 0}};

FQ1 = F1 + F2 + F3 + F4;

FQ2 = F1 - F2 + F3 - F4;

FQ4 = F1 + I*F2 - F3 - I*F4;

q = {1, 1, 1};

q = q/Sqrt[q . q];

qperp = {1, -1, 0};

qperp = qperp/Sqrt[qperp . qperp];

kin = Sin[\[Theta]p]*(Cos[\[Phi]]*qperp +

Sin[\[Phi]]*Cross[qperp, q]) + Cos[\[Theta]p]*q;

kin = FullSimplify[kin/Sqrt[kin . kin]];

kout = Sin[\[Theta]p]*(Cos[\[Phi]]*qperp +

Sin[\[Phi]]*Cross[qperp, q]) - Cos[\[Theta]p]*q;

kout = FullSimplify[kout/Sqrt[kout . kout]];

\[Epsilon]\[Sigma] = Cross[kin, kout]/Sin[2*\[Theta]p];

\[Epsilon]\[Pi]in = Cross[kin, \[Epsilon]\[Sigma]];

\[Epsilon]\[Pi]out = Cross[kout, \[Epsilon]\[Sigma]];
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FQ4\[Sigma]\[Sigma] = \[Epsilon]\[Sigma].FQ4.\[Epsilon]\[Sigma];

FQ4\[Sigma]\[Pi] = \[Epsilon]\[Pi]out.FQ4.\[Epsilon]\[Sigma];

FQ4\[Pi]\[Sigma] = \[Epsilon]\[Sigma].FQ4.\[Epsilon]\[Pi]in;

FQ4\[Pi]\[Pi] = \[Epsilon]\[Pi]out.FQ4.\[Epsilon]\[Pi]in;

IQ4\[Sigma] =

FQ4\[Sigma]\[Sigma]\[Conjugate] FQ4\[Sigma]\[Sigma] +

FQ4\[Sigma]\[Pi]\[Conjugate] FQ4\[Sigma]\[Pi];

IQ4\[Pi] =

FQ4\[Pi]\[Sigma]\[Conjugate] FQ4\[Pi]\[Sigma] +

FQ4\[Pi]\[Pi]\[Conjugate] FQ4\[Pi]\[Pi];

\[Theta]p = (2 \[Pi])/360 35;

(*A dynamical plot module is written which can be compared with the data,

while at the same time visually demonstrate where the spins are oriented*)

Manipulate[{Show[Plot[Evaluate[

x1 = m1*Cos[(2 \[Pi])/360 \[Phi]1] Sin[(2 \[Pi])/360 \[Theta]1];

y1 = m1*Sin[(2 \[Pi])/360 \[Phi]1] Sin[(2 \[Pi])/360 \[Theta]1];

z1 = m1*Cos[(2 \[Pi])/360 \[Theta]1];

x3 = -x1; y3 = -y1; z3 = -z1;

x2 = m2*Cos[(2 \[Pi])/360 \[Phi]2] Sin[(2 \[Pi])/360 \[Theta]2];

y2 = m2*Sin[(2 \[Pi])/360 \[Phi]2] Sin[(2 \[Pi])/360 \[Theta]2];

z2 = m2*Cos[(2 \[Pi])/360 \[Theta]2];

x4 = -x2; y4 = -y2; z4 = -z2;

IQ4\[Pi]/

IQ4\[Sigma] /. \[Phi] -> (2 \[Pi])/360 \[Phi]], {\[Phi], -50,

260}, Frame -> True, PlotRange -> {0, range},

PlotStyle -> {Thick, Black}],

Graphics[Line[{{90, -1}, {90, 1000}}]],

Graphics[Line[{{180, -1}, {180, 1000}}]],

Graphics[Line[{{270, -1}, {270, 1000}}]]],

N[ArcCos[{x1, y1, z1}.{x2, y2,

z2}/(Norm[{x1, y1, z1}] Norm[{x2, y2, z2}])]]/Degree,

Graphics3D[{Red, Arrowheads[0.1],

Arrow[Tube[{{0, 0, 0}, 3*{x1, y1, z1}}, 0.04]], Red,

Arrowheads[0.1], Arrow[Tube[{{0, 0, 0}, 3*{x2, y2, z2}}, 0.04]],

Black, Arrowheads[0.15],

Arrow[Tube[{{0, 0, 0}, {0, 0, 3}}, 0.05]], , Black,

Arrowheads[0.15], Arrow[Tube[{{0, 0, 0}, {0, 3, 0}}, 0.05]], ,

Black, Arrowheads[0.15],

Arrow[Tube[{{0, 0, 0}, {3, 0, 0}}, 0.05]]},

Boxed -> False]}, {{m1, 1}, 0, 2}, {{m2, 1}, 0,

2}, {{\[Theta]1, 97}, 0, 360}, {{\[Phi]1, 45}, 0,

360}, {{\[Theta]2, 90}, -360, 360}, {{\[Phi]2, 315}, 0,

360}, {{range, 4}, 1, 180}]
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[16] G. Grüner. The dynamics of charge-density waves. Rev. Mod. Phys., 60:1129–1181,
(1988).

[17] R. Mott, N.F.and Peierls. Proc. Phys. Soc. London Ser. A, 49:72, (1937).

[18] R. Peierls. Quantum Theory of Solids. Oxford University Press, New York, (1955).

[19] E. Canadell and M.-H Whangbo. Conceptual aspects of structure property correla-
tions and electronic instabilities, with applications to low-dimensional transition-metal
oxides. Chem. Rev., 91:965 – 1034, (1991).

[20] C. Cohen-Tannoudji, B. Diu, and F. Laloe. Quantum Mechanics. John Wiley and
Sons, Ltd., (2006).

[21] H.Y. Hwang, Y. Iwasa, M. Kawasaki, et al. Emergent phenomena at oxide interfaces.
Nat Mater, 11:103113, (2012).

[22] A. J. Millis J. Chakhalian and J. Rondinelli. Whither the oxide interface. Nat Mater,
11:92–94, (2012).

[23] J. Mannhart and D. G. Schlom. Oxide interfaces - an opportunity for electronics.
Science, 327(5973):1607–1611, (2010).

[24] J. Chaloupka and G. Khaliullin. Orbital Order and Possible Superconductivity in
LaNiO3/LaMO3 Superlattices. Phys. Rev. Lett., 100(1):016404, (Jan 2008).

[25] H.Y. Hwang and A. Ohtomo. A high-mobility electron gas at the LaAlO3/SrTiO3

heterointerface. Nature, 427:423–426, (2004).

[26] N. Reyren, S. Thiel, A. D. Caviglia, et al. Superconducting Interfaces Between Insu-
lating Oxides. Science, 317(5842):1196–1199, (2007).
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