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ABSTRACT

In this thesis, we present the synthesis of complex metal-oxide heterostruc-
tures with carefully tuned chemical composition via oxide molecular beam
epitaxy and reactive sputtering. The physical properties of the heterostruc-
tures were investigated using various spectroscopic techniques such as con-
focal Raman spectroscopy, spectroscopic ellipsometry, polarized neutron
reflectometry (PNR), X-ray magnetic circular dichroism (XMCD), and X-ray
absorption spectroscopy (XAS) in combination with standard characteriza-
tions.

In oxide heterostructures, it has been a challenge to determine the presence
of defects with atomically small sizes, e.g. atomic vacancies and interstitial
atoms, and the significance of such defects for the interpretation of physical
phenomena has hence been under intense discussion. The majority of studies
on the topic has concentrated on structural and microscopic properties to
determine the concentration of defects, which has been difficult due to their
small spatial extent and low concentration. We discovered that spectroscopic
techniques, especially Raman spectroscopy, are highly sensitive to such
defects, and we studied several cases: oxygen vacancies in La,_,Sr,CuO,
thin films, and ruthenium vacancies in Sr,RuO, and SrRuO; thin films. In
all systems, we identified defect-related Raman signals, where the atomic
defects change the local lattice structure and allow more Raman-active modes



due to the reduced local symmetry. These modes show strong correlations
with macroscopic properties such as magnetization and resistivity. It turned
out that the new peaks are present even in samples that exhibit excellent
structures from X-ray diffractometry and electron microscopy, which suggests
that Raman spectroscopy is extremely sensitive to the local disturbances.

Oxide heterostructures exhibit unique magnetic phenomena owing to var-
ious types of electronic correlation, which can be tuned by the distribution
of defects. Here we studied two magnetic phenomena that are crucial to
magnetism-based devices: exchange bias in cuprate/manganate superlat-
tices and the anomalous Hall effect in StRuO; thin films. We controlled the
concentration and the distribution of defects in the heterostructures, and
modified the magnetic properties. We discovered perpendicular exchange
bias in cuprate/manganate interfaces, and elucidated the influence of inter-
facial magnetic interactions and charge transfer on this effect. In SfRuO4
thin films, we clarified the origin of anomalies in the Hall effect as a hallmark
of inhomogeneous ferromagnetism due to ruthenium vacancies.

In oxides with Ruddlesden-Popper structures (A,;;B,03,.1), the partial
substitution of A-site cations with aliovalent cations is a popular method to
tune the population of the valence electrons while leaving the average BOg
network undisturbed. However, the influence of local lattice distortions gen-
erated by the dopant-host radii mismatch (DHRM) on the macroscopic phase
behavior of chemically doped compounds has been a matter of significant
debate. In particular, the role of the DHRM in suppressing superconductivity
in highly overdoped copper oxide superconductors has recently been in-
tensely discussed. In order to minimize the DHRM, we epitaxially stabilized
Ca-doped La,CuO, films over a wide concentration range. Because of the
limited solubility of Ca in the bulk, the properties of this system had not been
investigated before. Our La,_, Ca,CuO, thin films show a largely extended
doping-range for superconductivity, consistent with theoretical predictions
in the framework of the Hubbard model, and with the previously reported
persistence of magnetic correlations that are presumed to mediate Cooper
pairing in the cuprates. The results highlight the importance of the DHRM
in determining the physical properties of metal-oxide compounds.



/USAMMENFASSUNG

Diese Dissertation beschreibt die Synthese von Heterostrukturen komplexer
Metalloxide mit sorgféltig justierter chemischer Zusammensetzung mittels
Oxid-Molekularstrahlepitaxie und reaktivem Sputtern. Die physikalischen
Eigenschaften dieser Heterostrukturen wurden durch spektroskopische Tech-
niken (wie z.B. konfokale Raman-Spektroskopie, spektroskopische Ellipsome-
trie, Rontgen-Zirkulardichroismus und Rontgen-Absorptionsspektroskopie)
bestimmt, in Verbindung mit Standard-Charakterisierungsmethoden.

In Oxid-Heterostrukturen war es bisher eine besondere Herausforderung,
Defekte mit atomaren Dimensionen (wie z.B. atomare Fehlstellen und Atome
auf Zwischenpositionen des Kristallgitters) zu detektieren, und der Einfluss
solcher Defekte auf die physikalischen Eigenschaften wurde daher intensiv
diskutiert. Die Mehrheit der Untersuchungen zu diesem Thema verwen-
dete strukturelle und mikroskopische Eigenschaften zur Bestimmung der
Defekt-Konzentration, stief3 dabei jedoch wegen der geringen raumlichen
Ausdehnung und niedrigen Konzentration der Defekte an Grenzen. Un-
sere Untersuchungen ergaben, dass spektroskopische Techniken — insbeson-
dere die Raman-Spektroskopie — solche Defekte mit hoher Empfindlichkeit
nachweisen konnen. In diesem Zusammenhang untersuchten wir mehrere
Falle: Sauerstoff-Fehlstellen in La,_, Sr, CuO,-Diinnfilmen sowie Ruthenium-
Fehlstellen in Sro,RuO,- und SrRuO; -Filmen. In allen Systemen fanden wir



defektinduzierte Raman-Signale, die durch eine Verzerrung der lokalen Git-
terstruktur verursacht werden. Die Defekte reduzieren die lokale Symmetrie
des Kristallgitters und erzeugen auf diese Weise zusitzliche Raman-aktive
Moden, welche eine starke Korrelation mit makroskopischen Eigenschaften
(wie z.B. der Magnetisierung und dem elektrischen Widerstand) aufweisen.
Dabei stellte sich heraus, dass solche Moden selbst in Proben zu finden sind,
deren Struktureigenschaften anhand von Experimenten mit Rontgendiffrak-
tometrie und Elektronenmikroskopie exzellent sind, was die Empfindlichkeit
der Raman-Spektroskopie auf lokale Verzerrungen unterstreicht.

Oxid-Heterostrukturen zeigen aufgrund einer Vielfalt elektronischer Kor-
relationen einzigartige magnetische Eigenschaften, welche durch die Defek-
tkonzentration durchstimmt werden konnen. Wir untersuchten zwei mag-
netische Phdnomene von zentraler Bedeutung fiir magnetische Bauelemente:
den sogenannten ,,Exchange Bias“-Effekt in Cuprat-Manganat-Ubergittern
sowie den anomalen Hall-Effekt in SrRuO;-Diinnfilmen. Durch Kontrolle
der Konzentration und der rdumlichen Verteilung der Defekte gelang es
uns, die magnetischen Eigenschaften gezielt zu verdndern. Insbesondere
entdeckten wir Exchange-Bias fiir Magnetfelder senkrecht zur Filmebene
an Cuprat-Manganat-Grenzflachen und untersuchten den Einfluss von mag-
netischen Wechselwirkungen und Ladungstransfer an den Grenzflachen auf
diesen Effekt. In SrTRuO5-Diinnfilmen ergaben unsere Untersuchungen, dass
Ruthenium-Fehlstellen und der damit verbundene inhomogene Ferromag-
netismus fiir Anomalien in dem Hall-Effekt solcher Proben verantwortlich
sind.

In Oxiden mit Ruddlesden-Popper-Strukturen (A, ,;B,0s,,1) ist die par-
tielle Substitution von A-Kationen eine herkémmliche Methode, um die
Konzentration der Valenzelektronen zu durchstimmen, ohne die durchschnit-
tliche Struktur des BO4-Netzwerk zu storen. Allerdings entstehen durch
das Missverhaltnis der Ionenradien der Substituenten und der Gitterionen
(Dopant-Host Radii Mismatch, DHRM) lokale Gitterverzerrungen, deren Ein-
fluss auf das makroskopische Phasenverhalten chemisch dotierter Verbindun-
gen Anlass zu vielen Diskussionen gegeben hat. Insbesondere wurde die
Rolle des DHRM bei der Verringerung der supraleitenden Ubergangstemper-



atur in stark iiberdotierten Cupraten intensiv diskutiert. Um den DHRM zu
minimieren, machten wir uns die epitaktische Stabilisierung Ca-dotierter
La,CuO,-Diinnfilme {iber einen weiten Bereich von Ca-Konzentrationen
zunutze. Da die Loslichkeit von Ca in Volumenmaterialien begrenzt ist,
konnten die Eigenschaften dieses Systems bisher nicht untersucht werden.
Unsere La,_, Ca, CuO,-Filme zeigen einen stark vergroferten Stabilitatsbere-
ich fiir die Supraleitung, im Einklang mit theoretischen Vorhersagen im
Rahmen des Hubbard-Modells und mit der zuvor experimentell festgestell-
ten Fortdauer magnetischer Korrelationen, welche die Cooper-Paarbildung
in den Cupraten vermutlich verursachen. Diese Ergebnisse bezeugen die
wichtige Bedeutung des DHRM fiir die physikalischen Eigenschaften von
Metalloxid-Verbindungen.
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CHAPTER

INTRODUCTION & OVERVIEW

Point defects have long been known to be of central importance for the
functionality of solids, and are gaining prominence in a wide spectrum
of disciplines ranging from quantum technology to catalysis. In order to
isolate individual defects and to understand their structure and electronic
properties in a quantitative fashion, one needs to start from a host lattice that
is as perfect as possible, and introduce the defects in a controlled manner.
This requires a heroic effort even for elemental solids, as demonstrated by
research on defect centers in diamond [CGT+06; VSR+14] or Pt surfaces
[Ert08]. Complex metal oxides that comprise multiple atomic species exhibit
fascinating physical properties in bulk form, including, for instance, high-
temperature superconductivity and multiferroicity, but are susceptible to
various types of defects. Yet very little is known about point defects in
complex metal oxides, their electronic structure, and their influence on the
bulk properties. During my doctoral studies, I aimed to make a contribution
to the exploration of this largely unknown research field.

Several systems were studied during my doctoral work, namely cuprates
that exhibit high temperature superconductivity, strontium ruthenates that
host ferromagnetism and superconductivity, and cuprate/manganate super-
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(La,Sr),Cu0, Sr,RuO, SrRuO; (La,Sr)Mn0O;

Figure 1.1: Lattice structure of the materials studied in the thesis. Black
solid line indicates the boundary of the single unit cell.

lattices that show perpendicular exchange bias and charge transfer (Fig. 1.1).
This thesis is focused on the synthesis of oxide heterostructures with various
techniques. We used ozone-assisted molecular-beam epitaxy to synthesize
thin films and superlattices that comprise cuprate and manganate layers.
For conducting ruthenate thin films, we developed a reactive-sputtering
chamber equipped with a Ru/Sr,Ru0, co-deposition setup to overcome the
high volatility of RuO,, precursors and the high evaporation-temperature of
Ru.

The thesis is written in a cumulative form based on five complete reports,
therefore each section is a manuscript that has been either published or sub-
mitted to a journal. This presentation is preceded by Chapter 2 - Concepts
in solids, where we elaborate fundamental concepts that are omitted in
the manuscripts. Firstly, the chemistry of common point defects in oxides is
reviewed, which is not widely considered in physics. We then summarize
the fundamental aspects of vibrational and electronic properties of materials
that are studied in the thesis. We close the chapter with a review of the
dual-target reactive sputtering method that we developed to grow metallic
ruthenate thin films.

The first step to obtain a perfect sample is to find out about possible imper-
fections. We therefore made an intense effort to find appropriate methods
to measure point defects in oxide heterostructures, which is challenging
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due to the small volume of nano-scale-thick samples. The results are sum-
marized in Chapter 3 - Point defects and spectroscopic responses. This
chapter contains two sections that show spectroscopic signatures of point
defects such as oxygen vacancies and ruthenium vacancies in cuprates and
ruthenates, respectively. We found that Raman spectroscopy combined with
confocal microscopy is a powerful tool to characterize point defects in oxide
thin films, because defects reduce the degree of local symmetry, and result
in distinct peaks in the Raman spectra. Within the chapter, consequences
of chemical modifications for the electronic structure were studied using
various techniques that include X-ray absorption spectroscopy and electrical
resistivity measurements.

A defect is not just an imperfection, but also a tuning parameter to obtain
desirable physical properties. Especially magnetic properties of transition
metal oxides can be controlled by the concentration of defects. We studied
two such phenomena, namely the exchange bias and the anomalous Hall
effect, and the results are presented in Chapter 4 - Tailoring magnetic
properties via defect control. We discovered that perpendicular exchange
bias exists in cuprate/manganate superlattices, and tuned the magnitude of
this technologically important effect using atomic-layer-by-layer control of
cations exploiting the magnetic phase diagram of La,_,Sr,CuO,. In order
to understand the origin of the perpendicular exchange bias, the magnetic
structure at the interface was investigated using X-ray magnetic circular
dichroism, polarized neutron reflectometry, and SQUID magnetometry. An-
other prominent phenomenon, the anomalous Hall effect in SrRuOs,, is
receiving great attention due to the recent discovery of unusual features in
Hall resistivity curves, which suggested the presence of topological defects
called skyrmions. We scrutinized the anomalies in the Hall resistivity curves
of SrRuO; thin films, and clarified the relation between the distribution of
Ru vacancies in the sample and the seemingly novel Hall signal based on
comprehensive examinations of magnetic inhomogeneity.

Layer-by-layer deposition enables the synthesis of phases that do not exist
in bulk samples. This phenomenon is called epitaxial stabilization, which
has been routinely used to overcome the solubility limit of dopants in semi-
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conductors. In doped La,CuQ,, the impact of doping-induced disorder on
superconductivity has been controversial, and recent attention to the over-
doped regime stimulated studies on the impact of cation-induced disorder.
The dopant-host radii mismatch (DHRM) is at the center of this debate,
because the local distortions caused by substitutional defects are considered
to be particularly important for the physical properties in the overdoped
regime. In Chapter 5 - Overcoming the solubility limit via epitaxial sta-
bilization, we studied the effect of the reduced DHRM on the phase diagram
of highly overdoped cuprate superconductors via adopting Ca as a dopant
instead of Sr, which was inaccessible due to the solubility limit. We demon-
strated that the lattice and electronic structures of the Ca doped La,CuO,
films evolve systematically upon doping until x = 0.5. The investigation
of the superconducting properties revealed an extended stability range of
superconductivity, highlighting the importance of the DHRM for the phase
behavior and physical properties of the cuprates.
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CHAPTER

TRANSITION METAL OXIDES
AND METAL-OXIDE
HETEROSTRUCTURES

2.1 Point defects

A defect is a deviation from the ideal crystal structure or chemical composition
of a solid. A point defect is a defect with the dimensions of an atom such
as substituted ions, interstitial atoms, and oxygen vacancies, which can be
used to tune the materials properties as well. For instance, aliovalent cation
substitution is a common way to adjust the carrier concentration of transition
metal oxides, and modification of the oxygen stoichiometry is widely used
for the same purpose in copper oxide superconductors such as La,CuO,_ 5
and YBa,Cu30,_s. Within this section we will discuss three types of point
defects in the context of specific materials that are investigated in this thesis:
the aliovalent cations and the oxygen nonstoichiometry in cation substituted
La,CuO, (LCO), and the metal vacancy in ternary ruthenium oxides. Here
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we review point defects in the framework of defect chemistry, and their
influence on the electrical transport properties.

2.1.1 Hole doping La,Cu0, via aliovalent cation substitution

Doping is a concept adopted from semiconductor physics, where the conduct-
ing carriers are introduced by chemical impurities. Therefore, it normally
refers to situations where carriers are added to semiconducting parent com-
pounds via chemical means. The doping concentration of semiconductors is
usually limited to small values, < 5 x102° cm™3, however the flexible valence
states of many transition metal oxides allow the aliovalent substitution until
complete replacement of the original atoms, provided that the structure
remains stable.

One of the most important examples is cation-substituted LCO, which
exhibits rich physical phenomena upon hole doping such as high temper-
ature superconductivity, the pseudogap and spin-density waves. In order
to introduce holes to a compound, cations with lower valence states are
substituted for the original cations. In LCO, trivalent La®* ions are replaced
by bivalent ions of alkaline earth metals such Ca®*, Sr?*, and Ba®* leaving
the Cu sites intact. As a representative case, the reaction for the chemical
substitution of Sr in LCO can be written as follows [MP91]:

1
2810 + 2Lay, + 502(8) = Lay05 + 28r;, +2h° 2.1

Here, we used the Kréger-Vink notation for imperfections in crystals [KV56].
According to the equation, one Sr substitution (Sr; ) results in a free hole
to the system (h*), which is valid when the concentration of dopants is
moderate. The straightforward cation chemistry has been used to derive the
hole concentration (p) following a simple relation, p = x.

Stoichiometric LCO is a Mott insulator with a band gap of ~ 2 eV. Upon
hole doping, La,_, Sr,CuO, (LSCO) becomes a metal above x=0.06, and
exhibits high-temperature superconductivity with a maximum supercon-
ducting transition temperature (T,) of 40 K at x=0.16. In case of LCO, the
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Figure 2.1: Schematic phase diagram of La,_, Sr, CuO,.

dopant concentration is limited to lower values than in many other transition
metal oxides: the reported solubility limits of Ca, Sr, and Ba in bulk samples
are 0.12, 0.24, and 0.16, respectively, and a competing reaction emerges ap-
proaching the solubility limit [MSX+92; TYM+94]. Epitaxial stabilization is
one of the methods to overcome the limited solubility, where the structure is
clamped by epitaxial constraints from substrates. This technique is routinely
used in the field of oxide heterostructures and also for LSCO thin films to
grow samples with an extended doping range [GSGKO02; LSB07].

2.1.2 Oxygen vacancies in hole doped La,CuO,

As demonstrated in equation (2.1), hole doping via cation substitution
is essentially an oxidation, therefore an oxidizing environment is needed
to dissolve an excess concentration of dopants. In the highly overdoped
regime, bivalent dopants of LCO do not necessarily provide mobile charge
carriers. Instead, charged oxygen vacancies (V;*) form, which trap the
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doped holes and generate scattering centers in electrical transport. Close to
the solubility limit, this reaction becomes dominant, therefore the nominal
dopant concentration is not directly transferred to the carrier concentration,
p # x. The chemical reaction is written as follows [MP91]:

2810 + 2La;, + OJ — La, 05 + 2517, +V5® (2.2)

However, using a reactive oxidizing atmosphere prevents the formation of
oxygen vacancies, and enhances the solubility, which was demonstrated in
LSCO as extension of the so-called superconducting dome to higher doping
concentrations via high pressure oxygen treatments [TTN+88]. Therefore
cation-substituted LCO thin films are usually grown in reactive oxidizing
environments such as ozone or oxygen plasma, and single crystals need post
annealing in high pressure oxygen in order to minimize the number of oxygen
defects. There have been numerous studies on the negative influence of
oxygen vacancies on the desired physical properties of transition metal oxides
such as metallicity, ferromagnetism, ferroelectricity, and superconductivity.
However, the detection and systematic study of oxygen defects have been
largely elusive due to their atomically small size.

2.1.3 Ruthenium vacancies in strontium ruthenates

Strontium ruthenates such as StRuO; (Sr-113) and Sr,RuO, (Sr-214) are
good conductors unlike many other transition metal oxides that are pre-
dominantly insulating or semiconducting, therefore they are considered as
electrode-materials in oxide electronics. In addition, Sr-113 exhibits fer-
romagnetism and the anomalous Hall effect, and can thus be a potential
component of spintronic devices. Sr-214 is an unconventional supercon-
ductor with maximum T, ~ 1.5 K, whose pairing mechanism is still under
debate.

Obtaining stoichiometric ruthenate thin films has been a challenge due to
the volatility of some ruthenium oxide species, which induces ruthenium
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Figure 2.2: Representative electrical transport behaviors of SrRuO5; and
Sr,Ru0, thin films. (a) Hall Resistance curves that show hysteresis loops
originated from the anomalous Hall effect. (b) Resistance curve of a Sr-214
thin film that shows the superconducting transition.

deficiencies. The main volatile species are RuO; and RuO,, and ruthenium
vacancies, V", form according to the reaction:

Rug, + 202(8) — Vg, +RuO(g) (2.3)

Ruthenium vacancies in strontium ruthenates are reported to suppress
ferromagnetism and superconductivity in Sr-113 and Sr-214, respectively. In
order to obtain stoichiometric ruthenate thin films, overabundant ruthenium
should be provided during deposition, and excess ruthenium is removed
from the sample as a form of ruthenium oxide gas, which is called the
adsorption-controlled growth[NLR+18; NRS+18].

A typical measure of the concentration of ruthenium deficiency is the
residual resistivity ratio (RRR), i.e. the ratio of resistivities at 300 and 4
K, which is a conventional indicator for the concentration of impurities in
metals and alloys. Impurities in metals cause additional scattering and
carrier localization that can enhance the resistivity as T — 0 K. The RRR
in clean samples is therefore usually high [Ber84; KM93]. Experimental
studies on Sr-113 and Sr-214 have shown that a high RRR can be obtained
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when a large concentration of ruthenium is provided during thin film growth.
[NLR+18; NRS+18; SBG+16; SKV+07].

2.2 Spectroscopic properties

Photon-based spectroscopies have been invaluable tools in revealing the
origin of the phase behavior and transport properties of solids, where the
spectroscopic response of the light illumination reflects the vibrational and
electronic structure of the sample. Owing to state-of-art optical instruments
including the confocal Raman microscope, the synchrotron light source, and
the Fourier-transform ellipsometer, we could investigate the spectroscopic
responses of nanometer-scale-thick films. Within this section we will review
the mechanisms underlying the spectroscopic responses we investigated.

2.2.1 Raman spectra of K,NiF, type structures

Raman scattering is an inelastic process, during which photons lose or gain
energy. The transferred energy corresponds to the frequency of quantized
lattice vibrations called phonons with energies of tens of meV, which is
determined by the eigen-frequencies of atoms in the electrostatic potentials
around them. In analogy with classical oscillators, phonons with higher
frequencies tend to involve lighter atoms.

Raman spectroscopy measures the intensity of scattered light as a func-
tion of the energy transferred to the photon, where Raman-active phonons
show up as peaks. The Raman-activity of a phonon is determined by the
local crystal symmetry, hence Raman spectroscopy can be used to determine
the local structure of solids in combination with the polarization analysis.
Thus, Raman spectroscopy can be more sensitive to point defects than other
popular structural characterization methods, such as X-ray diffraction and
transmission electron microscopy (TEM); we found clear differences in Ra-
man spectra among samples that showed identical X-ray diffraction patterns
and TEM images. In addition, the locally degraded symmetry around a
defect site may lead to leakage of IR-active (ungerade) modes to Raman
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Figure 2.3: (left panel) The three-dimensional model of Sr-214 that has the
K,NiF,-type structure. (right panel) the projection of the structure into the
bc plane. Yellow, blue, and red spheres represent Sr2*, Ru*", and O?" ions,
respectively.

spectra (gerade) mediated by the the Frohlich interaction, in which IR-active
phonons interact with electrons through the electrostatic potential [Gin98].
Using this ability of Raman spectroscopy, we studied point defects in ternary
transition metal oxides with K,NiF,-type structure presented in Fig. 2.3 such
as LSCO and Sr-214.

The selection rule for the Raman-active peaks is determined by group
theory: the K,NiF,-type structure has a space group called I4/mmm (no.
139), and belongs to the point group D,,. Once the crystal structure and
the group representation are known, the normal modes can be determined
using tables in the literature [RBP81]. A straightforward way of performing
this analysis is to use a toolkit in the Bilbao crystallographic server, where all
group theoretical analyses are done automatically using full crystallographic
data [KAP+03]. According to the group analysis, the Raman-active modes,
IR-active modes, and acoustic modes of the K,NiF, are 2A;, + 2E,, 3A,, +
4E,, and A,, + E,, respectively, and all Raman-active modes are associated
with the apical oxygen atoms. In the case of Sr-214, three peaks, two A;, and
one E, modes, were observed in polarization-resolved Raman spectroscopy,
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where phonons with lower energy (~ 200 cm™') are associated with Sr,
and high energy phonons (~ 550 cm™) are with the apical oxygen atoms
[TPL+05]. In order to obtain a more complete set of phonon modes includ-
ing both Raman- and IR-active modes, inelastic neutron scattering can be
utilized, where momentum resolved data can be obtained. For example, all
phonon modes including four Raman-active phonon modes (24,, + 2E,) can
be identified from phonon dispersion curves of Sr-214 obtained by inelastic
neutron spectroscopy [BRS+07].

2.2.2 Electronic structure of Sr,RuO,

Ruthenium oxides, due to delocalized 4d electrons, were considered to
display weak correlation effects in comparison to 3d transition metal com-
pounds. However, recent investigations have demonstrated that ruthenates
exhibit unexpected physical properties, and the origin of them has been
attributed to the interplay of electronic correlation and spin-orbit coupling.
Even the simplest ruthenium oxide, RuO,, which has long been considered a
band metal, shows satellites in core-level spectra and itinerant antiferromag-
netism that are inexplicable with the conventional band theory [BSD+17;
KNKOO04; ZSR+19]. The emergent phenomena in complex ruthenates have
been motivated the development of new synchrotron-based beamlines for
4d compounds [JKP+17; SGI+19].

The Ru ion in Sr-214 has a charge of +4 and an electron configuration of
4d*. Tts octahedral coordination in the oxygen network that envelops the
ruthenium ions breaks the degeneracy of the 4d manifold into e, and t,,
levels, where t,, has lower energy due to reduced overlap with oxygen ions
[EFLP61]. Naturally the four valence electrons occupy the t,, orbitals, and
form a low spin state with S = 1, however, Sr-214 does not show long-range
magnetic order. As the t,, orbitals are partially occupied, Sr-214 is a metal
that exhibits a typical Fermi-liquid behavior at low temperatures (p ~ T?2).
The detailed electronic configuration of Sr-214 is further complicated by
spin-orbit coupling that lifts the degeneracy and mixes the orbital character
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of t,, through additional terms in the Hamiltonian:

A
AL+ S+ %(LZ)Z 2.4)

where A, is the spin-orbit coupling constant, and S and L are spin and
orbital angular-momentum operators, respectively [FDF+15]. The Ay in
the second term represents the intra-t,, crystal field splitting, which sepa-
rates the d,., level further from the d,, and d,, levels [FDF+15; HET +08;
VZR+14].

Experimentally the electronic structure of Sr-214 has been commonly
studied via O K-edge core-level spectroscopy, because Ru-4d electrons in
Sr-214 strongly hybridize with O-2p electrons thanks to the delocalized
4d electrons. The X-ray absorption near edge structure (XANES) and the
resonant inelastic X-ray scattering (RIXS) at the O K-edge are appropriate
methods to exploit this possibility, which revealed a value of A,, ~ 200 meV,
which is comparable to the crystal-field energy A.r [FDF+15; HLG+00;
MKK+06; PNP+07].

The strong spin-orbit coupling in d* ruthenates makes the system sus-
ceptible to the lattice degrees of freedom through a combined parameter,
a—f:, thus the energy hierarchy can be dramatically modified with the lattice
distortion: In Sr-214 the state with d,, character has higher energy than
states with d,, and d,,, on the other hand d,, lies in the bottom among
t,, derived orbitals in Ca,RuO, due to the opposite sign of % [FDF+15;
HET+08; VZR+14].

2.2.3 Electronic structure of hole doped La,CuO,

The electronic phase diagram of superconducting cuprates is currently a
puzzle to be solved, and also one of the most challenging problems in solid
state physics, therefore a complete review of the topic would be out of
scope of the thesis [KKN+15]. Instead, we will briefly introduce the orbital
character of the band structure of hole doped LCO at high temperatures,
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Figure 2.4: Schematic band diagrams of a Mott insulator and a charge
transfer insulator. LHB and UHB stand for the lower- and the upper-Hubbard
band, respectively.

which will be discussed in depth later in the context of optical spectra.

The insulating state of LCO is induced by strong Coulomb repulsion of
the 3d electrons in the electron configuration of 3d°. In Mott insulators, the
3d-band is split into upper- and lower-Hubbard bands and generates a band
gap, therefore the orbital characters of the highest occupied band (HOB)
and the lowest unoccupied band (LUB) are predominantly 3d (see Fig. 2.4).
LCO is categorized as a charge-transfer insulator which is closely similar to
a Mott insulator, because the O-2p that is hybridized with Cu-3d plays the
role of the HOB [ZSAS85].

The role of the HOB becomes important when LCO is hole-doped, because
mobile holes that superconduct below T, have the orbital character of the
HOB. The O-2p character of holes in doped LCO was confirmed by numerous
XANES and RIXS measurements, where the holes appeared as a peak at the O
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K-pre-edge, and the peak grows upon hole-doping [ARS+05; CSM+91]. The
orbital character of the carriers is an essential input for models to describe
the physics of copper oxide superconductors, hence the ligand-driven nature
of holes has been considered in the models. Zhang and Rice built the earliest
model that properly treats the complicated nature of the conduction band,
which is called the Zhang-Rice singlet (ZRS) model, because the holes in in-
plane oxygen networks form single state with the spins at copper sites [ZR88].
The ZRS model is the basis for the single-band effective Hamiltonian which
has been successful to interpret the band structure and its spectroscopic
responses. We studied the validity of the ZRS model over an unprecedentedly
wide doping range using optical spectroscopy, and found that the ZRS model
is valid up to very high Sr concentration, validity of which was challenged
[PHS+09].

2.2.4 Spectroscopic techniques

We conclude this section by introducing the experimental setups we used
in this thesis. The thin films we studied are only a few tens of nanometers
thick, which is typically 107> ~ 10~* of the volume of the substrate. In order
to exclude the enormous contribution from the substrate and to extract the
spectra from the thin film, spectroscopic methods that are specialized for
thin films are needed, such as confocal Raman microscopy and spectroscopic
ellipsometry.

In a Raman microscope, an optical microscope is integrated with a Ra-
man spectrometer, such that samples with microscopic dimensions can be
measured in a backscattering geometry. The confocal Raman microscope
comprises additional optics including a confocal pin hole (see Fig. 2.5(a)),
which greatly enhances the spatial resolution by rejecting signals out of
the focal point. The confocallity allowed us to obtain the Raman spectra
of thin films, which are usually dominated by the signal from substrates in
non-confocal setups.

Spectroscopic ellipsometry is one of the most widely-used techniques to
obtain the optical conductivity of thin films, especially in semiconductor
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Figure 2.5: Schematic diagrams of experimental setups. (a) The confocal
Raman microscope with the full polarization analysis capability. (b) The
spectroscopic ellipsometer equipped with a rotating analyzer.

industry. It analyzes the polarization of the reflected light from thin film
surfaces in the form of ¢ and A, which are the ratio and the phase difference
between p and s components of the light, respectively (see Fig. 2.5(b)), from
which one can compute optical constants such as €;(w) and €,(w) [Fujo7].
Measurements are typically done in a reflection geometry with an incident
angle close to the Brewster angle of the substrate 6 ~70°. Spectroscopic
ellipsometry has poor lateral resolution due to the large incident angle,
nevertheless it has excellent vertical resolution that reaches down to sub-
unit-cell regime, which makes it a perfect technique for thin films.

2.3 Synthesis of ruthenate thin films

Metallic ruthenates, Sr-113 and Sr-214, have played an important role in
oxide electronics as electrodes owing to their good metallicity and chemi-
cal stability. Moreover, the large growth window of strontium ruthenates
allowed them to be easily integrated into oxide-based devices with various
synthesis conditions. Achieving high-quality ruthenates with ideal physical
properties has been a challenge due to the volatility of ruthenium oxide
precursors as mentioned in the previous section. In order to obtain stoichio-
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Figure 2.6: Schematic diagram of the reactive sputtering chamber that we
used to grow ruthenate thin films.

metric ruthenate films, we developed an off-axis reactive sputtering chamber
equipped with an infrared-laser heating system. Here we introduce the
principles of the reactive sputtering method, and elaborate the advantages
of our method in growing metallic ruthenates.

2.3.1 Off-axis reactive sputtering

Reactive sputtering is a physical-vapor-deposition (PVD) method, in which
reactive gas ions are accelerated toward a target surface guided by magnetic
fields, and ablate the target to transfer the target-materials to substrates.
In case of oxide thin films Ar and O, are used as sputter and reactive gas,
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respectively, where oxygen plasma oxidizes particles sputtered by the Ar
ions. The word "off-axis" indicates the geometry of the sputtering process,
where substrates are located away from the axis of the target in order to
reduce the energy of impinging particles as described in the Fig. 2.6.

When it comes to deposition of metals with high evaporation temper-
atures, sputtering has a clear advantage over thermal-evaporation-based
PVD methods such as pulsed laser deposition (PLD) and molecular beam
epitaxy (MBE), because the ablation is done by the collision of ions with
the target. Especially for ruthenates, sputtering is beneficial, because the
ablation by physical collisions prevents overheating of the target, which is
a problem in case of PLD: overheating of the target by the focused laser
results in decomposition of the metal-oxide into the metal and oxygen, which
happens in ruthenium-, rhodium-, and iridium-oxides that contain metals
with high evaporation temperatures. The decomposed metal stays on the
surface of the target, and makes the target reflective to the laser causing
the off-stoichiometric ablation of the target. In case of MBE, thermal evap-
oration of such metals, which is the most stable way to provide an atomic
beam, is currently not possible, instead, electron-beam evaporation is used
to evaporate ruthenium [NRS+18; UIW+17].

Reactive sputtering has been eclipsed by PLD and MBE in solid-state
physics, because of some disadvantages: re-sputtering of the deposited thin
film, rough morphology due to the fast growth-rate, and difficulties in layer-
by-layer control. Yet, the off-axis geometry solves many of the disadvantages
of sputtering such as re-sputtering and surface morphology. The layer-by-
layer control is still difficult in sputtering, because the magnetic fields from
sputtering guns prohibit the adoption of reflection high energy electron
diffraction (RHEED), however RHEED is not necessary in thin films with a
single composition, for which it suffices to do ex-situ characterizations after
growths. Nevertheless, several studies showed that sputtering is capable
of growing superlattices with atomic precision using ex-situ characteriza-
tion[GZS+12], and some efforts have been made to integrate RHEED to
sputtering chambers by optimizing the distribution of magnetic fields inside
the chamber [PPDE16].
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Figure 2.7: The temperature dependence of the Sr-Ru-O phases in thin films
grown with a Sr-214 target.

2.3.2 Synthesis of Sr-113 and Sr-214 thin films via dual target ablation

There are two essential conditions of growing high-quality ruthenate thin
films using a sputtering system. One is the high-temperature, Ty,psirate =
850 °C, which is necessary to obtain the pure Sr-214 phase, and the other
is an additional Ru target that provides an excess amount of ruthenium in
order to prevent ruthenium deficiency. For these purposes, we introduced an
infrared laser heating system to heat substrates to high temperatures, and a
dual-target configuration, a Sr-214 target and a pure Ru target, to avoid the
formation of ruthenium vacancies at high temperatures (see Fig. 2.6).

The importance of the growth temperature was demonstrated by XRD 0-
20 scans from thin films with different Ty,;5;,qce (Fig. 2.7). The temperature
dependence clearly shows that T,,;,q:. higher than 850 °C is needed to
destabilize the other phases such as Sr-113 and Sr-327. Temperatures higher
than 900 °C resulted in high ruthenium deficiency that drove the film into
an insulating state, therefore it is important to keep the T, ps;rqre lOWer than
940 °C. In fact, the best samples were obtained at temperatures around
860 °C, which is slightly above the temperature that destabilizes the other
Sr-Ru-O compounds.

As previously reported, at elevated temperatures achieving the Sr-214
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Figure 2.8: XRD 6-26 curves of thin films grown at 940 °C and with the
fixed Sr-214 flux of 30 W and varied Ru flux as indicated in the plot.

phase is not difficult, but obtaining good conductivity is challenging due
to the formation of ruthenium vacancies [NRS+18]. In order to prevent
ruthenium deficiency an additional Ru flux is needed, and this has been done
via excess supply of Ru using MBE or via using a Ru-rich target in PLD. In our
system, we used a Ru-metal target in addition to the stoichiometric Sr-214
target to compensate the high volatility of ruthenium oxides. The extra
ruthenium influx preserved the Sr-214 phase and improved the conductivity,
however the superabundant amount of Ru resulted in parasitic phases such
as Sr-113 and Sr-327 that are not stable at elevated temperatures (see Fig.
2.8). Therefore, it is important to find the optimal amount of excess Ru,
which is at the border between Ru-rich and Ru-poor phases.
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3.1 Selective formation of apical oxygen vacancies in
La,_,Sr,CuO,

3.1.1 Abstract

The superconducting properties of high-T, materials are functions of the
concentration of charge carriers, which is controlled by the concentration
of defects including heterovalent cations, interstitial oxygen ions, and oxy-
gen vacancies. Here we combine low-temperature thermal treatment of
La,_,Sr,Cu0, epitaxial thin films and confocal Raman spectroscopy to con-
trol and investigate oxygen vacancies. We demonstrate that the apical site is
the most favorable position to accommodate oxygen vacancies under low-
temperature annealing conditions. Additionally we show that in high-quality
films of overdoped La,_, Sr,CuO,, oxygen vacancies strongly deform the
oxygen environment around the copper ions. This observation is consistent
with previous defect-chemical studies, and calls for further investigation of
the defect-induced properties in the overdoped regime of the hole-doped
lanthanum cuprates.

3.1.2 Introduction

One of the greatest challenges in research on high-temperature superconduc-
tivity is separating the effect of chemical disorder and electronic correlations
on the physical properties of the superconducting cuprates. All cuprates
share two substructures [KKN+15; OMO0O]: the copper oxide (CuO,) planes,
which host the valence electron system, and the so-called charge reservoir,
whose chemical composition is modulated by introducing impurities such
as heterovalent cations, excess oxygens, or oxygen vacancies. The CuO,
layers are insulating and antiferromagnetic if the Cu ions are in the valence
state Cu®*. The imbalance between the valence of dopant and host ions in
the charge reservoir results in extra charges which are transferred into the
neighboring CuO, sheets via apical oxygens. As a result, the CuO, planes are
populated with charge carriers and become metallic and superconducting
while preserving shorter antiferromagnetic correlations.
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Among the superconducting copper oxides, La,_,Sr,CuO, (LSCO) is
unique due to the fact that the carrier concentration can be finely tuned by
varying the Sr concentration, unlike other cuprates with higher T, that are
doped by oxygen off-stoichiometry. A solid solution can be formed over a
wide range of Sr concentration 0< x <1.3 [STNMOO]. This allows one to
cover the full phase diagram across the whole superconducting dome from
the undoped parent compound La,CuO, to the highly overdoped regime
where eventually superconductivity is lost.

Recent work on LSCO thin films has revealed an unusual temperature
dependence of the superfluid density in highly overdoped L.SCO [BHWB16],
triggering a controversial discussion about the role of disorder in this regime
of doping [BHWB16; LDB17b]. In this context, it is important to realize
that Sr doping modifies not only the carrier concentration but also the defect
concentration [MP91; SRF+87]. Indeed from a defect chemistry point
of view, LSCO may also contain oxygen vacancies (V3') according to the
equation [MP91]:

2810 + 2Lay, +Of — La, 05 + 2817, + V' 3.1

Here La;’, and O are neutral La and O atoms at La and O sites, respectively.
According to equation (2.1), the two Sr atoms at the La site (charged with
-1: Sr;,) may generate an oxygen vacancy (charged with +2: V*) instead of
two holes. The number of oxygen vacancies in bulk and thin films (&) can
be reduced by means of annealing under high-pressure oxygen or during
epitaxial growth under a reactive oxidant atmosphere such as ozone or
oxygen plasma [BAL+11; STNMO0O; TTN+88]. These treatments, as has
been reported, extend the superconducting dome to higher doping levels
both in bulk crystals and epitaxial thin films. The crystal structure of LSCO
without interstitial oxygen (Figure 3.1(a)) shows that there are two different
oxygen positions: (i) apical oxygen O(2) and (ii) basal oxygen O(1). The role
of these two inequivalent oxygens has been the subject of many studies aimed
at understanding their influence on the physical and chemical properties such
as superconductivity and oxygen vacancy formation, respectively [PDM+16;
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PDS+01; SUK+10; WHK10].

During the last decade it was demonstrated that high-quality LSCO epi-
taxial thin films and heterostructures can be grown by using ozone-assisted
atomic layer-by-layer molecular beam epitaxy (ALL-MBE) [BHWB16; BLG+15].
Samples are generally fully oxidized over a wide range of doping, since the
films are grown under high purity ozone atmosphere that even results in
excessive interstitial oxygen staging in underdoped LSCO [STNMOO]. Typi-
cally the concentration of carriers (holes) p in these films has been estimated
as the concentration of Sr dopants, x (p = x) even in the overdoped regime
[BHWB16]. However, the oxygen deficiency induced by Sr dopings in LSCO
has not been widely studied, and is thus not well understood. One practical
difficulty is that the presence of oxygen deficiency is difficult to detect.

Here we show that it is possible to selectively change the oxygen vacancy
concentration and control it via ex situ postannealing. We also demonstrate
that the p = x assumption has a progressively more limited validity upon
moving towards the overdoped regime. This informations could be essential
for further understanding the physics and chemistry of high temperature
superconducting cuprates.

3.1.3 Experimental methods

Our tool of choice to study this issue is Raman scattering from LSCO thin
films. Raman spectroscopy is an extremely sensitive probe of local sym-
metry changes, and oxygen occupancies in thin films can be more easily
controlled than in the bulk form via the annealing process[IZHC97; LLP06].
We grew high quality LSCO epitaxial thin films each with four different
Sr doping concentrations (x = 0.16,0.25,0.35 and 0.5) on LaSrAlO, (001)
single crystalline substrates (Crystal GmbH) by using the ozone-assisted
ALL-MBE system (DCA Instruments) [BLG+15]. Each film is 100 unit cells
thick and all growths were controlled by using in situ reflection high en-
ergy electron diffraction (RHEED). The film quality was confirmed by using
atomic force microscopy (AFM) and high resolution X-ray diffraction (XRD).
During growth the substrate temperature was kept at 630 °C according
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to the radiative pyrometer, the pressure was ~ 1 x 10~ Torr. A series of
postannealing treatments was carried out in the growth chamber of MBE sys-
tem: the base pressure was ~ 1 x 1078 Torr for each vacuum annealing and
~ 1 x 107> for annealing in ozone. During each growth and ozone annealing
run, ozone was supplied from a dedicated delivery system by evaporating
liquid ozone. The diamagnetic response and resistance were measured si-
multaneously as a function of temperature in the range of 4.2-300 K using a
motorized dip-stick. The temperature was varied by inserting the dip-stick
into the transport helium dewar. The Raman spectra were measured with
a Jobin-Yvon LabRam HR800 spectrometer (Horiba Co.) combined with
a dedicated confocal microscope with motorized objective lens with short
depth of focus that allows measurement of films with thicknesses of ~ 10
nm [HKB+15; HMF+14]. The samples were illuminated with a He-Ne laser
with wavelength 632.8 nm, and the scattered light was collected from the
sample surface with a 100x objective. The experiments were performed in
backscattering geometry along the crystallographic c-axis.

3.1.4 Results and discussion

Figure 3.1 shows unpolarized Raman spectra of our LSCO films with Sr
concentrations x = 0.16,0.25,0.35 and 0.5. The spectra are vertically shifted
for clarity. All Raman spectra have overall similar shapes in spite of the wide
variation of x, and are consistent with previous reports on bulk samples
[BGG+87; Sug89; WPW+88]. The strongest doping dependence is observed
for the mode at ~ 220 cm™'and the mode at ~ 600 cm™!: both peaks increase
in intensity as the Sr concentration increases. The other phonons: at ~ 150
ecm !, ~ 320 cm™}, ~ 360 cm ™}, and ~ 450 cm™! are only weakly doping
dependent. The peak at ~ 220 cm™" has been assigned as the A;, phonon
mode that involves the even motion of the La/Sr atoms [BGG+87; Sug89;
WPW+88] bonded to the apical oxygens O(2). Thus the change of the
amplitude of this peak with Sr doping level can be interpreted either as
a consequence of increasing Sr concentration or the formation of oxygen
vacancies in the apical position. The amplitude change is even more dramatic
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Figure 3.1: (a) The lattice structure for LSCO with tetragonal symmetry. (b),
(c) Unpolarized Raman spectra from LSCO thin films with different doping
levels. Spectra from x = 0.25, 0.35, 0.5 are shifted in the y direction 1, 1.4,
2.8 units for better visibility.

for the high energy mode at ~ 600 cm™! presented in Fig. 3.1(c). This broad
peak is present over the whole range of x and its spectral weight increases
with x. This particular mode has not been systematically studied in LSCO and
its origin and assignment remain controversial. In Refs.[SST+03; Sug89]
an analogous high energy mode was observed in overdoped LSCO samples
and assigned to oxygen vibrations, because the high-energy of the mode
suggests a small atomic mass.

Interestingly, a similar broad peak located in the same energy range was
observed in a number of Raman studies on different materials with similar
crystal structure, such as LaSrAlO, [HCI+97] and electron-doped cuprates
with T’ structure [HLC+91]. Although the origin of this peak has not been
conclusively established, previous studies suggest a connection with the
presence of defects for this phonon mode with A;, symmetry and they point
out that it has a larger contribution with light polarized along the z axis. Here
we use the same notation for this phonon mode as A7, mode following Ref.
[HLC+91]. The evolution of the peak at ~ 600 cm™! with Sr concentration
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possibly supports the hypothesis of a defect-induced origin of the A;, mode.

! which is essentially

As this peak partially overlaps with the peak at 700 cm™
constant over the whole doping range, we plot the integrated area of the Aj] ¢
peak as a function of Sr concentration in Fig. 3.2(a). Taking into account the
defect chemistry analysis [MP91] on the LSCO compound the enhancement
of spectral weight is consistent with the presence of more oxygen vacancies.
In order to further clarify the symmetry and origin of the phonon mode at
~ 600 cm™! in LSCO thin films, Raman spectra with ZZ polarization should
be measured. Unfortunately the planar sample geometry of thin films makes
it extremely challenging to collect the Raman signal from the out-of-plane z
component.

We have overcome this challenge by measuring Raman spectra on tilted
samples as described in Figure 3.2(b). We positioned LSCO (x = 0.35) on
wedges with different angles 8. In this configuration we could pick up a
partial contribution from the z direction that increases with the angular
deviation from the original standard z(YY )z geometry (in Porto’s notation).
The result from the angular-dependent measurements is presented Fig.
3.2(c), where a striking difference between XX and Y'Y polarized spectra is
clearly seen at 6 = 70° at ~ 600 cm™*. The phonon mode at ~ 600 cm™*
has a larger z component than the A;, phonon mode at ~ 220 cm™". This
observation is consistent with the above-cited previous studies on similar
compounds. Along the lines of Ref. [HLC+91] we can assign this anisotropic
phonon mode Ajg to the vibration of the apical oxygens at the vertices of the
octahedral oxygen network surrounding the copper ions. Hence the spectral
weights of A;, and A} ¢ phonon modes in Raman spectra can be used as
selective and sensitive markers to judge the local modifications of the crystal
structure caused by formation of oxygen vacancies in the LSCO epitaxial
thin films. In the following text, we focus on these markers to evaluate the
tunability of oxygen concentration via low-temperature annealing under
vacuum.
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Table 3.1: The summary of mutual inductance measurements and XRD of LSCO thin films. The T. ;441 iS
defined as the temperature where the imaginary part of the mutual inductance is maximized. This T ;441 i
consistent with previous reports on the phase diagram of LSCO thin films grown by oxide MBE.

Nominal doping Treatment Teonset ) Temigare(K) c(A)
as grown 40 37 13.277
x=0.16 1st annealed at 280 °C for 30 mins in vacuum 40 34 -
2nd annealed at 280 °C for 30 mins in vacuum 26 <4.2 13.259
ozone annealed at 630°C for 1 hrs in Ozone 39 34 13.289
as grown 31 25 13.24
x=0.25 1st annealed at 280 °C for 20 mins in vacuum 30 24 13.24
2nd annealed at 280 °C for 40 mins in vacuum 28 21 13.252
ozone annealed at 630°C for 1 hrs in Ozone 30 25 13.297
as grown 15 10 13.29
x=0.35 1st annealed at 280 °C for 30 mins in vacuum 17 13 13.277
2nd annealed at 280 °C for 240 mins in vacuum <4.2 <4.2 13.265
ozone annealed at 630°C for 1 hrs in Ozone 15 10 13.285




Using a series of vacuum annealing processes we could vary the concen-
tration of oxygen vacancies in our films. After each annealing process the
superconducting transition temperature T,, the diamagnetic response and
XRD were measured. In Table 3.1 we summarize samples, details of the an-
nealing process, superconducting transition temperatures and c-axis lattice
constants as obtained from the XRD measurements. We studied three LSCO
samples with different Sr doping levels x = 0.16 (optimum doping), 0.25
and 0.35 (overdoped). In Tab. I two superconducting transition tempera-
tures are listed: T, ;.. is the temperature at which the real and imaginary
parts of mutual inductance start to change due to the diamagnetic screening,
whereas T, ;441 COrresponds to the temperature where the imaginary part
of the mutual inductance is maximized. Vacuum annealing processes reduce
T, in all samples. Only in the case of overdoped LSCO with x = 0.35 the
first vacuum annealing slightly increased T, due to the compensation of
extra holes by electrons from V°. Nonetheless, a second vacuum annealing
process suppressed T, underreaching the T, of the optimum doped sample.
This already indicates that the lattice distortions induced by V;* play an
important role in determining T, together with carrier concentration in the
CuO, planes. T, was recovered by annealing in ozone as shown in Table 3.1
for the optimum doped LSCO film. The reversibility of T, suggests that the
formation of oxygen vacancies in high-quality LSCO films is also reversible.
Notably, while T, was remarkably suppressed after a second annealing in
vacuum, the reduction of the c-lattice constant was only moderate.

In order to clearly demonstrate that these peaks stems from oxygen defi-
ciency, we looked at the Raman modes ~ 220 cm™!, and ~ 600 cm™ after
each vacuum annealing that can modify the concentration of oxygen ions
in the thin films. The unpolarized Raman spectra for three LSCO films
x =0.16,0.25 and 0.35 measured after consecutive annealing processes are
presented in Figure 3.3(a)-3.3(c), respectively. For clarity the spectra are
vertically shifted. For comparison we plot also the spectrum obtained from
the bare LaSrAlO, substrate (gray line) that contributes to the overall Raman
signal from the samples. As mentioned above the strongest doping depen-
dence of the spectral weights in the as-grown LSCO films was observed at ~
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Figure 3.3: Raman spectra from annealed samples with different Sr concen-
trations: (a) x=0.16, (b) x=0.25, (c) x=0.35. Spectra are shifted in the y
direction for better visibility. The numbers above spectra are the amounts of
shifts in arbitrary units.

220 cm™! (blue-shaded area), and ~ 600 cm™ (gray-shaded). Subsequent
annealing of LSCO films in vacuum at 280 °C has a dramatic effect on both
modes in all three samples.

The spectral weight of the mode at ~ 220 cm™! is progressively suppressed
with each vacuum annealing due to the increase in V3® at the apical site that,
in turn, affects the motion of La/Sr atoms. Annealing in ozone recovers this
peak to the initial value for all three doping concentrations, as shown in
Fig. 3.3. On the other hand the spectral weight of the Al phonon mode
at ~ 600 cm™! gradually increases after the vacuum annealing processes,
differently from the in-plane modes at ~ 320 cm™* and ~ 370 cm™* which
do not vary with doping and thermal treatment. Our findings thus imply
a selective generation of oxygen vacancies at the apex of the octahedron,
O(2) in Fig. 3.1(a). This is supported by the changes of the apical-related
modes at ~ 220 and ~ 600 cm™! and by the fact that the other planar modes
remain unchanged.
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3.1.5 Conclusion

In conclusion, our study has provided insights into the defect chemistry
of high-quality LSCO epitaxial films grown by ozone-assisted MBE: (i) the
amount of oxygen vacancies V® increases strongly as a function of Sr doping
even in samples grown under highly oxidizing environment; (i) the oxy-
gen vacancies can be selectively introduced at the apical position of CuOgq
octahedron by low-temperature annealing in vacuum; (iii) confocal Ra-
man microscopy is an appropriate tool to investigate oxygen defects in thin
epitaxial oxide films, complementary to other techniques such as positron
annihilation spectroscopy [GCH+10].

Moreover the increasing tendency to form V¢* in high quality LSCO thin
films as x increases highlights an important source of disorder that one
needs to consider in interpreting the physical properties of transition metal
oxides. We used a prototypical layered transition metal oxide LSCO com-
pounds as a form of thin film to take an advantage of an effect of oxygen
annealing Furthermore the higher tendency of overdoped samples to acco-
modate V3* suggests to focus on the relatively cleaner underdoped regime
to study the intrinsic properties of the superconducting LSCO. We used the
prototypical layered transition metal oxide LSCO to investigate the effect
of annealing in different oxygen environments on the defect concentration.
The higher tendency of overdoped samples to accommodate V3® calls for
further investigations of the influence of disorder on the superconducting
properties in this regime of the phase diagram [BHWB16; LDB17b]. Finally
the selective generation of apical oxygen vacancies could provide an in situ
tool to tune the electronic structure of LSCO without major disruption of the
CuO, plane[WAN+16].
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3.2 Electronic and vibrational signatures of ruthenium
vacancies in SRO thin films

3.2.1 Abstract

The synthesis of stoichiometric Sr,RuO, thin films has been a challenge
because of the high volatility of ruthenium oxide precursors, which gives
rise to ruthenium vacancies in the films. Ru vacancies greatly affect the
transport properties and electronic phase behavior of Sr,Ru0O,, but their
direct detection is difficult due to their atomic dimensions and low concen-
tration. We applied polarized x-ray absorption spectroscopy at the oxygen K
edge and confocal Raman spectroscopy to Sr,RuQO, thin films synthesized
under different conditions. The results show that these methods can serve as
sensitive probes of the electronic and vibrational properties of Ru vacancies,
respectively. The intensities of the vacancy-related spectroscopic features
extracted from these measurements are well correlated with the transport
properties of the films. The methodology introduced here can thus help to
understand and control the stoichiometry and transport properties in films
of Sr,RuO, and other ruthenates.

3.2.2 Introduction

Ruthenium oxides have long served as model compounds for the influence
of spin-orbit interactions on the electronic properties of strongly correlated
electron systems. The layered compound Sr,RuO, has attracted particular
attention because it exhibits textbook Fermi liquid behavior as well as an
unconventional superconducting state whose microscopic description con-
tinues to be strongly debated [MJD+96; MSHM17; PLC+]. As the valence
electrons reside in the nearly degenerate t,, levels of the Ru ions in the
tetragonal crystal field, externally imposed lattice distortions in the form of
uniaxial [BGM+18; SZB+17] or biaxial strain [BAM+16; HCR+16] have
been shown to profoundly affect the phase behavior and physical properties.
In particular, recent angle-resolved photoelectron spectroscopy studies per-
formed in-situ on Sr,RuO, thin films demonstrated that the Fermi surface is
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very sensitive to epitaxial strain [BAM+16; HCR+16].

Since its in-plane lattice parameters (a=b=3.87A) are similar to other
ternary transition metal oxides that exhibit novel physical properties, Sr,RuO,
can be readily integrated into all-oxide thin film devices. Compared to most
functional transition metal oxides, which are insulators, several ruthenates
including Sr,RuO, and its cubic perovskite analogue StRuO; exhibit good
metallic properties, which make them suitable as electrode materials for
oxide electronics [KKS+12]. In several recent studies, for example, StRuO4
is used as a standard electrode for ferroelectric tunnel junctions [GB14].
Sr,Ru0,, on the other hand, has high thermal stability even up to 1000 °C,
which makes it an appealing candidate for a bottom electrode that must
withstand the high growth temperatures of oxides deposited on top of it
[TL17]. In addition, StTRuO;-Sr,RuO, heterostructures have recently been
used to explore fundamental properties of the superconducting state in
Sr,RuO, [ALI+16; CKLT18; MBS18].

Despite the fundamental interest and potential applications, the growth of
high quality ruthenate thin films has proven to be very challenging due to the
nature of ruthenium and its oxides [CMV+16; KUT+10; MKAS17; NLR+18;
NRS+18; TL17; UIW+17]. In fact, the high volatility of ruthenium oxides
(RuO,_, 3 4) leads to ruthenium deficiency, as shown in numerous reports
[DCK+04; NLR+18; NRS+18; SBDD15; SBG+16; SKV+07]. The ruthe-
nium deficiency increases the resistivity and reduces the Curie temperature
of SrRuO; and is detrimental to superconductivity in Sr,RuO,. In extreme
cases, StRuO; and Sr,RuO, even show semiconducting behavior at low tem-
peratures [CMV+16; DCK+04]. Superconductivity in Sr,RuO, is extremely
sensitive to defects, such as nonmagnetic impurities and lattice imperfections
and thus it requires high quality samples [MHT+98; MMM99]. In order
to overcome the volatility of ruthenium oxides, some of us have recently
used an adsorption-controlled growth technique to synthesize ruthenate thin
films showing superconductivity and unprecedentedly high residual resistiv-
ity ratios, defined as the ratio of the resistivities at 300 and 4K [NLR+18;
NRS+18]. Related results have also been reported by other groups where
the growth of Sr,RuO, films was carried out by means of molecular beam
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Figure 3.4: (a) The lattice structure of Sr,RuO, with tetragonal symmetry.
(b) XRD 6-20 scans of thin films. The sharp peak between Sr-214 (006) and
LSAT (002) is the so-called hybrid reflection from combined diffraction of
the film and substrate [DSC+18]. The y-axis is logarithmic and the curves
are shifted in the y direction for better visibility.

epitaxy [MKAS17; UIW+17].

Nevertheless, a method to directly detect the ruthenium vacancies is still
lacking due to their atomic dimensions and low concentration. Until now,
the most common approach is based on using the residual resistivity that
increases when defects are introduced. However, this method can only
provide indirect evidence of Ru vacancies, and different factors (such as
microstructural defects) can also contribute to the residual resistivity. To
directly and specifically detect the ruthenium vacancies, a characterization
tool that is sensitive to the local crystalline environment is required.

Here we report a combination of spectroscopic methods to directly identify
ruthenium vacancies in Sro,RuO,. Specifically, we utilized X-ray absorption
spectroscopy (XAS) and Raman spectroscopy to investigate thin films grown
by the adsorption-controlled growth technique using either reactive sputter-
ing or molecular-beam epitaxy (MBE). These complementary spectroscopic
methods provide information on the modified hybridization between ruthe-
nium and oxygen orbitals and on the local lattice distortions induced by
ruthenium deficiencies, respectively. The spectroscopic signatures of ruthe-
nium vacancies discussed in this work can thus serve as a guiding tool for
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the growth of ruthenate thin films with controlled stoichiometry, which will
benefit both fundamental studies and oxide electronics applications.

3.2.3 Experimental details

Thin films were grown on (LaAlO5), 5-(SrAl 5Tay 503)¢ 7 (LSAT) (001) single-
crystalline substrates (CrysTec GmbH) using either a reactive sputtering
system developed at the Max Planck Institute for Solid State Research or an
oxide MBE system at Cornell University. For reactive sputtering, argon and
oxygen gas were supplied via a mass flow controller. The pressures Py, and
P.,:at Were 50 and 100 mTorr, respectively. Substrates were glued with a
platinum paste to pure nickel blocks and heated with an infrared laser. The
substrate temperature was monitored using a radiative pyrometer using the
emissivity of €; ¢, =0.92. The structural quality of the films was confirmed
by high-resolution X-ray diffraction (XRD) with a Cu K-a source (A ~ 1.5406
A) and by transmission electron microscopy. The growth parameters for the
oxide MBE films have been presented elsewhere [NRS+18]. All the samples
investigated in this study are listed in table 3.2.

Table 3.2: List of samples. The samples are listed in order of their residual
resistivity ratios (see Fig. 5.3). Samples labeled “metal-insulating" show a
resistivity minimum as a function of temperature (Fig. 2). The thicknesses
were calculated using Laue fringes in XRD 6-26 scans.

Sample Transport Torowen CC)  d (nm)  Technique
S1 Insulating 940 16 Sputtering
S2 Metal-insulating 940 48 Sputtering
S3 Metal-insulating 940 16 Sputtering
S4 Metal-insulating 940 50 Sputtering
S5 Metal-insulating 940 42 Sputtering
S6 Metal-insulating 860 11 Sputtering
S7 Metal-insulating 860 62 Sputtering
S8 Metal-insulating 860 67 Sputtering
S9 Metallic 860 26 Sputtering

S10 Superconducting 860 28 MBE
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The electric transport measurements were carried out using a Physical
Property Measurement System (Quantum Design Co.). To implement the
van der Pauw geometry, Ag/Au metallic contacts were deposited with a
sputtering on four corners of square shaped samples (5 mm x 5 mm). The
values of resistivity at room temperature (300 K) are 48255.5, 1126.4, 651.1,
640.9, 457.1, 245.4, 189.3, 171.0, 211.7 uf2-cm in S1-S9, respectively.

The Raman spectra were measured with a Jobin-Yvon LabRam HR800
spectrometer (Horiba Co.) combined with a dedicated confocal microscope
with the 100x long working distance objective lens. The short depth of focus
allows measurements of films with thicknesses of ~10 nm. The samples were
illuminated with a He-Ne laser with wavelength 632.8 nm (red), and the
scattered light was collected from the sample surface with a 100x objective.
The experiments were performed in backscattering geometry with (a,b)-
axis polarized light propagating along the crystallographic c-axis, which is
denoted as z(XX)z in Porto’s notation.

The XAS measurements were carried out at the O K-edge at the BL29-
BOREAS beamline at the ALBA synchrotron light source (Barcelona, Spain)
[BNC+16]. The spectra were measured in total electron yield (TEY) mode
under ultrahigh vacuum conditions (1.5 x 107'° Torr).

For scanning transmission electron microscopy (STEM), we prepared rep-
resentative cross-sectional electron transparent specimens by employing the
standard specimen preparation procedure including mechanical grinding,
tripod wedge polishing, and argon ion milling. After the specimens were
thinned down to ~10 um by tripod polishing, argon ion beam milling, for
which a precision ion polishing system (PIPS II, Model 695) was used at low
temperature, was carried out until reaching electron transparency. For all
STEM analyses, a probe-aberration-corrected JEOL JEM-ARM200F equipped
with a cold field-emission electron source, a probe Cs-corrector (DCOR, CEOS
GmbH) and a large solid-angle JEOL Centurio SDD-type energy-dispersive
X-ray spectroscopy (EDXS) detector was used. The collection angle range
for high-angle annular dark-field (HAADF) images was 75-310 mrad. To de-
crease the noise level, the images were processed with a principal component
analysis routine.
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3.2.4 Results and discussion

Since ruthenium deficiency in Sr,RuO, (SRO) thin films is strongly dependent
on the growth conditions, the adsorption-controlled growth that employs a
large flux of ruthenium is an appropriate way to control the stoichiometry
[NRS+18]. For adsorption-controlled growth of oxides, an oxidation agent
is required to evaporate excessive ruthenium as some form of RuO,.(g) and
to fully oxidize the films. For this purpose, we used concentrated (distilled)
ozone in oxide MBE and an oxygen plasma in reactive sputtering. We
sputtered SRO thin films with different concentrations of ruthenium defects
by tuning two growth parameters, namely the deposition temperature and
the ratio between ablations of stoichiometric SRO and ruthenium metal
targets. We kept the oxygen partial pressure of the chamber constant during
growths and rapid cooling processes to avoid variations in oxygen content.
In order to obtain the insulating sample S1 with the highest concentration
of ruthenium vacancies, we prepared the sample 940 °C using only the SRO
target, exploiting the fact that more ruthenium vacancies are generated at
higher temperatures.

We investigated the structure of all SRO films using XRD. Figure 3.4 (b)
shows the OOL reflections from LSAT and SRO observed in 6-20 scans which
demonstrate that the films were oriented along the ¢ axis without parasitic
phases. All curves show Laue fringes, which indicates smooth surfaces and
interfaces. Reflections from different samples show nearly identical peak
positions with only minor variations, except for the sample S1 that has a
smaller c lattice parameter due to the excessive ruthenium deficiency.

Although the XRD curves only display minor differences, the transport
properties vary substantially, ranging from insulating to metallic and fi-
nally to superconducting behavior (Fig.3.5). The resistance curves were
normalized to the resistance at 320 K to highlight the differences in the low-
temperature properties. One sample, S1, exhibits a completely insulating
behavior that has not been observed before except for exfoliated nano-sized
single crystals [NMT17]. This is consistent with the expectation of high
ruthenium deficiency in samples grown with extreme growth parameters.
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Figure 3.5: Normalized resistance curves. The kink at 80 K in some of the
curves is an instrumental artefact.

The samples grown at 940 °C (S1,2,3,4,5) have higher normalized resis-
tances than the samples grown at 860°C (S6,7,8,9), which suggests that the
higher growth temperature favors the formation of defects. The MBE-grown
sample S10 has a very low residual resistivity and is superconducting at
T midpoint =0.67 K.

We collected STEM-HAADF images to investigate if and how details of
the structure could result in different transport properties. Two represen-
tative samples, S9 and S5, that were grown at different temperatures were
examined (Fig. 3.6). Although the two samples show very different trans-
port properties, the STEM images are strikingly similar. Both samples show
perfect epitaxial qualities demonstrated by the absence of parasitic phases
and structural defects over hundreds of nanometers. The high magnification
HAADF images show the ideal K,NiF, structure, consistent with the hypoth-
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Figure 3.6: HAADF images for (a) S9 and (b) S5 samples. The blue and
red squares indicate the magnified regions. The brighter spots are from
ruthenium atoms and the other spots are from strontium atoms.

esis that the different transport properties arise from atomic-scale defects.
The seemingly ideal structures of both fully metallic and metal-insulating
samples imply that the insulating behavior does not stem from parasitic
phases such as Sr;Ru,0, or StRuOs;.

Atomic-scale point defects can be studied by core level spectroscopy thanks
to its sensitivity to the bonding environment of an atom. Metal vacancies
in metal oxides affect the chemical properties of the materials by reducing
the number of metal-oxygen bonds, and raising the oxidation state as the
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number of oxygen atoms per metal increases. The higher oxidation state
and the reduced number of bonds reduce the hybridization of the metal
ion with the surrounding ligands. In SRO, ruthenium is hybridized with
oxygen ions in a [RuOg]*" complex, and this is reflected in O K-edge X-ray
absorption spectra as pre-edge peaks [MKK+06; PNP+07; SCB+96]. There
are two inequivalent oxygens in SRO: a planar oxygen labeled as O(1), and
an apical oxygen labeled as O(2) (Fig. 3.4(a) and inset to Fig. 3.7(b)).
XAS with linearly polarized light can resolve the difference between O(1)
and O(2) thanks to the angle-dependence of the signal, as X-ray absorption
occurs selectively in orbitals that lie parallel to the electric-field vector of the
incoming x-rays.

We carried out linearly polarized XAS measurements near the O K-edge
in TEY mode on four of our films at room temperature (Fig. 3.7). The
¢ axis of the samples is perpendicular to the surface, so that the spectra
are more sensitive to the planar O(1) at normal incidence, 6; = 90°, and
pick up substantial contributions from the O(2) as 6; approaches grazing
incidence, towards 6; = 0° (Figure. 3.7(a)). However, instead of changing
the incident angle, we fixed it at 30° and controlled the polarization of the
incident x-rays. In this configuration, the vertical polarization (o-pol) is
always parallel to the Ru-O(1) bond, and the horizontal polarization (7t-pol)
picks up contributions from both Ru-O(1) and Ru-O(2) bonds. Given the 30°
angle from Ru-O(2), the signal from O(2) is dominant. The advantage of this
configuration is that we can minimize variations of the footprint area of the
X-ray beam, by keeping the incident angle fixed during the measurements.

Four samples with different transport properties were chosen for the
measurements. The metallic sample S9 shows spectra consistent with the
previously reported spectra of single crystals, thereby confirming a good
sample quality [MKK+06; SCB+96]. On the other hand, the less conducting
samples S6 and S5 exhibit spectra with suppressed pre-peak spectral weight.
Especially the spectral weight between 529 eV and 533 eV is progressively
suppressed in measurements with n-polarization. On the other hand, the
peak at 529 eV and 534 eV in the o-polarized spectra shows a smaller
suppression. The spectra from the insulating sample S1 reveal a somewhat
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Figure 3.7: (a) Schematic diagram of the XAS measurement geometry. (b)
X-ray absorption near O K-edge spectra. The full and empty diamond shapes
indicate peaks from O(2) and O(1), respectively. The insets show the bonding
configuration of O(1) and O(2) with Ru. The blue spheres are ruthenium
atoms and the grey spheres are strontium atoms consistent with Fig. 3.4(a).

different shape from the other three samples due to the high concentration
of ruthenium vacancies and its insulating behavior at room temperature,
and also show greatly suppressed spectral weight at the pre-edge.

The change in spectral weight in the pre-edge structure can be interpreted
as a signature of the ruthenium vacancies due to the above-mentioned
reduced number of bonds and diminished hybridization. In particular, the
stronger suppression of the out-of-plane component is remarkable and can
be explained by a different number of ruthenium atoms in proximity to O(1)
and O(2). As depicted in the inset of Fig. 3.7(b), the O(1) has two bonds
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with neighboring ruthenium atoms in the xy plane, whereas O(2) has only
one bond with Ru in the z-direction. The apical oxygen is therefore more
sensitive to the presence of ruthenium vacancies.

Now we shift our attention to the local lattice distortion produced by the
ruthenium vacancies. The absence of a ruthenium atom not only generates
a void, but also distorts the lattice around the vacancy site, which results in
lower local lattice symmetry. Raman spectroscopy is a suitable tool to study
the change in local symmetries in crystals, because the Raman-activity of
a phonon mode can be determined by a group-theoretical analysis of the
lattice. SRO has a simple lattice structure with tetragonal symmetry, and
the Ru and O(1) atoms are located in centrosymmetric positions. Due to
the high symmetry, only four Raman modes (2A,,+2E,) are expected from
group theory [IPL+05].

The recent development of confocal Raman spectroscopy, based on an
optical microscope with motorized objective lens and a confocal hole to reject
substrate contributions, has provided new information on thin films down to
thicknesses of a few nanometers, including the strain dependence of charge
ordering phenomena, thickness dependent lattice structures, and oxygen
vacancies [HMF+14; KCL+17]. We used a confocal micro-Raman setup to
examine the local structural change in ruthenium deficient SRO thin films,
where the signal from the thin film can be extracted using a depth-resolved
measurement [HMF+14]. The thin film shape restricted the measurement
to the z(XX)z geometry, in which the propagation of light is parallel to the
surface normal, and the polarization of the light is parallel to the a axis of
the lattice. In this geometry we could study phonon modes with A, + By,
symmetry, including the two A;, phonon modes at 200 cm™" and 545 cm™
that are related to the vibration of Sr and O(2) in the z direction [IPL+05;
SNM+01].

In Figure 3.8, we present substrate-subtracted Raman spectra acquired at
room temperature for all investigated samples. The spectra were normalized
to the peak at 545 cm™!, and shifted along the y-axis for the sake of read-
ability. The metallic and superconducting samples, S9 and S10, show two
sharp peaks from A;, phonon modes, as observed in single crystals [IPL+05;
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Figure 3.8: Polarized Raman spectra acquired at room temperature. The
gray dashed curve is the LSAT substrate signal that was subtracted out in
the analysis.

SNM+01]. In less metallic samples, additional peaks appear in two energy
windows: between 300 and 400 cm™!, and between 600 and 800 cm™'. The
spectra from the substrate and SrRuO, are plotted in Fig. 3.8 to demon-
strate that the additional features are neither originating from the substrate
nor from impurity phases. The spectral weight of the additional features
grows as the samples become more insulating, thereby revealing a strong
correlation between the Raman spectra and the transport properties. As a
consequence we can safely assign the new peaks to Raman-active phonon
modes originating from the locally reduced symmetry induced by ruthenium
vacancies.

In order to investigate the nature of the new features, magnified spectra
are displayed in Fig. 3.9. The energies and spectral shapes of the new
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Figure 3.9: Detailed view of the Raman features attributed to Ru vacancies
in Fig. 3.8.

features suggest that peaks at higher energy (E), 600 cm'< E < 800 cm™},
are overtones of the phonon modes at lower energy, 300 cm™'< E < 400
cm™!. Specifically, the former peaks are seen at exactly twice the energies
of the latter peaks, as expected for second-order overtone modes in the
harmonic approximation. Moreover, the intensities of all new peaks grow
proportionately in less conducting samples, which points to a common
underlying origin. Ruthenium vacancies thus generate at least two phonon
modes in the range 300 cm™'< E < 400 cm™!, and their overtones are visible
in the spectra as well. A possible origin of the additional peaks is the mixing
of Raman and infrared (IR) active modes due to the reduced local symmetry,
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Figure 3.10: Detailed view of the specral ranges exhibiting signatures
of Ru vacancies in the Raman spectra of the metallic sample S9 and the
superconducting sample S10.

in which the IR-active modes can appear in the Raman spectra. Indeed,
two IR active modes were observed between 300 and 400 cm™! by inelastic
neutron scattering [BRS+07].

In addition, when looking closely at the samples S9 and S10 showing
metallic transport properties, one can observe faint but visible peaks at
the same energies, which indicate a small concentration of Ru vacancies
(Fig. 3.10). This suggests that even the best Sr,RuO, thin-film samples
incorporate a small number of point defects during the high temperature
growth process in high vacuum. We also note small but distinct differences
in the spectra of the metallic and superconducting samples: the peak at 375
cm! and its overtone at 750 cm™! are visible in the spectra of sample S9,
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but not in those of S10.

3.2.5 Conclusion

In conclusion, our study has provided two spectroscopic signatures of ruthe-
nium vacancies in SRO thin films that are not detectable with other state-
of-art techniques, such as STEM and high resolution XRD. The ruthenium
deficiency of the films was tuned by varying the growth temperature as well
as growth technique. The resulting films exhibit widely different transport
properties, ranging from insulating all the way to superconducting behav-
ior. In ruthenium deficient SRO, the O K-edge XAS exhibits a considerable
suppression of the spectral weight in the pre-peak structures stemming from
Ru-O hybridization. We also used confocal micro-Raman spectroscopy to
characterize additional phonon modes arising from point defects, following
related observations on bulk materials [ABI+99; LRS+98] and copper oxide
thin films [KCL+17]. Our spectroscopic results call for further quantitative
analyses on ruthenium vacancies in SRO thin films using techniques like the
Rutherford backscattering measurement, which can calibrate the correlation
between the spectroscopic features and the density of ruthenium vacan-
cies. We expect that our results will be helpful in guiding the preparation
of ruthenate thin films for fundamental physics and applications in oxide
electronics.
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4.1 Tunable perpendicular exchange bias in oxide
heterostructures

4.1.1 Abstract

The exchange bias effect is an essential component of magnetic memory and
spintronic devices. Whereas recent research has shown that anisotropies
perpendicular to the device plane provide superior stability against thermal
noise, it has proven remarkably difficult to realize perpendicular exchange
bias in thin-film structures. Here we demonstrate a strong perpendicular
exchange bias effect in heterostructures of the quasi-two-dimensional canted
antiferromagnet La,CuO, and ferromagnetic (La,Sr)MnO; synthesized by
ozone-assisted molecular beam epitaxy. The magnitude of this effect can be
controlled via the doping level of the cuprate layers. Canted antiferromag-
netism of layered oxides is thus a new and potentially powerful source of
uniaxial anisotropy in magnetic devices.

4.1.2 Introduction

Exchange bias arises at the interface between ferromagnets and antiferro-
magnets, and manifests itself as a shift of the magnetic hysteresis loop in
the direction opposite to the applied cooling field. Exchange-bias structures
serve diverse functions in magnetic memory and spintronic devices and are
of topical interest in both fundamental and applied research [ZK16]. In most
cases, the exchange bias is observed when the field is applied parallel to
the interface. However, recent research has focused on systems with a bias
direction perpendicular to the interface, because they are less susceptible to
thermal noise and particularly well suited for a large class of spintronic de-
vices [DC17; LSR+13; MTPFO1; RAR+12; ZGDM17; ZK16]. Most of these
systems utilize ferromagnets with easy axes perpendicular to the interface
— an uncommon situation that requires elaborate strategies to manipulate
the magneto-crystalline anisotropy. Some such strategies take advantage of
interfacial anisotropies in ultrathin ferromagnetic films [LSR+13; MTPF01;
ZGDM17]; others use ferrimagnets including rare-earth species with large
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Figure 4.1: Lattice structure and chemical profile of the cuprate/manganate
superlattices. (a) Schematic diagram for the out-of-plane antiferromagnetic
coupling between Cu and Mn. The arrows indicate the local magnetic
moments at the interface (left) and the net moments in the direction of the
external field (right). (b) Supercell composition of the superlattices. (c)
Low magnification STEM-HAADF image of 6-3 ML. The red box and the
blue arrow indicate regions covered by panels (d) and (e), respectively. (d)
High-magnification STEM-HAADF image of 6-3 ML. (¢) EDXS depth profile
of §-3 ML.

single-ion anisotropies [RAR+12]. However, a simpler and more robust
strategy based on the intrinsic properties of the components is desirable to
design versatile devices.

Recent advances in metal-oxide heterostructures offer new perspectives for
electronic devices based on collective quantum phenomena such as uncon-
ventional magnetism, multiferroicity, and superconductivity [BM14; BVB11;
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CFH+07; HIK+12; YLO+10]. In particular, exchange-bias structures based
on ferromagnetic manganates of composition La;_, Sr,MnO; (0.1<y<0.5)
and different metal-oxide antiferromagnets have been reported [FZJ+16;
GZS+12; WCY+10]. La;_, Sr,MnO; (LSMO) is a soft ferromagnet, and in
thin-film form, it generally orders with magnetization direction in the sub-
strate plane. It was recently shown, however, that perpendicular exchange
bias can be induced in nanocomposite films of La, ,Sr, ;sMnO; and antiferro-
magnetic LaFeO with active interfaces perpendicular to the substrate plane
[FZJ+16].

Here we report perpendicular exchange bias in a different oxide het-
erostructure system with a conventional layer architecture that does not
require elaborate synthesis conditions. Instead of manipulating the easy axis
of the ferromagnet, the perpendicular anisotropy in our system is generated
by canted moments in the quasi-two-dimensional antiferromagnet La,CuO,
(LCO) that are exchange-coupled to the ferromagnetic magnetization of
La;_,Sr,MnOj; (Figure 4.1(a)). We also show that the magnitude of the
exchange bias can be tuned via the doping level of LCO.

4.1.3 Experimental details

Superlattices were grown on LaSrAlO, (LSAO) (001) single-crystalline sub-
strates (Crystal GmbH) by using the ozone-assisted ALL-MBE system (DCA
Instruments). The growths were monitored by using in situ reflection high
energy electron diffraction (RHEED). The film quality was confirmed by
high-resolution x-ray diffraction and transmission electron microscopy. The
full compositions of the samples are shown in table 4.1. The total film
thickness varies among the samples, however its impact on the interfacial
exchange interaction that induces the exchange-bias observed in our study
is insignificant.
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Table 4.1: List of superlattices. The number of layers is counted in units of one CuO, layer in La,_,Sr,CuO,
(LSCO) (~ 6.6 A) and pseudo-cubic unitcell of manganates (One manganese atom per cell, ~ 3.9 A).
Sample Composition Substrate

6-2ML 9x[1xLSCO(x=1)+1xLCO+2xSMO+4xLMO] LSAO (001)
6-3ML 22x[1xLSCO(x=1)+2xLCO+2xSMO+4xLMO] LSAO (001)
6-5ML 10x[1xLSCO(x=1)+4xLCO+2xSMO+4xLMO] LSAO (001)
6-8ML 22x[1xLSCO(x=1)+7xLCO+2xSMO+4xLMO] LSAO (001)
6-10ML 22x[1xLSCO(x=1)+9xLCO+2xSMO+4xLMO] LSAO (001)
UN-3ML 9x[3xLCO+2xSMO+4xLMO] LSAO (001)
OV-3ML 9% [3xLSCO(x=0.5)+2xSMO+4xLMO] LSAO (001)
LMO/SMO 10x[2xSMO+4xLMO] STO (001)




For scanning transmission electron microscopy (STEM), we prepared
representative cross-sectional electron transparent specimens by employing
the standard specimen preparation procedure including mechanical grinding,
tripod wedge polishing, and argon ion milling. After the specimens were
thinned down to ~10 um by tripod polishing, argon ion beam milling, for
which a precision ion polishing system (PIPS II, Model 695) was used at low
temperature, was carried out until reaching electron transparency. For all
STEM analyses, a probe-aberration-corrected JEOL JEM-ARM200F equipped
with a cold field-emission electron source, a probe Cs-corrector (DCOR, CEOS
GmbH), a large solid-angle JEOL Centurio SDD-type energy-dispersive X-ray
spectroscopy (EDXS) detector was used. STEM image and EDXS analyses
were performed at probe semi-convergence angles of 20 mrad and 28 mrad,
resulting in probe sizes of 0.8 and 1.0, respectively. The collection angle
range for high-angle annular dark-field (HAADF) images was 75-310 mrad
and in order to decrease the noise level, the images were processed with a
principal component analysis routine.

We utilized SQUID magnetometry, polarized neutron reflectometry (PNR)
and X-ray magnetic circular dichroism (XMCD) for magnetic property mea-
surements. The magnetization curves were measured using a MPMS3 mag-
netometer (Quantum Design Co.) with VSM mode. The PNR experiments
were conducted at the angle-dispersive reflectometer NREX (neutron wave-
length 0.428 nm) at FRM-IL, Garching, Germany. An external magnetic field
was applied parallel to the sample surface, normal to the scattering plane.
XMCD experiments were performed at the BESSY II undulator beamline
UE46-PGM1. The spectra were collected using both total-electron-yield and
fluorescence-yield modes simultaneously. The XMCD signal is defined as
(1,-1)/(L+1).

4.1.4 Results and discussion

Cuprate-manganate superlattices have been extensively investigated as a
platform for interfacial reconstructions and proximity effects, for the inter-
play between ferromagnetism and unconventional superconductivity, and for

67



superconducting spintronics [BVB11]. To study the exchange-bias effect, we
chose superlattices based on LCO and LaMnO; (LMO) because their doping
levels can be accurately controlled, and because they are well suited for
epitaxial integration. We used ozone-assisted layer-by-layer molecular beam
epitaxy to deposit a series of Sr-doped LCO-LMO superlattices with a hetero-
geneous doping technique. All superlattices were prepared with identical
ferromagnetic layers, 2xSrMnO5; + 4xLaMnO; to reduce the Sr redistribu-
tion into the cuprate layers, and LCO layers with various densities of mobile
holes, as summarized in Figure 4.1(b) [BMV+08]. In “6-doped” samples
(6-N ML in Figure 4.1(b)), individual monolayers of highly overdoped LSCO
supply holes to N monolayers of undoped LCO [BLG+15]. Because of the
chemical-potential difference between cuprates and manganates, interfacial
charge transfer reduces the hole content in the cuprate layers such that the
average doping level of these samples is in the “underdoped” regime close
to the insulating antiferromagnet LCO, where superconductivity is absent or
severely degraded. Indeed, mutual inductance measurements on §-N ML
samples show no sign of a superconducting transition (although signatures
of filamentary superconductivity with T, ~20 K were observed in resistivity
measurements). For comparison, we also synthesized superlattices based
on three consecutive monolayers of undoped LCO (UN-3ML) and highly
overdoped, non-superconducting La, sSr, sCuO, (OV-3ML), respectively.

Scanning transmission electron microscope high-angle annular dark-field
(HAADF) images show alternating K,NiF,-type and perovskite structures
with the intended periodicity (Figure 4.1(c), (d)). We observed two types
of interfaces: interface A with direct Cu-O-Mn bonding that is responsible
for the interfacial magnetic interaction between Cu and Mn moments, and
interface B with an extra (La,Sr)-O layer that mediates the charge redistri-
bution [CFS+06; UDS+14; WGW+18]. The STEM energy-dispersive x-ray
spectroscopy line scans show short-ranged intermixing between copper and
manganese at the interfaces, which extends over less than 1 nm (Figure
4.1(e)).

The onset of the ferromagnetic transition in magnetization measurements
revealed Curie temperatures of ~170 K for all samples, consistent with prior
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Figure 4.3: Polarized neutron reflectometry on the 6-3 ML sample. (a)
Polarized neutron reflectivity curves measured with up-spin, u, and down-
spin, d, neutrons at 40 K. (b) Nuclear (left axis) and magnetic (right axis)
SLD depth profiles.

work on SrMnO,;/LaMnO; superlattices (Figure 4.2) [MSV+08]. Interest-
ingly the saturation magnetization per ferromagnetic layer, 2xSrMnQO; +
4xLaMnOs, varies with different types of cuprate spacers; the structure with
LCO layers shows the largest magnetic moments, and chemical substitution
in the LCO layers reduces the magnetization. The depth-resolved profile
of the in-plane magnetic moment obtained from PNR agrees with the low
magnetization in the §-3ML sample, where the magnetic moment reaches
up to 0.8 ug, that is, less than half of the value ~2 uz in optimally doped
LSMO thin films (Figure 4.3) [KVK+12; YZT+15]. The origin of the reduced
magnetism can be attributed to an interface effect, because the nominal com-
positions of the ferromagnetic layers are identical. The largely suppressed
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Figure 4.4: Exchange bias and coercivity. (a) Hysteresis loops measured
at 5 K showing the exchange bias effect in the §-3ML superlattice. Full
curves are presented in the supplementary information. (b) Temperature
dependence of Hy; for fields applied out of (left panel) and in (right panel)
the heterostructure plane. (c) Dependence of Hgyz on the thickness of the
6-doped cuprate layers. (d) Temperature dependence of Hgz and H. in the
6-3ML sample. The external field was applied in (100) ;4,0 and (001) ;540
direction for in-plane and out-of-plane measurements respectively.

magnetization at the interface also supports the interface-derived nature
of the effect (Fig. 4.3). At the interface, both epitaxial strain and charge
transfer can influence the magnetic moment in LSMO [TSNEOO; YGA+12].
In our case, epitaxial strain cannot be the major factor because the in plane
lattice parameters of the LCO-based spacers are similar especially among
samples with the same spacer thicknesses, namely §-3ML, UN-3ML and
OV-3ML. On the other hand, the strong dependence on the effective doping

70



level of the cuprate layers indicates that charge transfer plays the major role,
where holes move from the cuprate to the manganate layers to match the
chemical potential difference and reduce the magnetic moments [SBC+19].

Magnetic hysteresis loops were measured after field cooling in a static
magnetic field of 40 kOe. Representative curves from sample §-3ML clearly
exhibit the characteristic exchange-bias shift along the magnetic field axis
for both in-plane and out-of-plane applied fields (Figure 4.4(a)). To quantify
the effect, the size of the exchange bias (Hgz) and the coercivity (H.) are
defined following the convention Hgz = (Hy, + H_)/2 and H, = (H, -
H._)/2, where H., and H._ are defined as the positive and the negative
H-intercepts of the M-H hysteresis loop, respectively. We found that all
LCO-LMO superlattices exhibit nonzero values of Hgy at 5K, and that Hyg
shows a strong temperature dependence that sets on below 50 K (Figure
4.4(b)). Notably, a superlattice without the cuprate (LMO/SMO) displays
no signature of exchange bias, highlighting the crucial role of the interface
between the cuprate and the manganite layers .

We now focus on the difference between the evolution of Hgy for in-plane
and out-of-plane directions (Figure 4.4(c)). The out-of-plane exchange
bias, Hgp op, displays a strong dependence on composition, whereas the
in-plane effect, Hgp ;p, shows at most a weak composition dependence. 6-
N ML samples exhibit substantial anisotropies, with Hgp op > Hgp p. The
anisotropy decreases continuously with increasing N (and hence decreasing
doping level). Both the UN-3ML and the OV-3ML samples exhibit only small
anisotropies. These findings suggest that the origins of the out-of-plane
and in-plane exchange bias effects are distinct, and that the doping level
selectively influences the effect along the surface normal direction.

Figure 4.4(d) demonstrates a related anisotropy in the coercivity, H,
which reflects the strength of the magnetic domain-wall pinning. For in-
plane magnetic fields, H¢ ;» increases markedly upon cooling below 50 K,

! Additional evidence for the presence and robustness of exchange bias in our superlattices
is presented in the supplementary materials: hysteresis curves with a wider range (Fig. S1),
the presence of exchange bias after several cycles of magnetization (Fig. S2), and
exchange-biased hysteresis loop measured with PNR which is less susceptible to extrinsic
effects than SQUID-VSM (Fig. S3)
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parallel to the onset of Hgp ;p, which is consistent with common EB systems
[PAK+16]. In contrast, H¢ op begins to increase at much higher temper-
atures (T > 100 K), indicating an additional pinning mechanism. The
unexpected pinning in the out of plane direction could also be inferred from
the temperature dependent magnetization curves (Figure 4.2), where the
FC curves bifurcate from the ZFC curves at higher temperatures in OP than
IP suggesting enhancement of coercive field and magnetic frustration. We
could find the origin of the unexpected enhancement of H¢ ,p at higher
temperatures from the magnetic coupling of the ferromagnetic layer to anti-
ferromagnetic interface layer [SUNO5], which was reported by prior studies
on cuprate/manganate heterostructures [CFS+06; LGP+14; UDS+14].
Since neither bulk LSMO nor thin-film structures composed solely of
manganates exhibit the exchange bias effect, it must be ascribed to the
interaction between Mn and Cu magnetic moments across the interface
(Figure 4.1(a)). Interfacial exchange interactions in cuprate-manganate
heterostructures have been the subject of prior work with XMCD, an element-
specific probe that addresses Mn and Cu moments separately [CFS+06;
UDS+14]. Prior XMCD measurements revealed a polarization of the Cu
spins, which sets on gradually below the Curie temperature because the
antiferromagnetic Cu-Mn interaction is weaker than the ferromagnetic Mn-
Mn coupling. Following our observation of a highly anisotropic exchange
bias and coercivity, we have carried out Cu- and Mn-XMCD experiments
on the 6-3ML sample that shows the largest anisotropy (Figure 4.5). For
magnetic field applied perpendicular to the substrate, the Cu-XMCD data
show that the Cu spins are oriented opposite to the field for low H and
switch to a parallel orientation for H < 4.5 kOe (Figure 4.5(a)), reflecting
antiferromagnetic Cu-Mn interactions of moderate strength in agreement
with prior work [CFS+06; LGP+14; UDS+14]. Experiments in which a
magnetic field of 50 kOe was applied in different directions with respect to
the substrate plane demonstrate the out-of-plane character of the magnetic
moments at the Cu site (Fig. 4.5(b)). The Mn-XMCD spectra in the inset of
Fig. 4.5(b) show that the Mn magnetic moments at H = 50 kOe are at most
weakly dependent on the magnetic field direction, as expected in view of
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Figure 4.5: XMCD measurements on the §-3ML superlattice in total-electron-
yield mode. The current to the ground was measured as a function of
incident photon energy across the Cu and Mn L;, absorption edges for
left- and right-circularly polarized x-rays. The magnetization of the probed
sublattice is proportional to the amplitude of the XMCD signal. (a) Magnetic
field dependence of the Cu-XMCD at 5 K. The magnetic field was applied
perpendicular to the substrate plane. (b) Cu-XMCD spectra at 40 K in a
magnetic field of 50 kOe applied at different angles to the substrate plane (see
the legend). The inset shows Mn-XMCD spectra that are angle-independent.

the weak spin-space anisotropy of LMO.

These findings suggest that the large perpendicular exchange bias and the
enhanced out-of-plane coercivity originate in the perpendicular magnetiza-
tion of the cuprate layers, which is exchange-coupled to the ferromagnetic
magnetization of the manganate layers via interfacial interactions. A canted
magnetization has indeed been observed in the CuO, sheets of antiferro-
magnetic bulk LCO [KBB+92; KBT+88; RUP+06]. This effect arises from
a cooperative tilt rotation of the CuO4 octahedra in the crystal structure,
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which creates an inversion-asymmetric Cu-O-Cu exchange bond and actu-
ates a Dzyaloshinskii-Moriya interaction between the Cu spins. The canted
antiferromagnetism in LCO is highly sensitive to the dopant concentration.
In undoped LCO, the direction of the canted moment alternates between
CuO, layers, and a net canted magnetization perpendicular to the antiferro-
magnetic layers only appears at a metamagnetic transition in magnetic fields
exceeding 10 T (100 kOe) [RUP+06]. The high magnetic field required to
reverse the direction of the canted moment is thus presumably responsible
for the weak perpendicular exchange bias in the UN-3ML superlattice. The
modest magnetic fields used for our experiments were not sufficiently strong
to reverse canted moment directions during field cooling, so as to produce
interfacial spin arrangements favorable for the perpendicular exchange bias.
In doped LCO, hole doping induces a spin glass phase with short-range
antiferromagnetic order and rapidly reduces the magnetic field scale for
the metamagnetic transition, allowing our field cooling procedures to ef-
fectively exchange-bias the magnetic layers. In overdoped bulk LCO, the
magnetic short-range order and the canted magnetization vanish entirely
[KBB+92]. The onset temperature of spin-glass correlations is comparable
to the onset of the perpendicular exchange bias in our superlattices (50 K).
The anomalous exchange bias can thus be attributed to interfacial moments
in the spin glass, in analogy to previously reported exchange bias effects in
bilayers and core/shell nanoparticles composed of ferromagnets and spin
glasses [AAM+07; PAK+16]. The phase behavior of bulk LCO thus provides
a natural explanation for the maximal Hgp op in the -3 ML sample with
underdoped LCO layers, the decrease of the anomalous perpendicular ex-
change bias with increasing doping (Fig. 4.4(c)), and its absence in the OV-3
ML sample.

4.1.5 Conclusion

In conclusion, we have shown that quasi-two-dimensional canted antiferro-
magnetism is a potent source of perpendicular exchange bias in metal-oxide
heterostructures. The Dzyaloshinskii-Moriya interaction responsible for the
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perpendicular magnetic moments is rooted in the bulk crystal structure and
is therefore more robust than magnetic anisotropies generated solely by
the interfacial inversion asymmetry. Quasi-two-dimensional antiferromag-
nets are quite common in metal-oxides and can be readily integrated into
conventional multilayer structures, without the need to create elaborate
composite architectures. Finally, we have shown that the magnitude of
the perpendicular exchange bias can be systematically tuned by adjusting
the doping level of the antiferromagnet through an atomically engineered
6-doping scheme. Canted antiferromagnetism of layered oxides is thus a
new and potentially powerful source of uniaxial anisotropy, and opens up
new perspectives for spin-electronic devices that take advantage of collective
quantum phenomena such as superconductivity and multiferroicity.

4.2 Inhomogeneous ferromagnetism mimics signatures of
the topological Hall effect in STRuO; films

4.2.1 Abstract

Topological transport phenomena in magnetic materials are a major topic
of current condensed matter research. One of the most widely studied
phenomena is the “topological Hall effect” (THE), which is generated via
spin-orbit interactions between conduction electrons and topological spin
textures such as skyrmions. We report a comprehensive set of Hall-effect
and magnetization measurements on epitaxial films of the prototypical
ferromagnetic metal SrRuO5; whose magnetic and transport properties were
systematically modulated by varying the concentration of Ru vacancies. We
observe Hall-effect anomalies that closely resemble signatures of the THE, but
a quantitative analysis demonstrates that they result from inhomogeneities
in the ferromagnetic magnetization caused by a non-random distribution of
Ru vacancies. As such inhomogeneities are difficult to avoid and are rarely
characterized independently, our results call into question the identification
of topological spin textures in numerous prior transport studies of quantum
materials, heterostructures, and devices. Firm conclusions regarding the
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presence of such textures must meet stringent conditions such as probes that
couple directly to the non-collinear magnetization on the atomic scale.

4.2.2 Main text

Ferromagnetic and nearly ferromagnetic metals are archetypal platforms
for the investigation of topological phenomena in quantum materials. The
“anomalous Hall effect” (AHE) in a metallic ferromagnet is proportional to
the ferromagnetic magnetization, with a coefficient that depends on the
Berry phase curvature in momentum space and thus contains information on
the topological properties of its band structure [Hal04; NSO+10]. More re-
cently, an additional contribution (termed “topological Hall effect”, THE) was
discovered in nearly ferromagnetic metals with superstructures of real-space
topological defects, namely skyrmions [NPB+09; RBP06]. This contribution
arises when conduction electrons accumulate a Berry phase upon traversing
the skyrmion lattice, and manifests itself as a sharp enhancement of the Hall
signal as the skyrmion-lattice phase is entered by varying the temperature
or the external field.

The AHE was initially discovered and explored in bulk ferromagnets, but
has become a standard diagnostic of ferromagnetism in device structures
where direct measurements of the magnetization are impractical. Likewise
the THE, which was originally established in bulk compounds with skyrmion-
lattice phases that had been extensively characterized by neutron diffraction,
has recently been widely used as a fingerprint of skyrmions in thin films and
heterostructures where direct measurements of the non-collinear magneti-
zation could not be performed [BSH+19; GWX+19; LST+20; MAB+19;
MOY+16; OMO+18; QLL+19; SKC+20; VWS+19; WDL+19; WFK+18;
ZBEL19; ZDB+20]. Information about topological spin textures in such
systems is important in view of the emerging use of skyrmions in data
processing and storage devices (“skyrmionics”) [BCE+20]. However, the
indirect identification of topological structures based on THE experiments
has been called into question, because sharp enhancements of the Hall effect
in specific regimes of temperature and magnetic field can also arise from
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Figure 4.6: Physical properties of SrRuO; films with varying Ru vacancy
concentration. a, Normalized resistance curves. b, Normalized field-cooled
magnetization measurement at 0.01 T. Magnetization curves of Sample S1-3
are not plotted here due to the absence of ferromagnetic moments. The raw
data without normalization are presented in the Supplemental Material. c,
Polarized Raman spectra with zXXZ configuration. The triangle indicates
the Raman-active mode induced by Ru vacancies.

different mechanisms, including electronic inhomogeneity due to variations
in materials composition and superposition of Hall signals from different
materials and interfaces in heterostructures [Ger18; KMKS18; KMS20].
With this motivation, we have carried out a comprehensive set of measure-
ments of the Hall effect and magnetization in epitaxial films of a single model
material, the ferromagnetic metal SrRuO5; (SRO). The AHE of bulk SRO is
positive below its Curie temperature T, = 165 K, but exhibits a sign reversal
upon cooling below T ~ 120 K [KKS+12]. This behavior can be attributed
to the confluence of an intrinsic contribution from the Berry curvature of the
band dispersions and an extrinsic contribution due to spin-orbit scattering
from defects. In thin-film form, SRO is widely employed as a metallic elec-
trode in oxide electronics and as a ferromagnetic component of spintronic
devices [KKS+12]. Due to inversion-symmetry breaking at interfaces and/or
interfacial exchange interactions, the magnetic structure of SRO can become
non-collinear in thin-film structures [KVK+12], and theoretical work has
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led to the prediction of topological defects and defect superstructures in this
situation [KN17; MDO19]. Hall-effect measurements both on SRO films and
on heterostructures comprising SRO layers have indeed uncovered sharp
enhancements of the Hall signal akin to those of classical skyrmion-lattice
compounds, which were interpreted as evidence for skyrmions generated
by Dzyalonshinskii-Moriya interactions at the substrate interface and/or
competing exchange interactions at interfaces with other magnetic materials
[MOY+16; OMO+18].

Recently, however, an alternative interpretation was proposed based on
the superposition of different AHE signals due to spatial inhomogeneity
[KMKS18; KMS20]. Whereas a model based on this hypothesis yielded
a good description of transport data on ultrathin SRO films, a thorough
assessment of this scenario requires information on the ferromagnetic mag-
netization which controls the magnitude of the AHE. We performed our
measurements on thick films where interfacial effects are negligible and
where the ferromagnetic order parameter and its inhomogeneity could be
quantitatively characterized by magnetometry. An elementary model of
the AHE based on this information yields a quantitative description of the
Hall-effect maxima purely based on inhomogeneous ferromagnetism.

We used reactive sputtering to grow epitaxial SRO films on (100)-oriented
LSAT substrates (see Methods for details and Supplemental Materials for
structural characterization). Due to the high volatility of ruthenium oxides,
SRO films grown from stoichiometric targets contain Ru vacancies that
are known to reduce the electrical conductivity and the Curie temperature
[BHA+19; DCK+04; KKS+12; NLR+18; SBDD15; SKV+07]. We modified
the density of Ru vacancies and the physical properties by adding Ru metal
to the target and by varying the growth temperature. Following recent work
on Sr,Ru0, films [KSH+19b], we monitored the intensity of a Raman-active
mode attributable to Ru vacancies and found that it is inversely related to
the RRR, indicating that Ru vacancies are the major source of scattering of
the conduction electrons (Fig. 4.6c).

Figure 4.6a shows the temperature (T) dependence of the longitudinal
electrical resistance, R,,., of the samples prepared in this way. The residual
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resistance ratio (RRR), R, (T = 320K)/R, (T — 0), reflects the density
of Ru vacancies. The samples were labeled S1— 10, with higher numbers
indicating higher RRRs. Samples S1 — 3 show semiconductor-like electrical
transport with diverging R, as T — 0. Structural analysis shows that metallic
samples with low and moderate Ru vacancy densities only exhibit the SRO
phase, whereas electron microscopy data on insulating samples with higher
vacancy content show possible evidence of secondary phase formation (see
Supplement).

In Figure 4.7, we present the Hall resistance, R, ,,
magnetic field, H, for the metallic samples. R, comprises two major contri-

as a function of external

butions: the AHE, which is proportional to the ferromagnetic magnetization
and thus follows its hysteresis loop [NSO+10], and the ordinary Hall effect,
which is responsible for the linear dependence of R, (H) persisting above
the coercive field H.. The sign of the anomalous Hall resistance (Ryy arE)
can be identified from the direction of jumps in the ascending branches of
the hysteresis loops. In agreement with the literature, the AHE of nearly
stoichiometric samples is positive (negative) for T larger (smaller) than
Ts ~ 110 K, respectively. Our synthesis method allowed us to vary T over an
exceptionally wide range (inset to Fig. 4.7€). R, 4yr and R, of all samples
(including the ones with severely degraded RRR and Ts) can be collapsed
onto a single scaling plot (Fig. 4.7e), which indicates the dominance of the
intrinsic (extrinsic) contributions to the AHE at low (high) temperatures
[HKK+13; HSS+11]. In the metallic sample with the lowest RRR, S4, the
impurity contribution with positive R, 4y prevails at all temperatures so
that R, 4y does not change sign at all.

The hysteresis loops of R, 4 in all metallic samples (except S4) exhibit
maxima for H ~ H; and T ~ T (Fig. 4.7a-d). Related anomalies of the
Hall signal have previously been reported for SRO films, SRO heterostruc-
tures, and heterostructures of different compounds, and have been widely
attributed to the topological Hall effect [BSH+19; GWX+19; LST+20;
MAB+19; MOY+16; OMO+18; QLL+19; SKC+20; WFK+18; ZBEL19;
7ZDB+20]. In our samples, however, the amplitude and temperature range of
these maxima exhibit an extreme variation with defect concentration. In the

79



o 02 L f TS
— 12 = s
00{ @ U 10K b e T
T\ 0.0+ 10| 10{Z 10 o AN
04— 1024 o 80 & \
| 50 o4 2 051 60 8 ,,'. """
o 084 Dl g v
- 100| -0-6 Z K
x = 120 70 ==’
e« 124+—— T 120 B
12 — 140| -0.8 75 0.54 S5 gq T <T '-\
Y e 80 o [
b 0 o = s6| % \
16— 1107 %0 10{| & s7 & Toow>T ‘oo
| 100 4 ss L)
50 1.2 110| S T-T
0025 05 00 05 10 144 ° s Ll .
T T T T T T 2.0 - T : T T T N
$10 2 0 2 2 0 2 00 02 04 06 08 10 12 14w A
o - T
Magnetic field (T) Magnetic field (T) Rex” =< N ;
=S 0T
\
c d 0] 810 & )
] 0 [
00 10K 15 ° SN
20 20| _
044 so| 1 & 0054 o B
o - T2 TS
G 60 25| w
e . S / A
- 24
= 08 70 308 S 000 —— . '
80 50| o o I
9| -3 80 S0 g N
12 / 0 i H
1.2 120 ; Y -
120 -0.05 ° Y
4 Voo
160 /i
16 160 h
- . T . . T -0.10 . : . T T A
2 0 2 2 0 2 40 60 80 100 120 140
Magnetic field (T) Magnetic field (T) Temperature (K)

Figure 4.7: Summary of Hall measurements. a-d, Hall resistance curves.
Curves are shifted in the y-direction for better visibility. The numbers in plots
indicate the measurement temperatures in Kelvin. The black arrows indicate
the direction of magnetic field ramp. The Hall measurements on the other
samples are presented in the Supplemental Material. The inset to a shows the
magnified view of the ascending branch. e, Scaling behavior of the anomalous
Hall resistance. The inset shows the sample dependence of Ts. Here, R},
is Ry, ayp(T) normalized by its maximum value, and RY, . = R, (T)/R,(Ts)
[HSS+11]. g, Temperature dependence of R, 4. Dashed lines are the
results of linear fit. f, Schematic diagram describing the composite AHE that
mimics the THE.

most stoichiometric sample S10, the maxima are subtle and observable only
over a range of a few K, analogous to the THE in skymion-lattice compounds
such as MnSi [NPB+09]. In our sample S5 with a high Ru vacancy content,
on the other hand, the maxima are much more pronounced and extend over
a temperature range of more than 70 K.

This finding is difficult to reconcile with the THE model and instead sup-
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ports a scenario that attributes the Hall-effect maxima to inhomogeneous
ferromagnetism generated by unavoidable inhomogeneities in the distribu-
tion of Ru vacancies. In this scenario, the maxima arise for temperatures in
the vicinity of the macroscopically averaged T, when the current traverses
regions with positive and negative R, 45 and different coercive fields. As
an example, we consider the ascending branch of the hysteresis curve at a
temperature T 2 Tg (Fig. 4.7f). In low magnetic fields, the saturated M is
antiparallel to the external field, and the overall R, 4y signal is reduced
through a partial cancellation of positive and negative contributions from
regions with Tg < T and T > T, respectively. Regions with lower Ty have
higher defect densities and correspondingly lower H.. As H increases, the
magnetization of these regions is reversed when the local H is exceeded,
while the magnetization of more stoichiometric domains with higher H, and
negative R, oyr remains antiparallel to H. In this way, the partial cancel-
lation is lifted and the overall R, 4y is enhanced. When H exceeds H of
the more stoichiometric regions, the macroscopically averaged AHE signal
decreases again.

At the heart of this picture is the inhomogeneous distribution of the fer-
romagnetic order parameter and coercive field, which was not available
in prior work because the magnetization of the thin SRO overlayers could
not be separated from the diamagnetic contribution of the substrates. Indi-
rect information about these quantities was obtained from the longitudinal
magnetoresistance [KMKS18]. The R, (T) traces of SRO indeed exhibit
kinks at the ferromagnetic transition temperature T, and signatures of
inhomogeneous broadening are observed in samples with lower RRR (Fig.
4.6a), but the degree of broadening is difficult to quantify because the
strength of the kinks also decreases with increasing RRR. In the presence
of external magnetic fields, these difficulties are further compounded by
incomplete knowledge of the mechanisms underlying the longitudinal mag-
netoresistance and its relation to the magnetization. Moreover, since the
films investigated in previous experiments were only 3-5 nm thick and the
thickness was used to modulate the degree of inhomogeneity, the influence
of the surface and the substrate interface could not be assessed.
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Figure 4.8: Summary of magnetometry measurements. a, Correlation
between Ts and T.. The line is a guide to the eye. b-d, M(T,H — 0) and
modeled curves. The curves were computed using Gaussian averages with
the parameters in the legends (see text). 3 is the critical exponent in the
power law, (1—T/ Tc)ﬁ. e, Comparison between the FORC distribution
Prorc (see Methods) and the derivative of the magnetic hysteresis curve of
sample S5 at T = 60 K. Both were normalized to unity for comparison. f,
Comparison between the distribution of H; and the maximum in AHE. g,
Coercivity obtained from Gaussian fits the magnetometry measurements.
Dashed lines are results of linear fits.

To address this challenge, we grew our films with thicknesses of 25-30
nm to enable accurate measurements of the ferromagnetic magnetization
M(T,H) - a thermodynamic quantity that contains all of the information
required for a definitive test of the inhomogeneity model. The Curie temper-
ature T, measured by magnetometry decreases with increasing Ru vacancy
content, in lockstep with the temperature at which the AHE changes sign
(Fig. 4.8a). This indicates that scattering of conduction electrons from
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Figure 4.9: Impact of inhomogeneity on the Anomalous Hall Effect. Com-
parison between the experimental and calculated anomalous Hall resistance
curves in the ascending branches of the hysteresis loops of samples S10, S6,
and S5.

defects introduced by Ru vacancies is the major source of degradation of
ferromagnetic order, as expected for an itinerant-electron ferromagnet such
as SRO. The T-dependent ferromagnetic order parameter shows unmistak-
able manifestations of rounding due to an inhomogeneous spread of Curie
temperatures (Fig. 4.6b). The degree of broadening can be accurately
quantified by fitting M(T,H — 0) to a power law folded with a Gaussian
Tc-distribution, and the results are presented in Fig. 4.8b-d. (As expected,
deviations from the power law are apparent at low T, but choosing different
functional forms of M(T) does not change the result significantly.) The
width of this distribution, AT, increases rapidly with defect concentration,
in close analogy to the temperature range of the Hall-effect maxima and in
qualitative agreement with the inhomogeneity scenario for the Hall-effect
maxima.
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According to this picture, the magnetic-field range of the Hall-effect max-
ima is determined by the distribution of coercive fields, AH, across a given
sample (see supplement). Following standard practice, we have extracted
AH. from minor hysteresis loops with varying reversal fields. Figure 4.8e
shows the outcome of this “first-order reversal curve (FORC)” analysis for a
representative sample, along with the field dervative of M(H). The quantita-
tive agreement between both profiles (Fig. 4.8e) confirms that the broaden-
ing of the hysteresis curves indeed originates from an inhomogeneous H
distribution. In Fig. 4.8f we also compare the width of this distribution to
the width of the Hall-effect maxima measured on the same sample at the
same temperature. The excellent agreement provides further strong support
for the inhomogeneity scenario.

The comprehensive set of magnetization data enabled us to devise a quan-
titative phenomenological model for the Hall-effect maxima based purely
on the conventional understanding of the AHE. Whereas we have obtained
most of the essential information from our M (T, H) measurements, the dis-
tribution of T is a transport quantity that cannot be directly extracted from
the magnetization measurements. However, our observation that scattering
from Ru vacancies depresses the macroscopically averaged T and T, at
nearly identical rates implies that ATg ~ AT, (Fig. 4.8a). We can thus write

Ryy e (H; T) = (A(Tg; T) - M(H, He; T)) 7, 1y,

where (...)r, 5, is a bivariate Gaussian average over Tg and H (see Methods
for details). In computing these averages, we take advantage of the obser-
vations that A = a,(T — Tg) (Fig. 4.7g) and H. = a.T — B¢ (Fig. 4.8g) in
the relevant range of temperatures, with coefficients that vary only weakly
between samples with comparable T, and make the straightforward as-
sumption that these relations also hold for regions with different Tg and T,
traversed by the Hall current in any given sample.

Figure 4.9 shows the outcome of this analysis for three representative sam-
ples with widely varying amplitude and temperature range of the Hall-effect
maxima. The agreement between the measured and calculated R, sy is
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excellent, which is remarkable because all parameters were fixed by inde-
pendent magnetization measurements. Interestingly S4, the most inhomoge-
neous among the ferromagnetic metallic samples, does not exhibit Hall-effect
maxima (Fig. 4.7d)- again in agreement with the inhomogeneity scenario
which relies on the superposition of AHE contributions with different signs.

We thus conclude that the Hall-effect maxima in our SRO films origi-
nate from inhomogeneous ferromagnetism. Since inhomogeneity due to
deviations from stoichiometry — including particularly Ru vacancies — is
unavoidable in thin-film deposition of SRO and other ruthenates, we suggest
that this scenario should be adopted as the default interpretation of Hall-
effect maximia in SRO films and heterostructures, and that prior claims of
the THE in such structures should be revisited.

Our results on a well-characterized model compound show in an exem-
plary fashion how Hall-effect maxima can arise from the superposition of
positive and negative AHE signals in conjunction with inhomogeneous fer-
romagnetism. Whereas the presence of two contributions to the AHE with
opposite signs is rare for a single phase-pure compound, there are multi-
ple routes towards related situations in heterostructures, multilayers, and
composites of different materials and stoichiometries. For instance, AHE
contributions of opposite sign can arise through anti-parallel alignment of
the magnetization directions of two ferromagnets in a heterostructure, even
if the signs of the AHE in the individual compounds are identical. This situa-
tion was recently described in heterostructures of elemental ferromagnets
[XZL+10], but deserves careful consideration also for more complex systems
where multiple spin systems with non-collinear alignment often arise due
to interfacial effects. The sign of the AHE can also change as a function
of composition, as recently demonstrated for binary ferromagnetic alloys
[SJZ+16]. This route towards coexisting positive and negative AHE contri-
butions is particularly relevant for complex oxides — including manganates —
where compositional variations and associated phase separation are widely
observed and difficult to avoid [MYD99]. In oxide heterostructures, such
variations generically occur as a consequence of charge transfer at interfaces.

In view of these findings and considerations, we suggest that the widely
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practiced identification of topological spin textures based on Hall-effect max-
ima is untenable. We note that magnetic force microscopy measurements
showing a patchy domain structure, which are often cited in support of the
skyrmion interpretation, can be equally well described as small ferromag-
netic domains [MAB+19; VWS+19; WFK+18]. Discriminating between
both pictures requires detailed information about non-collinearity of the
magnetization on the atomic scale. Experimental methods that are capable
of probing the magnetization in thin-film structures with sufficient sensitiv-
ity and resolution include Lorentz microscopy [YLO+10], coherent x-ray
scattering [LBZ+19], and diamond quantum sensors [DCS+18].

4.2.3 Methods

Sample preparation and characterization

Thin films were grown on (LaAlO5), 5-(SrAl 5Tay 503) 7 (LSAT) (001) single-
crystalline substrates (CrysTec GmbH) using either a reactive sputtering
system developed at the Max Planck Institute for Solid State Research. For
reactive sputtering, argon and oxygen gas were supplied via a mass flow
controller. The pressures Py, and P,,,; were 50 and 100 mTorr, respectively.
Substrates were glued with a platinum paste to pure nickel blocks and heated
with an infrared laser. The substrate temperature was monitored using a
radiative pyrometer using the emissivity of €;5,;=0.92. The structural
quality of the films was confirmed by high-resolution X-ray diffraction (XRD)
with a Cu K-a source (A ~ 1.5406 A) and by transmission electron microscopy.
All the samples investigated in this study are listed in table 4.2.

Confocal Raman spectroscopy

The Raman spectra were measured with a Jobin-Yvon LabRam HR800 spec-
trometer (Horiba Co.) combined with a dedicated confocal microscope. The
short depth of focus allows measurements of films with thicknesses of ~10
nm. The samples were illuminated with a He-Ne laser with wavelength
632.8 nm (red), and the scattered light was collected from the sample sur-
face with a 100x long working distance objective lens. The experiments
were performed in backscattering geometry with (a,b)-axis polarized light
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Table 4.2: List of samples. The samples are listed in order of their residual
resistivity ratios. A sample labeled as weakly metallic shows a resistivity
minimum as a function of temperature. Sr214 and Ru stand for pressed
polycrystalline Sr,RuO, and Ru metal targets, respectively. The last column
indicates whether the ground state is paramagnetic (PM) or ferromagnetic
(FM).

Sample Transport Tyrowen CC) Target Magn.

S1 Insulating 440 Sr214 PM
S2 Insulating 440 Sr214+Ru PM
S3 Insulating 530 Sr214 PM
S4 Weakly metallic 600 Sr214 FM
S5 Metallic 530 Sr214+Ru FM
S6 Metallic 600 Sr214+Ru FM
S7 Metallic 700 Sr214 FM
S8 Metallic 700 Sr214 + Ru  FM
S9 Metallic 770 Sr214 FM
S10 Metallic 770 Sr214+Ru FM

propagating along the crystallographic c-axis, which is denoted as z(XX)z in
Porto’s notation. SRO has a space group Pnma that has a lower symmetry
than the simple perovskite structure (Pm3m). As a result of low crystal sym-
metry, SRO has 24 Raman-active phonon modes, 7A; +5B;,+7By, +5Bs,,
according to the group theory analysis. The measurement was restricted by
the experimental setup and the shape of thin film samples to the z(XX)z
geometry, in which the propagation of light is parallel to the surface normal,
and the polarization of the light is parallel to the Ru-O bonding direction. In
this geometry we could study phonon modes with A;, + B;, symmetry.

Electrical transport measurement

The electric resistance and Hall measurements were carried out using a Phys-
ical Property Measurement System Quantum Design Co.). To implement the
van der Pauw geometry, Pt metallic contacts were sputtered on four corners
of square shaped samples (5 mm x 5 mm).
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Magnetization measurements
We utilized SQUID magnetometry to measure the magnetic properties. The
magnetization curves were measured using a Magnetic Property Measure-
ment System (MPMS, Quantum Design Co.) in the VSM mode.

The first order reversal curves were measured using a MPMS in the DC
mode. The pyorc Was calculated using the following standard FORC formula:

1 3*Mpoprc

H,H)=——
Prorc(H,H,) 2 OHOH,

The details of magnetic phase distribution analyses are presented in the
Supplemental Material.

Modeling of the anomalous Hall effect
We averaged the AHE over regions with different Ty and H, as follows:

nyAHE(H; T)ZffaA(T_TS)[ZFstep(H_HC)_l] g(TS’HC)dTS dHC

where F;,,, is the Heaviside step function, g is the bivariate Gaussian function

1 1
8(Ts,He) = exp[—o———x
U anan Ay VT —p?) 2(1—p2?)
(Ts—Ts)* | (Hc—Hc) _ 2p(Ts — Ts)(H _H_c))]

AZTS Affc ATSAHC

(

and the correlation coefficient p is fixed to 0.75 in all calculations due to
the strong correlation between H, and Ts. The T-linear dependence of AHE
and H. near Tg (Fig. 4.7g, 4.8g) simplifies the calculation. All coefficients
used here are summarized in the Supplemental Material.
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CHAPTER

OVERCOMING THE
SOLUBILITY LIMIT VIA
EPITAXIAL STABILIZATION

This chapter presents a publication manuscript in preparation.

(1) Gideok Kim et al., in preparation (2020)
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5.1 Persistent superconductivity in highly overdoped cuprates
via minimizing the dopant-host radii mismatch

5.1.1 Abstract

One of the greatest challenges in studies of cuprate superconductors is the
separation of chemical complications from the intrinsic physical properties on
synthetic compounds. The dopant-host radii mismatch (DHRM) is a topical
subject among various chemical complications, because of its influence on
the superconducting properties such as the transition temperature and the
superfluid density in the overdoped regime. Here we introduce a system
with minimized DHRM: Ca-doped La,CuQ, thin films, the synthesis of which
has been prohibited by the limited solubility in bulk materials. We overcame
the solubility limit via epitaxial stabilization in a reactive environment,
and report the physical properties of the heavily overdoped cuprates. We
observed that the lattice and electronic structures monotonically evolve upon
doping up to x = 0.5, and surprisingly, superconductivity persists in the
heavily overdoped regime.

5.1.2 Introduction

The quantum phase behavior of layered copper oxides has shaped cur-
rent research on strongly correlated materials. The cuprate phase diagram
hosts physical phenomena such as high-temperature superconductivity, the
pseudogap, and charge-density waves [KKN+15] and shows that super-
conductivity evolves out of an antiferromagnetic insulator as the parent
compound is doped with holes [CMCMO08]. The transition temperature (T,)
increases upon doping in the underdoped regime, reaches a maximum at
the optimal doping (p ~ 0.16), and decreases upon further doping in the
overdoped regime, thus forming the so-called superconducting dome. The
underdoped side of the phase diagram is crowded with various spin- and
charge-orders, which are reflections of strong magnetic and Coulomb corre-
lations [KKN+15]. In contrast, the overdoped side exhibits Fermi-liquid-like
behavior that coexists with persistent spin-fluctuation [DDS+13; LMP+13;
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Figure 5.1: Influence of cation-substitution to the lattice. a, Comparison
of ionic radii of alkaline-earth cations that are commonly used to substitute
La®" for hole doping. b, Doping dependence of the c-lattice parameter.
Circles and triangles indicate thin and thick films, respectively. The dashed
lines are guides to the eye.

MLP+17], a reminiscence of the static antiferromagnetic order. However the
origin of the diminishing T, upon doping is still controversial. The suppres-
sion of superconductivity in overdoped cuprates was commonly explained
by the gradual weakening of magnetic correlations upon doping [Scal2;
WZY+04], which are closely related to the superconducting mechanism
[DHB+09; KKN+15; Scal2; VDG20]. On the other hand, recent obser-
vations of magnetic excitations that persist even in highly overdoped non-
superconducting La,_, Sr, CuO, (LSCO) thin films and T1,Ba,CuOg, 5 crystals
with greatly suppressed T, are at odds with such explanations [DDS+13;
LMP+13; WIK+15]. Theoretical research based on the two-dimensional
Hubbard model, the simplest generic model for the superconducting cuprates,
predicts the persistence of superconductivity up to doping levels well beyond
the experimentally reported superconducting dome [RKS10].

However, the presence of collective fluctuations that mediate Cooper
pairing does not guarantee superconductivity, because other factors such as
lattice distortions and impurities can break the superconducting Cooper-pairs.
This is apparent from conventional superconductivity, which is extremely
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susceptible to magnetic impurities although the electron-phonon interaction
that is responsible for conventional superconductivity is robust against small
concentration of impurities [Tin04]. In studies of overdoped cuprates, doped
La,CuO, (LCO) including particularly LSCO have been widely investigated
due to the simplicity of their cation-chemistry and the wide accessible doping-
range in contrast to the other cuprates that are doped by varying the oxygen
contents[BHWB16; DDS+13; WBHB17]. However, doped LSCO belongs
to a more disordered group among the cuprate superconductors because
the dopants are located right above the CuO, planes [ABGH09; LDB17a].
Despite attempts to circumvent disorder-related issues in LSCO in ultra-clean
thin films grown by oxide-molecular-beam epitaxy, the dopant-host radii
mismatch (DHRM) between Sr?* and La®* cannot be avoided by improving
the purity or crystallinity [BAL+11; BDY+11; BHWB16; DDS+13; LDB17a;
LMBH18; LOM+19; WBHB17] (see Fig. 5.1a). Since T, in doped LCO is
known to be sensitive to disorder induced by the DHRM [AKM98], it is
essential to minimize the DHRM to exclude extrinsic effects introduced by
chemical complications. From this point of view Ca is the best dopant to
minimize the DHRM (see Fig. 5.1a), however the solubility of Ca is limited to
concentrations lower than 0.12 in bulk samples [MSX+92; TYM+94]. This
limitation has impeded the investigation of overdoped and even optimally
doped compounds.

We report the synthesis of La,_,Ca, CuO, (LCCO) thin films with a wide
doping-range via epitaxial stabilization, which allowed us to confirm the
presence of superconductivity in the heavily overdoped regime (< 0.5), in
which magnetic correlations have been found to persist [DDS+13; WIK+15].
The influence of random lattice distortions induced by dopants in LCO has
been a source of controversy since the discovery of high temperature su-
perconductivity, including particularly the overdoped regime where many
unexpected results were observed, such as the suppression of superfluid
density [BHWB16; LDB17a; LMBH18; LOM+19; MHBA19], and the satu-
ration of the spectral weight transfer to the Zhang-Rice singlet (ZRS) band
[MDB10; PHS+09]. Our data on LCCO films provide new insight into the
influence of the DHRM on these results and introduce a new system to study
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Figure 5.2: Optical spectra and spectral weight analysis. a, A schematic
diagram of the band structure of LCCO. The arrows signify the optical
transitions. Here LHB, LLB, ZRS and UHB stand for the lower Hubbard
band, the low-lying band, the Zhang-Rice singlet and the upper Hubbard
band, respectively. Symbols signify the inter-band optical transitions. b, The
real part of optical conductivity at room temperature, o4, of thin films. The
symbols correspond to optical transitions described in a. ¢, An example of
spectral weight analysis based on Lorentzian fitting. d, The doping-evolution
of spectral weight. The dashed lines are guides to the eye.

the whole phase diagram of the cuprates.

5.1.3 Results

Sample growth. The solubility of dopants into LCO has been limited to low
concentrations in bulk samples: The solubility limit of Sr is the highest among
group II elements, x = 0.24 ~ 0.3, where the end of the superconducting
dome is also commonly reported. It has been extended by epitaxial stabiliza-
tion using ozone-assisted MBE [DDS+13; KCL+17; STNMO0O], where prior
studies showed extension of the superconducting dome up to x ~ 0.35. We
synthesized samples with thicknesses of 10 unit-cell (¢, ~ 13.2 nm) using
the ozone-assisted MBE, and prepared thicker films, t;;,, ~ 132 nm, as bulk-
like samples (see Methods for details). We determined the solubility of Ca
in epitaxially stabilized LCCO films as between 0 and 0.5 via examining the
evolution of the c-lattice constant upon doping (Fig. 5.1b). Considering that
the in-plane lattice parameter is pinned by the substrate (a=b=3.765 A),
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Figure 5.3: Resistivity measurements. a, Resistivity curves of LCCO films
with tg;,, ~ 13.2 nm. The numbers in the plots indicate the concentrations
of dopants. b, Resistivity curves of LCCO films with t¢;;,, ~ 132 nm. c, The
summary of doping-dependent T,. Circles and triangles specify T.s of films
with t;;,, ~13.2 nm and ~ 132 nm, respectively. The T, was estimated as
the half of the resistivity drop, and the error bars indicate the widths of the
transitions. The green-shaded area enveloped by a solid line indicates the
phase diagram of bulk LSCO. The dashed line shows the superconducting
regions of LSCO thin films from the literature [DDS+13; KCL+17; STNMOO].
The gray-shaded area corresponds to the phase diagram of (Ba,Sr),Cu0O,_5
inferred from the literature [Scal9].

the out-of-plane lattice parameter, ¢, of homogeneous LCCO should systemat-
ically evolve upon doping assuming no structural phase transition[STNMO0O].
The c-parameter of LCCO thin films follows a monotonic doping dependence
in 0.15 < x < 0.5, evidencing the formation of homogeneous solid solution
(Note that the non-monotonic behavior for low x in Fig. 5.1 is due to a phase
transition between orthorhombic and tetragonal structures.). On the other
hand, samples with x > 0.6, exhibit a sharp increase in ¢, and significantly
broadened Bragg peaks due to decomposition.

Optical spectroscopy. The electronic structure of hole-doped LCO is gov-
erned by the alignment between the oxygen p-bands and the upper Hubbard
band (UHB), which makes the parent compound a charge transfer (CT)
insulator [ZSA85]. Upon doping, a hole in the oxygen network is hybridized
with an electron at the Cu site forming the ZRS band [ZR88], which is
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the basis for single-band models, and the predominant O-2p character of
ZRS has been confirmed with O K-edge X-ray absorption spectroscopy (XAS)
[CSM+91]. XAS and resonant inelastic X-ray scattering (RIXS) that are
sensitive to the ZRS band demonstrated that the spectral weight of the ZRS
grows rapidly upon moderate hole-doping [CSM+91; CTK+92; EKZ+11;
PHS+09].

We carried out optical spectroscopy at room temperature to examine the
electronic structure of LCCO thin films with unprecedentedly high concen-
trations of dopants, because the energy-scale of all relevant bands is in the
range of visible light, especially the CT gap and the ZRS band [UIT+91;
WHK10] (see Fig. 5.2a). We utilized spectroscopic ellipsometry to obtain
the optical spectra presented in Fig. 5.2 b, which show a monotonic doping-
dependence: the CT gap is strongly suppressed, and the spectral weight
below 2 eV grows, which is clearly demonstrated by the isosbestic point at
2 eV. The systematic change upon doping supports the formation of homo-
geneous solid solutions in LCCO with x < 0.5. In contrast, samples with
x > 0.6 exhibit a collapse of optical spectra (not shown here). In order to
quantify the doping-evolution of optical spectra, we analyzed the doping-
dependence of the spectral weight (see Fig. 5.2¢): Low energy features
are the a and Drude peaks that correspond to the spectral weight of the
ZRS band [EKZ+11], and high energy features, 8, are due to inter-band
transitions to the UHB [CMCMO08; UIT+91; WHK10]. Upon doping, the
ZRS components grow and 8 decays proportional to the doping level as
presented in Fig. 5.2d showing remarkable agreement with previous XAS
and RIXS results in the low doping range, x < 0.2 [CSM+91; CTK+92;
EKZ+11; PHS+09]. However we did not confirm the previously reported
saturation of the ZRS band [MDB10; PHS+09]. Instead we observed the
continuation of the spectral weight transfer to the ZRS band up to the the
solubility limit. This trend matches well with predictions based on model CT
systems [EMS91; MES93]. This is the first experimental confirmation of the
doping-dependent spectral weight transfer in the overdoped regime, which
has been controversial [PHS+09]. Furthermore, close agreement of our
experimental data on the doping-dependent electronic structure in LCCO
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with model calculations reinforces the effectiveness of our strategy to adopt
Ca as dopants.

Resistivity measurements. The systematic evolution of the lattice and elec-
tronic structures motivated us to examine the superconducting properties
of the heavily overdoped cuprates with minimized cation-induced disorder.
Temperature-dependent resistivity, p(T), curves are presented in Fig. 5.3
a and b. The resistivity at 300 K, p(300K), evolves systematically: it de-
creases until x = 0.25, and increases after that, which is consistent with
studies on LSCO [MHBA19; STNMO0O; TIU+89]. The sharp drops at low
temperatures demonstrate the presence of superconductivity in samples
with x > 0.05. In the light of previous work, it is surprising that the super-
conductivity persists in the highly overdoped samples, x = 0.5, which is
twice the doping concentration where the superconducting dome ends in
bulk samples (see Fig. 5.3c). It is common for MBE-grown LSCO films to
exhibit an extended superconducting dome as marked with a dashed line in
the phase diagram[DDS+13; KCL+17; STNMO00], and we could extend the
range further by adopting better-matching dopants.

The maximum T, of LCCO thin film is 40 K in the bulk-like LCCO samples
with x = 0.16, which to our knowledge has not been achieved with Ca
doping. The high T, and the sharp superconducting transition of our bulk-
like film verify our good control over the stoichiometry, and the effectiveness
of epitaxial stabilization. The T,s of 10 u.c. and 100 u.c. thick films fall into
the same trend in the highly overdoped regime, suggesting that the extended
phase diagram does not originate from the interface between substrates and
films, but is an intrinsic effect of overdoped LCCO thin films. However, there
is some mismatch in the lightly doped regime, where the bulk-like sample
shows a higher transition temperature. The discrepancy can be attributed to
epitaxy-induced effects [CBG+94], the charge-density wave stabilized by
the substrates [BFS+ 18], and/or the strain effect [STNMOO].

Discussion

Our results demonstrate the presence of superconductivity in heavily over-
doped LCCO thin films, and suggest that cation-induced disorder plays an
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important role in determining the end of the superconducting dome. The
importance of the DHRM for superconductivity was discussed in previous
work, where the influence of the average and the standard deviation of the
DHRM was clearly shown based on optimally doped samples with different
combinations of cation species [AKM98]. Our strategy of adopting Ca as a
dopant is consistent with the logic of Attfield et al. [AKM98], who predicted
that the effect of the DHRM should be prominent in compounds with higher
concentrations of dopants.

High temperature superconductivity in highly overdoped cuprates is an
active topic of research. In particular (Ba,Sr),CuO,_s, which has a similar
structure as LCO, exhibits superconductivity with high T, ~ 80 K despite its
extremely high hole concentration p ~ 0.4, seemingly forming a supercon-
ducting region isolated from the superconducting dome of LSCO (see Fig.
5.3¢)[GKN+16; GLY+09; LBZ+19; Scal9]. Our LCCO films connect the two
separately studied regions and thus suggest a simpler picture. The phase dia-
gram of LCCO resembles that of iron-based superconductors, especially with
compounds known as Ba-122 such as Ba,_, K, Fe,As, and BaFe,_,Co, As,,
where the superconducting dome displays a long tail, or even continues
until the other end-member of the phase diagram [FCS14; PG10; WL11].
Considering that iron-based and cuprate superconductors share many traits
such as the two-dimensional structure and the antiferromagnetism of the
parent compound, it is not surprising that they exhibit a similar range of
cation-doping for superconductivity. Indeed the two-dimensional single
band Hubbard model also predicts superconductivity over most of the phase
diagram, although the pairing symmetry may change from the d(x2? — y?)
symmetry at low doping[RKS10].

Recently, the dopant-induced disorder has received attention due to the
discovery of the anomalous suppression of superfluid density in the over-
doped LSCO thin films [BHWB16; MHBA19], which raises questions about
possible un-condensed carriers in the superconducting state. A series of
studies adopted the theory of dirty d-wave superconductivity to explain the
surprising observation with a model that includes the influence of cation-
induced disorder. The model successfully replicated the data, and further
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suggested that superconductivity may persist in the highly overdoped regime
if one can reduce the cation-induced disorder [LDB17a; LMBH18; LOM+19].
We argue that the persistence of superconductivity in our LCCO thin films is
the realization of such a system. Our results thus support the disorder-based
interpretation of the suppression of superfluid density in the overdoped
regime. Indeed, the normal state conductivity of LSCO thin films that
showed suppressed superfluid density continuously decreases in concert
with T.[MHBA19], which is consistent with our observation on LCCO films,
and also with the theoretical analyses based on dirty d-wave superconduc-
tivity[LMBH18].

Lastly, our observation is consistent with recent RIXS measurements that
established the puzzling continuation of magnetic excitations in highly over-
doped non-superconducting LSCO thin films [DDS+13], because the study
hints that the most prominent pair-mediating interaction survives in the
regime we investigated here. We assert here again that the presence of a
pair-mediating interaction is a necessary but not a sufficient condition, and
one needs to minimize the chemical effects such as DHRM and octahedral
distortions to actuate the pairing interaction and form superconducting pairs.
Regardless of the specific microscopic mechanism, improving the DHRM is
an effective way to study the intrinsic physical properties of the cuprates
and other transition metal oxides. We therefore suggest that epitaxially
stabilized LCCO can serve as a model system.

5.1.4 Methods

Thin film growth and characterization Thin films were grown on LaSrAlO,,
(001) single-crystalline substrates (Crystec GmbH) by using an ozone-assisted
ALL-MBE system (DCA Instruments). The growth was monitored by using
in situ reflection high energy electron diffraction (RHEED). During growth
the substrate temperature was kept at 630 °C according to the radiative
pyrometer and the pressure was ~ 1 x 10~ Torr. The effusion cells were cali-
brated before every growth to obtain the accurate composition of the films. ¢
lattice parameters were measured by high-resolution x-ray diffraction using
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a Cu-Ka source and a high resolution diffractometer (Bruker, GmbH.).

Optical spectroscopy Optical spectroscopy was performed at room temper-
ature using a variable-angle spectroscopic ellipsometer (Woollam, Co.) in
the photon energy range 0.7-6.5 eV at an incident angle of 70 degrees.

Electrical transport measurement The electric transport measurements
were done using a Physical Property Measurement System (Quantum Design,
Inc.) with a van der Pauw geometry. Ag/Au metallic contacts were deposited
on the four corners of square shaped samples before measurements.
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