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Abstract

In the past decades correlated-electron physics due to strong Coulomb interactions and
topological physics caused by band inversion often induced by strong spin-orbit coupling
have been the workhorses of solid state research. While commonly considered as disparate
phenomena, it was realized in the early 2010s that the interplay between the comparably
strong Coulomb and spin-orbit interactions in the 5d transition metal oxides may result in
hitherto unforeseen properties.

The layered perovskite Sry,IrO, has attracted special attention due to the observation
of an unconventional Mott-insulating phase and predictions of exotic superconductivity.
Less is known about its three-dimensional counterpart SrlrO,, since rather than the cubic
perovskite structure it adopts the thermodynamically stable hexagonal polymorph thereof.
This thesis therefore sets out to establish the synthesis of epitaxially stabilized perovskite
SrIrO, by pulsed laser deposition and to investigate its electronic and magnetic structure
by state-of-the-art x-ray spectroscopy techniques.

In this endeavor the appropriate thermodynamic conditions for the growth of high-quality
SrIrO4 are identified with a focus on the prevention of cation off-stoichiometry and the sus-
tainment of layer-by-layer growth. In the thus-optimized films the cubic perovskite symme-
try is broken by a tetragonal distortion due to epitaxial strain and additional cooperative
rotations of the IrO4 octahedra. As a consequence of the thermodynamic instability of the
IrO, surface layer, the films unexpectedly undergo a conversion to a SrO termination during
growth.

In an attempt to disentangle the interplay between spin-orbit and Coulomb interaction
the three-dimensional electronic structure of perovskite SrlrOj is investigated in a combined
experimental and theoretical approach using soft x-ray angle-resolved photoelectron spec-
troscopy and ab initio density functional theory calculations. The experimentally found
metallic ground state hosts coherent quasiparticle peaks with a well-defined Fermi surface
and is theoretically described by a single half-filled band with effective total angular mo-
mentum Jeg = 1/2 only upon incorporation of a sizeable local Coulomb repulsion and — to
a lesser extent — the broken cubic crystal symmetry in the film.

Upon reduction of the SrIrO5 thickness below a threshold of four unit cells the scales
are tipped in favor of a Mott-insulating phase as the on-site Coulomb repulsion surmounts
the diminishing kinetic energy upon transition into the two-dimensional regime. Concomi-
tantly, a structural transition occurs because the corner-shared octahedral network between
substrate and film imposes constraints upon the IrO, octahedral rotations in the thin-film
limit. The striking similarity between the quasi-two-dimensional spin-orbit-induced Mott
insulator Sr,IrO, and SrO-terminated SrIrO, in the monolayer limit underlines the impor-
tance of dimensionality for the metal-insulator transition and possibly opens a new avenue
towards the realization of exotic superconductivity in iridate compounds.

Whether the analogy between SrIrO, in the two-dimensional limit and its Ruddlesden-
Popper bulk counterparts extends to their complex magnetic properties ultimately remains
an open question, although no indications for a remanent (anti)ferromagnetic order were
found. The unprecedented observation of an x-ray magnetic circular dichroism at the O K-
absorption edge of iridium oxides in an external magnetic field promises deeper insights into
the intricate connection between the Jog = 1/2 pseudospin state, its hybridization with the
oxygen ligand states and the magnetic order found in the Ruddlesden-Popper iridates.
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Zusammenfassung

In den vergangenen Jahrzehnten waren die Physik korrelierter Elektronen aufgrund starker
Coulomb- sowie topologische Physik aufgrund durch Spin-Bahn-Wechselwirkung induzierter
Bandinversion die Zugpferde der Festkorperforschung. Wéhrend diese zuvor gemeinhin als
disjunkt wahrgenommen wurden, setzte sich Anfang der 2010er Jahre die Einsicht durch,
dass das Zusammenspiel der dhnlich starken Coulomb- und Spin-Bahn-Wechselwirkung in
5d Ubergangsmetalloxiden zu unvorhergesehenen Eigenschaften fithren kann.

Bedingt durch die Entdeckung einer unkonventionellen Mott-isolierenden Phase sowie
Vorhersagen exotischer Supraleitung wurde dem geschichteten Perowskit Sr,IrO, besondere
Aufmerksamkeit zuteil. Uber dessen dreidimensionales Pendant SrIrO, ist weniger bekannt,
da es anstelle der kubischen Perowskitstruktur eine thermodynamisch stabilere polymorphe
Gitterstruktur annimmt. Ziel dieser Thesis ist daher die Synthese von epitaktisch stabi-
lisiertem Perowskit-SrIrO, mittels gepulster Laserablation sowie die Untersuchung dessen
elektronischer und magnetischer Struktur mit modernsten Rontgenspektroskopiemethoden.

In diesem Bestreben werden zunéchst die thermodynamischen Bedingungen fiir das Wachs-
tum von qualitativ hochwertigem SrIrO; mit dem Fokus auf der kationischen Stéchiometrie
sowie dem Erreichen lagenweisen Schichtwachstums identifiziert. In derart optimierten Fil-
men wird die kubische Symmetrie von einer tetragonalen Verzerrung aufgrund epitaktischer
Verspannung sowie von kooperativen Verdrehungen der IrO4 Oktaeder gebrochen. Wahrend
des Wachstums findet infolge der thermodynamischen Instabilitdt der obersten IrO, Lage
eine Umwandlung zu einer SrO-Terminierung der Oberflache statt.

Mit dem Ziel das Zusammenspiel von Spin-Bahn- und Coulomb-Wechselwirkung in SrlrO4
zu entwirren wird dessen dreidimensionale elektronische Struktur in Kombination von winkel-
aufgeloster Photoelektronenspektroskopie im weichen Réntgenbereich und ab initio Dichte-
funktionaltheorie untersucht. Der experimentell beobachtete metallische Grundzustand weist
kohérente Quasiteilchenzustéinde mit wohldefinierter Fermifliche auf und wird theoretisch
durch ein halbgefiilltes Band mit effektivem Gesamtdrehmoment Jog = 1/2 beschrieben, so-
fern eine substanzielle lokale Coulombabstolung sowie - in geringerem Mafle - die gebrochene
kubische Symmetrie beriicksichtigt werden.

Bei Schichtdicken unterhalb von vier Einheitszellen neigt sich das Gleichgewicht zuguns-
ten einer Mott-isolierenden Phase, da die lokale Coulombabstolung die im Zweidimensio-
nalen reduzierte kinetische Energie zunehmend iiberwiegt. Gleichzeitig findet ein struktu-
reller Ubergang statt, da das Netzwerk aus Sauerstoffoktaedern deren Rotationen in diin-
nen Filmen Randbedingungen auferlegt. Die verbliiffende Ahnlichkeit zwischen dem quasi-
zweidimensionalen Mott-Isolator SryIrO, und SrO-terminiertem Monolagen-SrIrO, unter-
streicht die Bedeutung der Dimensionalitét fiir den Metall-Isolator-Ubergang und erdffnet
neue Moglichkeiten zur Realisierung exotischer Supraleitung in Iridaten.

Die Frage, ob sich die Analogie zwischen SrIrO,; im zweidimensionalen Limes und den
quasi-zweidimensionalen Ruddlesden-Popper-Iridaten auf deren komplexe magnetische Fi-
genschaften erstreckt, bleibt schlussendlich offen, gleichwohl keine Hinweise auf eine rema-
nente (anti-)ferromagnetische Ordnung hindeuten. Die bisher erste Beobachtung eines ma-
gnetischen Zirkulardichroismus an der O K-Absorptionskante eines Iridiumoxids in einem
externen Magnetfeld verspricht tiefere Einsichten in den komplexen Zusammenhang zwi-
schen dem Jog = 1/2 Pseudospin-Zustand, dessen Hybridisierung mit den Valenzzusténden
der Sauerstoffliganden sowie der magnetischen Ordnung in Iridatverbindungen.
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Chapter 1

Introduction

Two of the central threads of solid state research in the last decades have been correlated-
electron physics resulting from electron-electron interactions [1] and topological physics due
to a nontrivial band topology often induced by strong spin-orbit coupling [2]. The former
is concerned with physical phenomena which go beyond the mean-field approximation in
conventional band theory (i.e., Hartree-Fock or density functional theory), which successfully
describes many semiconductors and simple metals composed of light main-group elements,
highlighted gray in the periodic table in Fig. 1.1. Short-range electron-electron interactions,
often described by the strong local Coulomb repulsion U between electrons occupying the
same orbital at the same lattice site, result in a plethora of fascinating phenomena including
Mott localization, quantum criticality, high-temperature superconductivity or the formation
and long-range ordering of local magnetic momenta [1,3]. Most prominently, the diverse
properties of 3d transition metal oxides, highlighted blue in Fig. 1.1, originate from the
enhanced electronic correlations in spatially confined d orbitals, as opposed to the rather
delocalized s or p shells.

The second thread experienced a tremendous boost of research activity following the
theoretical proposal of topological insulators in 2005 [4]. At its core the nontrivial band
topology in these materials is due to the inversion of the usual ordering of the conduction
and valence bands, which is typically driven by strong spin-orbit coupling, i.e., the relativistic
interaction between a particle’s spin and its motion inside a potential [5]. While spin-orbit
coupling has traditionally been considered as small perturbation in solids, its magnitude is
drastically increased in heavy elements due to their strong core potential and may therefore
qualitatively change the electronic structure [2]. Until recently, research on topological
insulators has been focused on solids with heavy s- and p-electron elements like Bi, Pb, Sb,
Hg, and Te, highlighted red in Fig. 1.1, where electronic correlations are negligible.

Upon descending the periodic table from the 3d to the 4d and 5d transition metals, there
are essentially two competing trends [6]. On the one hand, the local Coulomb repulsion
U and hence the importance of electronic correlations decreases due to the enhanced spa-
tial extent of the d orbitals as seen from their radial distribution r*R2,(r) in Fig. 1.1. On
the other hand, the spin-orbit coupling strength A increases significantly with the atomic
number Z. Since the opposing trends of U and A lead to a comparable order of magnitude
in some of the heavy 5d elements, highlighted in yellow in Fig. 1.1, their interplay is ex-
pected to open new avenues for exotic physical behavior. In Fig. 1.1 these general trends are
summarized in a generic phase diagram in terms of the relative strength of electronic inter-
actions U/t and spin-orbit coupling A/t with respect to the hopping integral ¢ [6]. Whereas
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Figure 1.1: Whereas simple metals and semiconductors composed of light main-group elements
(gray) are successfully described by band theory, the mean-field approaches break down for 3d
transition metal oxides (blue) due to enhanced electron correlations. Spin-orbit coupling ()
becomes important for heavy elements and can induce topological physics found in the heavy
main-group elements (red). In the 5d transition metal oxides (yellow) A becomes comparable
to the reduced on-site Coulomb repulsion as a result of the extended radial charge distribution
r2R%(r). In iridium oxides, the interplay between the two comparably strong phenomena is
expected to give rise to novel exotic physics. Phase diagram adapted with permission from Ref. [6].
Copyright © (2014) by Annual Reviews. All rights reserved.

the strong-coupling limits have been thoroughly investigated for both U and A (albeit not
necessarily comprehensively understood), the yellow part of the phase diagram is essentially
terra incognita despite predictions of various exotic ground states.

Within the last decade, the heavy 5d transition metal oxides, in particular a number
of iridium and osmium oxide compounds, have attracted significant attention, as their on-
site Coulomb and spin-orbit interactions were found to be of a similar order of magnitude
U~ A=~ 0.5¢eV [6]. Depending on the lattice symmetry (e.g., hexagonal, pyrochlore, spinel-
related and perovskite-related [6]) and other intricacies (e.g., crystal field splittings and
exchange interactions), these materials can exhibit a variety of exotic insulating or metallic
ground states and are therefore tentatively positioned near the boundary between the four
quadrants of the phase diagram.

One of the most prominent examples is the prototypical system Sr,IrO,, which has been
reported to host a so-called spin-orbit-driven Mott-insulating state, that is promoted by
the lifted orbital degeneracy of the 5, manifold due to the entanglement of orbital and
spin degrees of freedom in the presence of strong spin-orbit coupling and a large crystal
field [7]. Its quasi-two-dimensional layered-perovskite structure with corner-shared IrOj
octahedra hosts a square lattice of antiferromagnetically aligned J.g = 1/2 pseudospins
[8,9] reminiscent of the isostructural La,CuO,, which is the parent material of a family of
cuprate high-temperature superconductors [1,10]. Indeed, Sr,IrO, is considered a promising
candidate for exotic superconductivity [11,12] since it reproduces much of the fermiology
of hole-doped cuprates, e.g., the formation of Fermi arcs [13] and a d-wave gap [14], upon
electron doping.

Sr,IrO, is the quasi-two-dimensional end member (n = 1) of the homologous Ruddlesden-



Popper series St Ir O, |, which essentially consists of n perovskite layers, intercalated by
SrO layers and laterally shifted against each other such that no Ir-O-Ir bonds persist between
neighboring [SrIrO,], blocks [15]. In its sister compounds (n > 1) the hopping integral ¢
of the charge carriers increases as function of dimensionality (via n), i.e., less confinement,
and diminishes the prevalence of the on-site Coulomb interaction, eventually resulting in the
breakdown of the Mott-insulating state [16]. However, the thermodynamical instability of
the Ruddlesden-Popper iridates for n > 2 and, in particular, the metallic three-dimensional
end member SrIrO; (n = oo) [17] impedes a systematic investigation of the dimensionality
and necessitates an alternative synthesis route, e.g., by epitaxial stabilization in form of thin
films.

This thesis sets out to establish the heteroepitaxy of phase-pure SrIrO, thin films by
pulsed laser deposition with full control of the film thickness on the atomic scale. In an
attempt to mimic the bulk Ruddlesden-Popper iridates the evolution of the electronic and
magnetic structure of SrIrO; is thereupon investigated upon transition from the three- to
the two-dimensional thin-film limit. To this end the importance of spin-orbit coupling,
electronic correlations and kinetic energy is investigated in a combined experimental and
theoretical approach. It is found that the structural, electronic and magnetic degrees of
freedom are intricately interwoven and cooperatively determine the system’s ground state
upon reduction of the dimensionality. In particular, the striking resemblance found for
SrIrO4 in the monolayer limit and bulk Sr,IrO,, the potential parent material for exotic
superconductivity, opens a promising experimental avenue towards electron doping without
the introduction of disorder, possibly pushing the system into a novel spin-orbit-driven
superconducting phase.

Outline of this thesis

In Chapter 2 the theoretical background of the interplay between spin-orbit coupling and
electronic correlations in iridium oxides and the properties of the relevant material systems
are summarized. Chapter 3 introduces the thin-film growth technique and the employed
characterization methods for the structural, electronic and magnetic properties. Chapter 4
summarizes the perils and pitfalls to be avoided for heteroepitaxy of high-quality, phase-
pure SrlrO, thin films by pulsed laser deposition, thereby laying the groundwork for their
following investigation. In Chapter 5 the electronic structure of metallic SrIrOj; is analyzed
by comparison between soft x-ray angle-resolved photoemission spectroscopy data and ab
initio density functional theory calculations. Chapter 6 is concerned with the evolution
of the electronic structure as function of dimensionality, as investigated by valence-band
and core-level photoemission spectroscopy. Finally, the magnetic properties as function of
film thickness are addressed in Chapter 7 by x-ray magnetic dichroism in x-ray absorption
spectroscopy measurements. All chapters are organized such that they are self-containing
and can be read independently.






Chapter 2

Iridium oxides — theoretical
background and real materials

In the last decades 3d transition metal oxides have been in the focus of solid state re-
search due to their extraordinary properties, which continue to puzzle physicists to the
present day [18]. Amongst others, the plethora of remarkable phenomena comprises un-
conventional superconductivity with high critical temperature, colossal magnetoresistance,
metal-insulator transitions, quantum criticality and complex magnetic orders [1]. Most of
these phenomena are regarded as manifestations of strong electronic correlations, which arise
from the large short-range Coulomb and exchange interactions among the valence electrons
and result in the breakdown of conventional band theory.

Only weakly correlated electronic behavior is expected in the 4d and 5d transition metal
oxides, since the intra-atomic Coulomb repulsion becomes progressively weaker due to the
increasing radial extent of the d orbitals upon descending the periodic table. In contrast,
the relativistic spin-orbit interaction follows the opposite trend and reaches a comparable
order of magnitude in some heavy 5d compounds. Following the conjecture that the in-
terplay of crystal field effects, intersite hopping, on-site Coulomb repulsion and spin-orbit
coupling promises novel electronic behavior, the interest in 5d transition metal oxides —
and particularly iridium oxides — saw a sharp rise within the last decade. Theoretically, a
manifold of exotic electronic and magnetic phases has been predicted, among them topolog-
ical states (Axion insulators, Weyl semimetals,...), quantum spin liquids and unconventional
superconductivity [6].

In the following chapter an introduction to the rich physics of perovskite-related iridium
oxides is given. Starting with a brief review of the effect of strong spin-orbit coupling on
5d electrons in the presence of a cubic crystal field, the concept of the spin-orbit-induced
Mott-insulating state is established. After the introduction of the idealized perovskite lat-
tice and its structural derivatives, the electronic, magnetic and structural properties of the
known members of the Ruddlesden-Popper strontium iridates are outlined and compared to
those of artificial superlattices mimicking their layered structure. Finally, the importance
of dimensionality on the electronic ground state properties is discussed.
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2.1 Interplay of electronic correlations and strong
spin-orbit coupling in 5d transition metal oxides

Atomic iridium (Z = 77) has the electronic configuration [Xe]4 f145d76s* with the 5d and 6s
subshells participating in chemical bonding. In iridium oxides the low-energy properties of
iridium are therefore governed by the d orbitals, which can be written as linear combinations
of the eigenstates |l,m;) of the orbital angular momentum and its z-component, denoted by
the orbital quantum number [ = 2 and the magnetic quantum numbers m; = —2, ..., +2,
respectively, as depicted in Fig. 2.1 (a):

1 —1 —1
dzy = m <|27 2) - ’27 _2>) ) dyZ = m <|2> 1) + |27 _1>)7 docz = m (‘27 1> - |2> _1>)
o = —— (12,2) +[2,—2)), dus = [2,0) (2.1)

V2

In contrast to the spherical symmetry in a free atom, the electrostatic potential in iridium
oxides is not rotationally invariant, since the iridium ion is surrounded by oxygen anions,
which lower the symmetry and thereby break the degeneracy of the d-states. In an ideal-
ized cubic perovskite structure, the iridium ion is octahedrally coordinated by six nearest-
neighbor oxygen ligands (O, point group symmetry, cf. Fig. 2.1 (b)), which are described
as negative point charges in the crystal field theory. In this picture the d levels are split
into a doubly degenerate e, and a triply degenerate t5, sublevel as a result of the different
electrostatic repulsion from the crystal field, since the respective orbital lobes are directed
between or at the ligand ions. Beyond the bare electrostatic repulsion, the orbital overlap
between transition metal d and oxygen p orbitals also leads to an orbital hybridization and
formation of antibonding and bonding molecular orbitals between the symmetry-equivalent
p; and d; subshells as described by the ligand field theory. As depicted in Fig. 2.1 (c) the
orbital symmetries of the e, and ty, states result in strong o- and weak m-bonding with
the adjacent oxygen ligands, respectively, and therefore in a different energy splitting. The
degeneracy of the e, and t9, manifolds is lifted if the octahedral symmetry is further reduced
by an increasing complexity of the crystalline structure, e.g., by the presence of octahedral
rotations or tetragonal distortions.

In all Ruddlesden-Popper iridates Sr, Ir, Oy ; the iridium ion is tetravalent and adopts
a 5d° configuration. The filling of the d orbitals by the five valence electrons is determined by
the competition between the intra-atomic Hund’s coupling and the crystal field splitting [19].
In iridium oxides the latter dominates over the Hund’s coupling due to the strong overlap
between the 5d and 2p orbitals, such that the five electrons adopt a low-spin S = 1/2
configuration in the ¢y, subshell [20].

Spin-orbit coupling (SOC) is the interaction between the orbital motion of an electron
and its spin, which results from relativistic quantum mechanics [5]:

he
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Figure 2.1: (a) Angular part of the atomic d orbitals represented as linear combinations of
the eigenstates with orbital angular momentum quantum number [ = 2 and magnetic quantum
number m;. The subshells are divided into to, and e4 orbitals according to their group-theoretical
irreducible representations (75 and E). (b) Octahedral coordination of the transition metal cation
(yellow) by six oxygen ligand anions (blue) in an idealized perovskite structure.® (c) The orbital
symmetries of e, and ta, states result in stronger and weaker orbital overlap with their adjacent
oxygen ligand orbitals and therefore in the formation of o- and w-bonds, respectively.

@All lattice drawings within this thesis have been produced using the free software VESTA [21].

Here, o denotes the Pauli matrix vector, p the electron momentum, V'(r) the electrostatic
potential, A Planck’s constant, ¢ the speed of light and m, the electron mass. For a single

electron in an atom with the spherical potential V(1) = jf fo% (Z: atomic number, r: radial
distance) the coupling between the orbital and spin angular momenta 1 =r x p and s = %U
becomes
1 Ze?
Hgoc=¢1- ith { = ————— 2.3
SOC 5 S7 w1 5 871'77120260 7/13 Y ( )
The resulting spin-orbit splitting is given by
zre*h? (j+ 1) —1(1+1)—s(s+1)
Esoc = (H, = 24
soc = (Hsoc) 16mm2c2eg ( L(I+1/2)(I+1)ain3 ) (24)

with ag the Bohr radius, n the principal quantum number and j, [, s the quantum numbers
of the total, orbital and spin angular momenta. Accordingly, the magnitude of the spin-orbit
interaction is proportional to Z* and inversely proportional n®. For a many-electron atom
the spin-orbit Hamiltonian is obtained by summing over all electrons

Hsoc =Y &li-s;~ AL-S (2.5)

where L and S denote the total orbital and spin angular momenta. In any real many-electron
system the dependence on the atomic number Z will deviate from Eq. 2.4 due to screening
of the nuclear charge from other electrons. Nonetheless, the SOC monotonically increases
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with Z and, while it can be treated as small perturbation in 3d transition metal oxides (e.g.,
in Cu: Z =29 and X\ = 0.01eV [22]), the spin-orbit interaction is found to play a major
role in 5d transition metal oxides (e.g., in Ir: Z =77 and A =~ 0.5eV [23]).

In the presence of a sizeable cubic crystal field the spin-orbit interaction in the ty, and
ey, manifold can be treated separately, because the orbital angular momentum [ becomes
modified [24]. In the matrix representation of the orbital angular momentum operator,
written in the basis of the ty,/e, and p states,'

dyz e dzy dz2 d:pQ —y?

0 0 0 _Z\/g —1 Pz Dy DP:
0o 0 i 0 0 0 0 0
Y=o —i o] o 0 & B=lo 0 —i (2.6)
ki\/ﬁ 0 0 0 0 } 0 i 0
i 0 0 0 0

the matrix elements in the e, states are found to be zero. Therefore, the angular momentum /
becomes fully quenched in the e, manifold and no first-order spin-orbit interaction is found
in this state. In contrast, the matrix elements in the t5, states are nonzero and can be
mapped onto the atomic p states. This relation is called T-P-equivalence

1(t29) = —1(p) (2.7)

and can be interpreted as a partial quenching of the angular momentum from [ = 2 to
leg = 1 in the ty, manifold, if the cubic crystal field splitting is sufficiently large to neglect
the off-diagonal elements that connect the ¢y, and e, states.

Within the LS coupling scheme, the spin-orbit interaction between the effective orbital
momentum lg = 1 of an electron in a ty, state and its spin s = 1/2 results in three Kramers
doublets with effective total angular momenta Jog = 1/2 (m,, = £1/2) and Jog = 3/2
(my = £1/2,£3/2) as shown in Fig. 2.2. In an alternative approach, the formation of the
Jofr states can be interpreted as result of a crystal field splitting of the J = 5/2 states formed
in the d manifold within the JJ-coupling scheme.

The resulting electronic states |Jeg, m,,,) are given by:

1 1 1 1 1 1

SN = ((dy, Fo) F i |dy, F) + |y,

27 2> \/§(| yZazF2> 7’| $Z’:F2> | Y 2>)

3 1 1 1 1 1

—_ :l:— = — — ) - _2 :l:_ 2'
3 3 1 1 1

7 2> \/5( i) e 2>)

Of these states the Jog = 3/2 quartet is fully occupied by four electrons. The lowest energy

!'While only the [,, component is shown as an example, analogous relations hold for the I, and [, components
of the orbital angular momentum.
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Figure 2.2: Energetic splitting of the atomic d levels in the presence of an octahedral crystal field,
strong spin-orbit coupling and strong on-site Coulomb interactions. From the left the crystal field
is introduced before the spin-orbit coupling, vice versa from the right. The resulting charge density
profile of the Jog = 1/2 state exhibits cubic symmetry and a complex spin texture encoded in the
color gradient Charge density profile adapted with permission from Ref. [8]. Copyright (©) (2009)
by the American Physical Society. All rights reserved.

level is a half-filled isospin Jog = 1/2 Kramers doublet, which is a coherent superposition
of different orbital and spin states with an inherent quantum phase. As shown in Fig. 2.2
the charge density profile of an electron (or hole) in the Jeg = 1/2 state exhibits a cubic
symmetry and a complex spin texture (represented by the color gradient). This peculiar
nature of the Jog = 1/2 state has important consequences for the symmetry of intersite
interactions [8] and a potential unconventional superconducting pairing mechanism [11,12].
However, noncubic distortions will result in a deviation from this idealized scenario and a
sizeable noncubic crystal field will restore a situation, where the orbitals are essentially real
to, orbitals [8,25].

In the band theory of non- or weakly interacting electrons in a periodic lattice of atoms,
the distinction between metals and insulators is based on the filling of the electronic bands.
In contrast to insulators, where the chemical potential lies within a band gap and all bands
are either filled or empty, metals are characterized by a band that is only partially filled
up to the chemical potential [26-28]. While the band theory successfully describes a large
variety of insulators, simple metals and semiconductors, many transition metal oxides with
partially filled d electron bands are poorly conducting or even insulating at variance with
band theory [29]. The reason for the localization of the expectedly itinerant electrons is the
on-site Coulomb interaction between electrons, which can be neglected in s or p electron
systems, but becomes sizeable in materials with spatially confined 3d orbitals [30].

N. F. Mott undertook the first attempts to theoretically describe the Mott-insulating
state as consequence of electron-electron correlations by considering a lattice model with a
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single electronic orbital on each site [31-33]. While a single metallic band would form in
the absence of electron-electron interactions due to the orbital overlap of neighboring sites,
according to Mott the large Coulomb repulsion experienced by two electrons on the same
site splits the band into a lower and upper band, thus rendering the system insulating.

Hubbard developed a prototypical theoretical description of correlation effects based on a
simplified lattice model considering a single band with two possible spin states per electron
[34-36]:

HHubbard = —t Z (62.70.0‘7"0' + C;[’UCLU) + Uannm (29)

(i,4),0

Here, the first term describes the kinetic energy of the electrons due to nearest-neighbor
hopping processes as in a tight-binding Hamiltonian, where ¢ is the transfer integral

2

t= [ dr g1p0) 5 i) (2.10)

2m

CZJ (¢i o) is the creation (annihilation) operator of an electron at site ¢ and in spin state o and
the summation (i, j) runs over nearest-neighbor sites only. In a non-interacting system the
single-electron band width W is directly proportional to the transfer integral ¢t. The second
term describes the competing electron-electron interaction, where U is the local Coulomb
repulsion between two electrons on site ¢

62

U:/mwwmm%m> ot () @i o(r) (2.11)
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and n;, = Cl‘:gci,o is the number operator. A pictorial representation of the Hubbard model
is given in Fig. 2.3 (a), where electrons on a two-dimensional square lattice are represented
as spin up or down. While hopping to an adjacent site releases the energy —t, the Coulomb
repulsion U has to be overcome if the adjacent site is already occupied by an electron (with
opposite spin) and, depending on the ratio U/t of the competing energy scales, the resulting
system will be rendered metallic or insulating. If the number of electrons per site deviates
from integer filling by ¢, some electrons may hop to an adjacent site without the energy
loss due to Coulomb repulsion. Therefore, it is intuitive that the metal-insulator transition
(MIT) can be either driven by the value U/t in the band width-controlled MIT or by the
number of electrons in the band filling-controlled MIT. The latter is widely recognized as
one of the most important aspects in the Mott MIT since the discovery of high-temperature
superconductivity in the metallic states of p-doped Mott insulators [1].

Although the interplay and competition between kinetic energy and the Coulomb term
can be intuitively understood in this oversimplified picture, to date a rigorous theoretical
solution of this many-body problem remains elusive despite intensive efforts. As a starting
point, it is possible to approach the Mott transition from the purely localized, i.e., atomic
limit or from a purely delocalized, i.e., band-theoretical limit. As mentioned above, Hubbard
presented an exact solution of his model for the atomic limit, in which the electronic density
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Figure 2.3: (a) Pictorial representation of the Hubbard model on a two-dimensional square lattice.
While a nearest-neighbor hopping process releases the kinetic energy —t, the electron-electron
Coulomb repulsion U has to be overcome if the adjacent site is already occupied. Depending on
the ratio U/t and the average band filling the system may therefore become metallic or insulating.
(b) and (c) Dynamical mean-field theory calculations of the the spectral function across the band
width- and band filling-controlled metal-insulator transition. Data in (b) adapted with permission
from Ref. [18]. Copyright (C) (1996) by the American Physical Society. All rights reserved. Data
in (c) from R. Bulla [37].

of states splits into two energy levels above and below the chemical potential. Upon inclusion
of a finite hopping term ¢ (U > t) these energy levels gain a finite width and are termed
upper and lower Hubbard bands (UHB and LHB).

In contrast, Brinkman and Rice undertook the attempt to describe the metallic phase
near the Mott transition, where spin or charge fluctuations may become critically enhanced,
by approaching it from the non-interacting limit [38]. Starting from Fermi-liquid theory, in
which the ground state and its low-energy excitations are described by an adiabatic switching
on of the electron-electron interactions, the Fermi surface volume has to be conserved when
the Mott transition is approached according to the Luttinger theorem [39,40]. In this
framework a continuous divergence (or: renormalization) of the effective single-quasiparticle
mass lies at the core of the metal-insulator transition and hence mass enhancement is a
typical property of metals near the Mott transition. In the Fermi-liquid description the
coherent part of the spectral function, i.e., the quasiparticle, therefore becomes narrower
until it vanishes. However, the incoherent part, i.e., the LHB and UHB are not described
successfully.

A successful unifying description of the coherent and incoherent properties was achieved
by the dynamical mean-field theory (DMET), which is also called the infinite-dimensional
approach as it exactly describes the problem in d = oo dimensions [18]. As the coordination
number of an atom diverges with d, spatial fluctuations are ignored within DMET, whereas
the dynamical fluctuations are treated correctly. As shown in Fig. 2.3 (b) and (c) the
DMFET-calculated spectral function captures the renormalization of the quasiparticle peak
at the chemical potential as well as the formation of the incoherent lower and upper Hubbard
bands across the band width- and band filling-controlled Mott transitions.
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Figure 2.4: Schematic representation of the low-energy electronic structure of a 5d° system upon
consideration of different energy scales. (a) If SOC is not considered, the width of the ¢y, bands
(in presence of a cubic crystal field) is much larger than the local Coulomb repulsion U, resulting
in a metallic system. (b) With inclusion of SOC the ty, manifold is split into narrow Jeg = 1/2
and Jeg = 3/2 bands. (c) Even a small U may induce a Mott transition for the upper Jog = 1/2
states.

The Hubbard model in Eq. 2.9 successfully explains the formation of an insulating state
as consequence of electronic correlations in systems that are expected to host a metallic
ground state in band theory. For a correct quantitative description of realistic materials,
however, various complexities need to be included that go beyond this model. One particular
simplification in the Hubbard model is the consideration of electrons in a single orbital.
Although orbital degeneracy becomes important in d electron systems, the single-band model
is often employed as a good starting point for the theoretical description of materials, where
strong anisotropic crystal fields lift this degeneracy. For example, the layered perovskite
lattice structure of the high-T¢» cuprates results in fully occupied #54 and d,2 bands and an
isolated, half-filled d,2_,» band. Furthermore, the strong hybridization between the e, and
adjacent oxygen p states in many heavy 3d transition metal oxides is neglected in the original
Hubbard model and was first introduced by Zaanen, Sawatzky and Allen [41]. According
to their model, the character of the charge gap is determined by the energy difference
between the oxygen p and the transition metal d levels |eq — €,| relative to the d — d on-site
Coulomb repulsion Ugg. If |e4—€,| > Ugq, the original Hubbard model is retained, the charge
gap is determined by Uyy and the system is called Mott-Hubbard insulator. If in contrast,
lea — €p| < Ugq the character of the lowest-lying charge excitations is determined by a charge
transfer from the ligand to the transition metal site and the system is called charge-transfer
insulator.

As elaborated above, the lowest energy state of a tetravalent iridium ion with strong
spin-orbit coupling in a cubic crystal field is a half-filled J.g = 1/2 state and, naively,
metallic behavior would be expected in a crystal according to band theory. In general, the
importance of electronic correlations in the 4d and 5d transition metal oxides is smaller
than in their 3d counterparts because the spatial extent of the radial part of the wave
function increases, resulting in a smaller on-site Coulomb repulsion between two electrons
as seen from Eq. 2.11. Since the extended radial charge distribution furthermore enhances
the orbital hybridization with the adjacent oxygen states, also the band width is enhanced
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and a weakly correlated electronic behavior is expected. The inclusion of SOC reduces the
effective band width by splitting the 5, manifold into a fully occupied Jog = 3/2 and a
half-filled, narrow Jog = 1/2 state as shown in Fig. 2.4 (a) and (b). Therefore, the energy
balance of the system is readjusted in favor of electronic correlations, making it susceptible
to a Mott-type metal-insulator transition (cf. Fig. 2.4 (c)), which may be triggered by small
perturbations of the on-site Coulomb repulsion U and/or the hopping term t.

The experimental observation of an insulating state in bulk Sr,IrO,, that has been inter-
preted as spin-orbit-induced Mott state, has put the perovskite-type iridates in the focus of
research interest in the last decade [7]. In this thesis, the structural, electronic and magnetic
properties of epitaxially grown thin films of the three-dimensional perovskite material SrlrO,
are investigated. In the following, the structural properties of the perovskite structure and
its derivatives in general, as well as the electronic, magnetic and structural properties of the
perovskite-related strontium iridates in particular are introduced.

2.2 The perovskite structure and its hetto- and
polytypes

The perovskite structure is one of the most commonly found crystal structures of ternary
metal oxides with the general formula ABO,. The ideal cubic perovskite structure (space
group Pm3m) consists of an A cation located at the corners of the cubic unit cell and a
B cation at the body-centered position, which is sixfold-coordinated by an octahedron of
oxygen ligands positioned at the face centers of the unit cell (cf. Fig. 2.5 (a)). However,
the majority of perovskites exhibits distortions from the ideal structure, which have been
the subject of intense research efforts in crystallography and can be subsumed in three cat-
egories: cation displacements within the BOy octahedra, distortions of the octahedra, or
tiltings of the octahedra [42]. The former two are typically driven by electronic instabili-
ties, e.g., ferroelectric displacements or Jahn-Teller distortions [42]. The latter (and most
common) distortion mechanism results from a too small A cation size to maintain the cubic
BOy corner-shared network [42], which can be compensated by tilting, because the first
coordination sphere of the B cation is virtually unchanged, while the A-O bond distance is
drastically altered [43]. As a rule of thumb the susceptibility to octahedral rotations can be
predicted by the Goldschmidt tolerance factor [44]

1 Ra+ Ro

_ - .l 2.12
N RN (2.12)

ta

which treats the lattice as a close-packed array of hard spheres with the (ionic) radii R; [45].
The ideal cubic perovskite lattice is realized for a tolerance factor close to unity, whereas
distortions to tetragonal, orthorhombic and monoclinic symmetries are expected for lower
values of tg [43]. Although the tolerance factor can be helpful in predicting whether a
tilting distortion is expected at all, it makes no statement about the type of the resulting
tilt system in the crystal, i.e., the direction and magnitude of the rotations of neighboring
octahedra in the crystal.
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Figure 2.5: (a) Ideal cubic perovskite structure. (b) Distorted GdFeOy structure with atb=b~
tilting system. Projections along the three pseudo-cubic axes emphasize the in-phase rotations
along the [100], and out-of-phase rotations along the [010], and [001], directions.

Starting from the ideal cubic perovskite structure (“aristotype”) Glazer developed a gen-
eral classification to describe all 23 octahedral tilting systems® (“hettotypes”) in terms of
component tilts of rigid octahedra about each of the three pseudo-cubic, i.e., Cartesian
axes [47,48]. Since the octahedra are connected by a corner-linked network, the rotation
of one octahedron about one of these axes unequivocally determines the rotations (about
the same axis) of all octahedra within the plane perpendicular to this axis. In contrast,
successive octahedra along this axis can be rotated in either the same or the opposite sense.
In any direction the repeat period consists of no more than two octahedra. In Glazer’s
notation the tilting is denoted by a set of three letters with a superscript, which refer to the
tetrad axes in the order [100],, [010],, [001],: a#b#c#. The superscript takes the value 0, +
or — to indicate no tilt about an axis or tilts of successive octahedra in the same (in-phase)
or opposite sense (out-of-phase). Repeating letters denote the equality of the tilting angle
and the combination of equal tilts about two (or three) tetrad axes is equivalent to one tilt
about one of the diad axes, e.g., [110], (or triad axes, e.g., [111],). In nature, the most
abundant tilting distortion is the GdFeOs-type perovskite shown in Fig. 2.5 (b), since its
orthorhombic a*b~b~ tilt system results in the lowest total energy [43].%

If the A cation is too large and the Goldschmidt factor tg > 1, crystal structures of
hexagonal symmetry hosting face-sharing octahedra are favored over the cubic perovskite
structure and its derivatives. As shown in Fig. 2.6 a number of different hexagonal poly-
types (or: polymorphs) of the perovskite structure with a mix of corner- and face-sharing
octahedra are known. Upon application of high temperature and/or pressure the polytypes
may transform into each other following a sequence (denoted by arrows), since the A-O

2A subsequent group theoretical analysis dismissed eight of the originally proposed 23 tilt systems due to
symmetry arguments [46].

31n this thesis, lattice planes and vectors with a subscript p refer to the pseudo-cubic unit cell, while lattice
planes and vectors without subscript refer to the actual, enlarged unit cell.
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2H 9R 6H 3C PPV

Figure 2.6: Structure of the perovskite polymorphs and the post-perovskite (PPV). In the 2H
structure all BO5 layers are hexagonal close packed. In the 9R structure the packing sequence
is chhchhchh (¢ = cubic, h = hexagonal). In the 6H structure the packing sequence is cchech.
In the 3C, i.e., perovskite structure, the BO5 layers are cubic close packed. Figure adapted with
permission from Ref. [49]. Copyright (©) (2016) by Elsevier. All rights reserved.

bond is compressible [49-54].

A number of perovskite-related lattice structures are known for ternary oxides with a
stoichiometry other than ABO4 [55,56], of which the homologous Ruddlesden-Popper series
A, 1B,04..1 = ([ABO4,,BO) is the most prominent [15,57]. As shown in Fig. 2.7 the
idealized Ruddlesden-Popper compounds consist of layers_coaprised of n ABO, pero_vskite
blocks with corner-shared BOg octahedra, which are intercalated by an AO layer and lat-
erally shifted against each other by half a face diagonal, such that the two adjacent AO
layers form a rock salt-like structure. The n = 1 end member A,BO, is also known as the
K,NiF, crystal structure and has been subject of intensive research, mainly because the
isostructural La,CuQ, is the parent material of the high-temperature cuprate superconduc-
tors La,  Sr,CuO, [3,10]. In the n = oo limit the Ruddlesden-Popper phase merges into
the three-dimensional perovskite structure. In real materials the Ruddlesden-Popper com-
pounds exhibit distortions from the idealized structure in form of rotations and /or tetragonal

distortions of the octahedra.

2.3 Structural, electronic and magnetic properties of
the employed materials

2.3.1 The Ruddlesden-Popper family Sr ,Ir O3, .,

The Ruddlesden-Popper compounds Sr, ,Ir O, ; form a homologous series that exhibits
a striking variety of electronic and magnetic properties, which are strongly coupled to the
lattice degrees of freedom as a result of the strong spin-orbit coupling. In the following, the
most relevant structural, magnetic and electronic properties of the known members of the
Ruddlesden-Popper family are summarized.
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Figure 2.7: Idealized Ruddlesden-Popper structure consisting of layers comprising n ABO; per-
ovskite blocks intercalated by an AO layer and laterally shifted against each other by half a face
diagonal.

Bulk properties of Sr,IrO, (n =1)

SryIrOy is the quasi-two-dimensional n = 1 end member of the Sr, ,Ir O5, ,; Ruddlesden-
Popper series and adopts a distorted K,NiF, lattice structure. The space group symmetry is
reduced from I4/mmm to I4,/acd by a staggered cooperative octahedral rotation of ~ 12°
about the c-axis and a tetragonal out-of-plane elongation of the IrO4 octahedra by 4%. The
resulting unit cell is rotated by 45° and — with respect to the idealized structure — enlarged
by V2 x V2 x 2 (a = 5.4994 A, ¢ = 25.7841 A) [58-60).

As elaborated in Sec. 2.1, 5d transition metal oxides are naively expected to host a metallic
ground state due to their wide bands and relatively small Coulomb interactions. In contrast,
Sr,IrO, is a magnetic insulator, which exhibits weak ferromagnetism below T = 240K
[16,61]. Its ground state can be described by localized Jog = 1/2 moments with an inherent
quantum phase as evidenced by intra-atomic interference effects in resonant x-ray scattering
experiments [9]. Accordingly, the Mott instability in Sr,IrO, is induced by a narrowing of the
5d band width by the strong relativistic spin-orbit coupling [7]. The weak ferromagnetism
exhibits a large anisotropy with the easy axis in the basal plane and originates from an
in-plane canted G-type antiferromagnetic order with magnetic moments that are rigidly
locked to the IrOg4 octahedra and thereby induce a nonzero net magnetic moment, when
aligned by a critical external magnetic field of Ho > 0.2T (cf. Fig. 2.8 (a)) [9,62-65]. The
strong coupling between magnetic and structural degrees of freedom as consequence of the

strong spin-orbit interaction further manifests itself in a pronounced magnetoelastic effect
in Sr,IrO, [66,67].

The magnetic exchange interactions in the layered iridates can be described by an effec-
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tive low-energy Hamiltonian in the strong SOC limit, which incorporates the effects of a
tetragonal distortion of the crystal field and rotations of the IrO4 octahedra [8]:

Hij = Jij Si . Sj + Fij Sf sz + Dij . [Sl X SJ] (213)

The Jog = 1/2 pseudospins (denoted by S;) are coupled via an isotropic Heisenberg exchange
Jij, a symmetric anisotropic exchange I';; including pseudo-dipolar terms due to Hund’s
exchange and an asymmetric Dzyaloshinsky-Moriya interaction Dj; [68-70]. Depending on
the magnitude of the tetragonal distortion the resulting ground state reproduces the basal-
plane canted antiferromagnetic order observed in experiment, with an exact locking of the
pseudospins to the octahedral rotations in the cubic limit. As shown in the phase diagram
in Fig. 2.8 (c), a spin-flop transition to a collinear Néel ordering along the c-axis is found
above a threshold tetragonal distortion.

Sr,IrO, has attracted much attention due to its structural, electronic and magnetic
similarities to La,CuO,, the Mott-insulating parent material of a class of layered high-
temperature superconducting cuprates, which also adopts the K,NiF, structure and hosts
a two-dimensional square lattice of antiferromagnetically coupled S = 1/2 magnetic mo-
ments [71]. In particular, strikingly similar magnon dispersions are found despite the fun-
damentally different S = 1/2 and Jeg = 1/2 magnetism in La,CuO, and Sr,IrO, [72-74].
Based on a mapping of the effective Hamiltonian to the Jog = 1/2 space, superconductivity
in Sr,IrO, has been predicted theoretically. Due to the opposite sign of the next-nearest-
neighbor hopping term in the resulting Hamiltonian the doping phase diagram is expected
to be the particle-hole conjugate of the cuprates and hence high-T¢ is predicted in electron-
rather than hole-doped Sr,IrO, [11]. However, the nature of the paring mechanism in a
potential superconducting state in Sr,IrO, remains controversial, with predictions of an
odd-parity triplet p, + ip, pairing mechanism [75] or s* -wave superconductivity [76] on the
hole-doped side, and d-wave superconductivity on the electron-doped side [12, 76].

Experimentally, electron-doped Sr,IrO, is found to reproduce some of the phenomenology
exhibited by cuprate superconductors upon transition from the enigmatic pseudogap phase
into the superconducting phase [3,77]. In particular, the observation of Fermi arcs, i.e.,
disconnected segments of zero-energy states at high temperatures [13] and the opening of a
d-wave gap at low temperatures [14] in potassium surface-doped Sr,IrO, is reminiscent of
the behavior of cuprates in the vicinity to the superconducting dome [3]. However, to date
all attempts to reproduce these findings in chemically doped bulk samples have failed and
experimental evidence for superconductivity remains elusive [78-86].

Bulk properties of Sr;Ir,O, (n = 2)

Sr3lr, O, is the n = 2 member of the strontium iridate Ruddlesden-Popper series and hence
the bilayer analogue of Sr,IrO,. Its space group symmetry is reduced from 74 /mmm to Bbcb
by octahedral rotations of &~ 12° about the c-axis [89] and a tetragonal out-of-plane distortion
of the IrO4 octahedra by 2.3% [90]. While the octahedral rotations within each bilayer are
out-of-phase, some controversy remains about the correlation of octahedral rotations in
adjacent bilayer blocks [90-92].
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Figure 2.8: (a) SryIrO, hosts a basal-plane G-type antiferromagnetic order with canted magnetic
moments. The weak ferromagnetic moment results from the rigid locking of the magnetic moments
to the rotated IrOg octahedra. (b) SrslryO; hosts a c-axis collinear G-type antiferromagnetic
order. (c) Ground state phase diagram of the Hamiltonian in Eq. 2.13 as function of the tetragonal
distortion parameter® 6 and the ratio of Hund’s exchange and local Coulomb repulsion n = Jg /U.
The solid (dashed) line marks a spin-flop transition from basal-plane to collinear antiferromagnetic
order in Sr3lryO; (SrylrO,). Figures (a) and (b) adapted with permission from Ref. [65] and
Ref. [87], respectively. Copyright (C) (2013) and (2012) by IOP Publishing. Figure (c) adapted
with permission from Ref. [88]. Copyright (C) (2012) by the American Physical Society. All rights
reserved.

“The tetragonal distortion parameter @ is introduced in Ref. [8] as tan(20) = 2v/2\/(\ — 2A), where \ is
the spin-orbit coupling and A the crystal field splitting in the single ion Hamiltonian Hy = A1-s+ Al2.

Srslr,O; is a narrow-gap insulator in proximity to a metal-insulator transition, that can
be described in terms of localized Jog = 1/2 states [16,90]. Its complex magnetic behav-
ior with three distinct magnetic transitions at 280K, 230K and 50 K [90, 91, 93-95] has
been attributed to the onset of an incommensurate (280 K) and a commensurate (230 K)
collinear G-type antiferromagnetic order (cf. Fig. 2.8 (b)) [87,91]. At low temperatures
the magnetic properties are strongly influenced by oxygen vacancies [96]. In analogy to
SroIrO,, the exchange interactions between the Jog = 1/2 pseudospins can be described
by the effective Hamiltonian in Eq. 2.13 [88]. However, the three-dimensional shape of the
spin-orbit-entangled wave function (cf. Fig. 2.2) promotes strong interlayer coupling within
the bilayer and, as a result, the phase boundary for the spin-flop transition is shifted with re-
spect to the monolayer system SryIrO, as shown in Fig. 2.8 (c). Hence, the same microscopic
parameters lead to in-plane antiferromagnetism for single-layer Sr,IrO, and collinear anti-
ferromagnetism for bilayer SryIr,O. [88]. In stark contrast to cuprates, where the S = 1/2
magnetic moment is carried by a planar e, orbital, the magnetic states in iridates are there-
fore strongly affected by changes of the dimensionality due to the peculiar nature of the
Jet = 1/2 state.
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(@) 6H - SrirO,4 (b) 3C-SrirO,4

Figure 2.9: Lattice model of
the (a) atmospheric pressure
(6H) [17] and (b) high-pressure
(3C) [99,100] polytypes of SrIrOs.
The high-pressure form adopts a
GdFeOg-like perovskite structure
with an orthorhombic unit -cell,
which is enlarged by v2 x v/2 x 2
with respect to the pseudo-cubic

unit cell.

Bulk properties of SrIrO; (n = o0)

SrlrO; is the three-dimensional n = oo end member of the Sr, ,Ir, O, ., Ruddlesden-
Popper series. Although the Goldschmidt tolerance factor to = 0.992 predicts a stable
(pseudo-)cubic ambient lattice structure, the atmospheric pressure form of SrIrO; adopts a
monoclinic distortion of the hexagonal 6H-BaTiO4 structure [17,97] (Fig. 2.9 (a)). Accord-
ingly, the crystal structure of SrIrO4 is insufficiently described by the simple ionic average
size model underlying the Goldschmidt model, most likely owing to the high covalency of
the Ir-O bonds [49]. 6H-SrIrO, is metallic and believed to be near a quantum critical point
since it exhibits non-Fermi-liquid behavior at low temperatures [98].

An orthorhombic GdFeOs-type perovskite polymorph, 3C-SrlrOy (cf. Fig. 2.9 (b)), can be
stabilized by application of high pressure (p > 8.8 GPa) and high temperature (7" > 1000 °C)
[17,99]. Polycrystalline, i.e., strain-free, metastable 3C-SrIrO; has been shown to be metallic
and exhibits an almost temperature-independent magnetic susceptibility, characteristic for
Pauli paramagnetism of the conduction electrons (with an upturn at low temperatures due
to paramagnetic impurities) [99,101]. While the synthesis of macroscopic single crystals is
not technically feasible due to the required high pressure, the 3C crystal structure can be
stabilized by epitaxial strain during thin-film synthesis.

In general, SrIrO; is believed to be in the vicinity of a metal-insulator transition as
its electronic transport properties are susceptible to external perturbations. In particular,
SrIrO4 thin films are found to exhibit non-Fermi liquid behavior p oc T with different values
of € # 2 depending on the applied compressive strain by choice of the substrate material
[102,103]. However, the transport properties of SrIrO; are highly sensitive to disorder (off-
stoichiometry, crystal defects,...) and dominated by weak localization and variable-range
hopping in the thin-film limit [102,104,105]. The presence of a Drude-like metallic response,
i.e., the absence of an optical gap in optical absorption spectra despite the observation
of insulating transport behavior further evidences the importance of disorder and places
these metal-insulator transitions in the class of Anderson localization [102,106-108]. It has
been argued, that the interplay between electronic correlations and disorder in SrlrO5; may
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give rise to an intermediate state between the Landau-Fermi-liquid state and the Anderson-
insulating state [109, 110].

From the theoretical point of view SrIrO; has attracted attention as potential candidate
for a ternary transition metal oxide with topologically nontrivial band structure. A line
of symmetry-protected Dirac nodes in the Jog = 1/2 band near the Fermi level has been
predicted [111] and the engineering of topological phases at interfaces or in superlattices
may change the system into a topological crystalline metal with nontrivial surface zero
modes protected by the chiral and mirror-reflection symmetry of the orthorhombic crystal
structure [111-113].

2.3.2 SrTiO,

At room temperature SrTiO, adopts the ideal cubic perovskite structure (a%a’a’, space

group Pm3m) with the lattice parameter a = 3.905 A. The cubic point group symmetry
is broken by an antiferrodistortive transition at 7" = 105K, which is associated with the
condensation of a soft-phonon mode and results in a a%a’c™ tilting system [47,114,115].
SrTiO; is a band insulator with a wide band gap of ., ~ 3.2eV separating the occupied
O 2p valence band and the unoccupied Ti 3d states [116,117]. Electrons can be easily
doped into the Ti 3d states by creation of oxygen vacancies (SrTiO; ) [118-121] or through
chemical substitution with niobium (SrTi, ,Nb, O,) [122].

While SrTiOg by itself exhibits a variety of intriguing physical phenomena, such as quan-
tum paraelectricity [123], superconductivity [124] and/or ferromagnetism [125], it is also a
widely used substrate material for epitaxial growth of transition metal oxides, because atom-
ically flat (001) surfaces can be easily prepared. Along the (100) crystallographic directions
SrTiO; can be considered as alternating sequence of electrically neutral SrO and TiO, lay-
ers. After hydroxylation in water, the topmost SrO layer of mixed-terminated SrTiO; can
be selectively etched in a buffered HF solution. As a result a well-defined, uniform TiO,-
terminated surface is obtained after a final heating step under oxygen atmosphere [126,127).

2.3.3 Artificial ([SrIrO,],,,[SrTiO;], ) superlattices

A truly systematic investigation of the effect of dimensionality in the bulk Ruddlesden-
Popper iridates St ,Ir O, is impeded by their instability for n > 2. As an alternative
approach, their layered structure can be mimicked by substitution of the intercalated SrO
layers with SrTiO; monolayers in artificial ([SrIrO;],,,SrTiO;) superlattice structures (k =
1). Indeed, such superlattices also exhibit a metal-insulator transition and a concurrent
magnetic transition as a function of m, i.e., dimensionality [128].

In contrast to the Ruddlesden-Popper iridates, no spin-flop transition as function of di-
mensionality is observed, as all superlattices with m < 4 exhibit a weak in-plane ferromag-
netic moment attributed to a canted antiferromagnetic order reminiscent of — yet subtly
different to — bulk Sr,IrO,. As shown in Fig. 2.10, along the c-axis the superlattices exhibit
a ferromagnetic ordering of the weak in-plane magnetic moments produced by canting [128],
at variance with Sr,IrO,, where they cancel each other antiferromagnetically (below a crit-
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ical field He, cf. Fig. 2.8 (a)). Accordingly, the magnetic exchange coupling between
adjacent SrIrO; layers is mediated by the SrTiO, layers via Ir-O-Ti bonds and is not neg-
ligible [129]. By insertion of more than one blocking layer of SrTiO; in (SrIrO,,[SrTiO4)x)
superlattices (m = 1) [130], the interlayer coupling via vertical electron hopping can be sup-
pressed, thereby significantly modifying the magnetic ordering temperature and resistivity.
Therefore, neither the Ruddlesden-Popper iridates nor their superlattice analogues should
be regarded as truly two-dimensional due to the residual coupling between adjacent iridium
layers.

2.4 Role of dimensionality in the layered strontium
iridates

The electronic and magnetic properties of the layered strontium iridates Sr, Ir, Os ,; ex-
hibit a stunning variety as function of n. While the quasi-two-dimensional end member
SroIrO, (n = 1) exhibits a wide-gap Mott-insulating state, the bilayer system Srylr,O,
(n = 2) is a narrow-gap insulator and the three-dimensional end member (3C-)SrlrO,
(n = o0) is metallic (cf. Fig. 2.11). Accordingly, the variations in the lattice degrees of

Mott insulator Sr,IrO, Barely insulator SrsIr,0, Correlated metal SrlrO,
: Jeff? 12 Jeff? 1/2
faa a8 o o
Jar=32| 5 | |5 Ja=32) I Q
H v

Increase of W

Figure 2.11: Schematic band diagrams of the strontium iridate Ruddlesden-Popper series
St 1Ir, O3, 1. With reduced dimensionality the kinetic energy (i.e., band width W) changes
because hopping along z becomes increasingly suppressed. Figure adapted with permission from
Ref. [16]. Copyright (C) (2008) by the American Physical Society. All rights reserved.
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freedom within the homologous series Sr, Ir O, ., trigger a Mott metal-insulator transi-
tion by tipping the balance between the hopping term ¢ and the local Coulomb repulsion
U [16]. Similarly, artificial ([SrIrO,],,,SrTiO,) superlattices exhibit a metal-insulator tran-
sition as function of the SrIrO; thickness m.

The most obvious structural change within the layered-perovskite family is the number of
nearest-neighbor iridium atoms per iridium site, which changes from 4 (n = 1) to 5 (n = 2)
to 6 (n = 00). In a first approximation the band width W is proportional to the number
of nearest-neighbor hopping channels and hence the average coordination of an iridium
ion [16]. Although sizeable coupling across the intercalated SrO or SrTiO, blocks has been
shown to have an effect on the electronic properties, the narrowing of the band width W
as function of decreasing dimensionality therefore plays a dominant role in the observed
Mott transitions [131,132]. Additionally, the magnitude of the on-site Coulomb repulsion
U undergoes a significant change as function of dimensionality, due to an enhancement of
screening at higher iridium coordination [132]. Accordingly, both U and W play an active
role in the dimensionality-induced Mott transition in the layered iridate compounds.

Since the nearest-neighbor hopping between iridium sites is mediated by the interjacent
oxygen ligand, the hopping amplitude furthermore depends upon the bonding geometry,
i.e., the Ir-O-Ir distances and bonding angles. Therefore, the manipulation of the lattice
spacing and/or octahedral rotations via external perturbations such as epitaxial strain or
pressure offers a playground to tune the electronic and magnetic properties in these materials
[133,134]. In this thesis, SrIrO, thin-film synthesis by pulsed laser deposition was established
to investigate the cooperative effect of structural degrees of freedom (strain, octahedral
rotations), dimensionality and magnetic ordering.



Chapter 3

Thin-film growth and characterization
techniques

The intriguing physical properties of solid materials are governed by the microscopic ar-
rangement of atoms and their interactions. Most prominently, crystalline solids have served
as playground for researchers because the periodic arrangement of their constituents results
in a plethora of fascinating phenomena including metallicity, magnetic order or superconduc-
tivity. While the growth and investigation of macroscopic crystals has significantly advanced
the understanding of the emergent effects in solids, the fabrication of crystalline epitaxial
thin films offers several advantages. From the perspective of fundamental research, these
comprise the possibility to tune the physical properties via application of epitaxial strain
by choice of the substrate material and the possibility to impose an otherwise metastable
crystal structure onto a material through epitaxial stabilization. Furthermore, the symme-
try breaking at the interface between substrate and film may bring forward completely new
physical phenomena which do not exist in a bulk crystal. From the perspective of applied
research, thin films are a prerequisite for switchable device applications since they offer the
opportunity to manipulate the physical properties by an electric field via a gate dielectric.

In this thesis, pulsed laser deposition (PLD) is used to epitaxially grow the material
SrIrO4 on SrTiO4 single crystal substrates. Since the crystalline quality of the film is cru-
cially dependent on the growth conditions, one key challenge is to find the optimum growth
parameters. For this purpose, several techniques are used to characterize the structural prop-
erties of the thin films, among them high- and low-energy electron diffraction, atomic force
microscopy, x-ray diffraction and transmission electron microscopy. Following the success-
ful synthesis of phase-pure thin films with high crystalline long-range order, photoelectron
spectroscopy and x-ray absorption spectroscopy serve as tools to investigate the interplay
between electronic correlations, structural degrees of freedom and dimensionality.

In this chapter the basic principles and theoretical background of the thin-film growth
and the employed characterization methods are introduced.

3.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) became popular with the advent of cuprate high-T¢ super-
conductors due to its convenience for the film growth of multicomponent materials and has
been developed into a versatile and wide-spread technique within the last decades. The
basic principle of PLD is illustrated in Fig. 3.1. A high-intensity nanosecond KrF excimer
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Figure 3.1: Schematic sketch of the pulsed
laser deposition setup. An ultraviolet
laser is used to ablate the target material,
resulting in plasma plume propagation
towards and film deposition on the heated
substrate. Reflection high-energy electron
diffraction (RHEED) is used to monitor
the growth process.
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laser pulse (A = 248 nm) is focused onto the single- or polycrystalline target material with
the desired stoichiometry, resulting in evaporation, plasma formation and propagation, and
eventually deposition on a vis-a-vis mounted, heated substrate.

A theoretical model describing the interaction of the laser irradiation with the target
material in three steps was developed by Singh and Narayan [135]. In the first step, the
absorption of the laser beam leads to substantial heating and evaporation of essentially un-
ionized target material. The details of this process heavily depend on the laser parameters
(energy density, wavelength, pulse duration, shape) and material properties (reflectivity,
absorption, heat capacity, density, thermal conductivity,...). In the second step, the laser
increasingly ionizes the evaporated material and heats the resulting plasma to temperatures
of 7000 - 20 000 K. The initially confined plasma isothermally expands into the vacuum while
being constantly augmented with further particles from the target. The highly anisotropic
expansion is preferentially normal to the surface and results in an elongated shape of the
plasma plume. In the third step, the plasma adiabatically expands into the vacuum after the
termination of the pulse. Since neither energy nor particles are injected into the plasma the
temperature drops significantly as the thermal energy is converted into kinetic energy. In this
regime, scattering with the background gas can significantly influence the growth kinetics,
resulting in an atomic mass-dependent deceleration and angular distribution, and potentially
in an off-stoichiometry of the deposited film. Furthermore, the chemical composition of the
plasma may be influenced upon propagation through the background gas, e.g., by oxidation
of certain species when using an oxygen atmosphere.

After deposition the energy required for diffusion and nucleation into a crystalline lattice
is in part provided by the thermal energy of the substrate, which is heated to a temper-
ature between 300 and 1200 K by a high-power infrared laser directed at the backside of
the sample holder. However, in contrast to other epitaxy techniques like molecular beam
epitaxy (MBE) and depending on the type and pressure of the background gas, the ablated
particles impinge upon the substrate with a rather high kinetic energy of 10-100eV. There-
fore the kinetics of the arriving species has to be taken into account and the assumption
of (near-)thermodynamic equilibrium, which lies at the core of the traditional classifica-
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tion of growth modes®, is not strictly valid [136,137]. The most common kinetical growth
modes encountered during PLD are step-flow, layer-by-layer and island growth. In step-
flow mode all deposited adatoms diffuse to existing unit cell steps on the surface and no
nucleation of two-dimensional islands occurs. In contrast, the layer-by-layer growth mode
results from crystallization of 2D nuclei, which grow in size and coalesce until a complete
layer is terminated. Multi-level or island-growth evolves if premature nucleation occurs on
the top of islands due to low adatom mobility. In reality, transitions between the three
idealized growth modes may be encountered depending on the growth conditions [137].
Two-dimensional layer-by-layer growth is a prerequisite for the investigation of atomically
flat films with a predefined homogeneous thickness, since real-time growth rate control, i.e.,
the termination of the growth after a predefined number of atomic layers is not possible in
the step-flow regime. In this thesis time-resolved reflection high-energy electron diffraction
(RHEED) is employed to monitor the growth process.

3.2 Structural characterization

In general, the optimum growth conditions for high-quality epitaxial thin films are not
predictable a priori and have to be determined iteratively. Therefore, the effects of a
certain set of growth parameters are investigated by a number of complementary structural
characterization methods, which can be roughly categorized in real-space and reciprocal-
space probes. The former include (scanning) imaging techniques like (scanning) transmission
electron microscopy (STEM/ TEM) and atomic force microscopy (AEM). The latter probe
the periodic bulk or surface lattice by diffraction of x-rays or electrons and include low-
energy electron diffraction (LEED), reflection high-energy electron diffraction (RHEED),
selected-area electron diffraction (SAED) in transmission and x-ray diffraction (XRD).

3.2.1 Electron Surface Diffraction

Electrons with non-relativistic kinetic energy E can be viewed as de Broglie waves with
wavelength

A= (3.1)

where h is Planck’s constant and m,. the free electron mass. In electron diffraction ex-
periments electrons are accelerated onto a sample at a specific kinetic energy, where they
interact with the atomic nuclei and electrons via the Coulomb force. In the kinematic scat-
tering approximation, electrons experience single elastic scattering processes and interfere

4The layer-by-layer (Franck-van der Merwe), island (Volmer-Weber) and layer-plus-island (Stranski-
Krastanov) growth modes have thermodynamic counterparts in three different forms of adsorption
isotherms [136].
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Figure 3.2: (a) Schematic depiction of the reflection high-energy electron diffraction (RHEED)
process and exemplary experimental pattern. Due to the high surface sensitivity of the diffracted
electrons, the three-dimensional reciprocal lattice transforms into reciprocal rods elongated in the
direction of the surface normal. (b) Schematic representation of the specular RHEED intensity
oscillations as function of time, i.e., coverage.

constructively if the Laue condition is fulfilled:
Ak=k-k =G (3.2)

Here, k and Kk’ denote the initial and final wave vector of the electron and G is a reciprocal
lattice vector. A geometrical visualization is given by the Ewald construction, where the
head of the k-vector terminates at a reciprocal lattice point and a sphere with radius |k| =
|k'| = 27/ is drawn around its origin. By construction, the Laue condition is fulfilled by
every wave vector K’, that is centered at the same origin as k and terminates at a intersection
between reciprocal lattice and Ewald sphere. If the penetration depth of the impinging
electrons is on the order of a few atomic layers only diffraction from a two-dimensional
surface lattice needs to be considered. In this case the three-dimensional reciprocal lattice
transforms into reciprocal rods which are elongated along the surface normal. Due to the
strong interaction with matter and the high sensitivity to surface contaminations electron
diffraction experiments are usually performed under (ultra) high vacuum (UHV) conditions.

Reflection High-Energy Electron Diffraction

In reflection high-energy electron diffraction (RHEED) experiments [138] electrons with a
kinetic energy of ~ 30keV (A & 7pm) strike the sample surface in almost grazing incidence
(1° — 3°) and are thereafter detected by a fluorescent screen as schematically depicted in
Fig. 3.2 (a). Due to its grazing-incidence geometry RHEED is a highly surface-sensitive
technique despite the high kinetic energy of the electrons. Therefore, the Laue condition for
constructive interference is fulfilled at intersections between reciprocal rods and the Ewald
sphere, resulting in diffraction spots on concentric Laue circles. An exemplary diffraction
pattern showing the 0! Laue circle of the (001)-surface of a SrTiO, crystal is given in
Fig. 3.2 (a).

In general, the sharpness of the diffraction spots is a measure for the surface quality since
imperfections (defects, roughness, ...) reduce the long-range order and cause a broadening
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of the Laue spots, resulting in a streaky pattern normal to the surface. A further attribute
of high surface quality is the observation of Kikuchi lines, which originate from a second-
order process beyond the kinematic scattering approximation involving a forward-directional
inelastic scattering from plasmons and/or phonons and a subsequent diffraction off bulk
lattice planes [139-141]. Furthermore, the presence of islands on the sample surface is
indicated by RHEED patterns with symmetries different from the Laue circle, as the high-
energy electrons can penetrate the islands and interfere with their three-dimensional lattice
structure. The resulting transmission interference pattern is distinctly different from that
of the two-dimensional surface lattice and is easily distinguished by changing the azimuthal
angle of incidence [138].

The rather large electron mean free path due to the high kinetic energy and the grazing
incidence geometry allow for the performance of RHEED during pulsed laser deposition in a
background pressure of up to ~ 2-10~! mbar, if a differential pumping system is employed to
protect the electron emitting filament [142]. The diffraction pattern can be monitored live
using a charge coupled device (CCD) camera to film the fluorescent screen, thereby yielding
information about the film coverage in real time [138,143]. Due to the high surface sensitivity
of RHEED, the intensity of diffracted electrons is reduced by the presence of surface steps,
which act as diffuse scatterers in the empirical step density model [144-146]. In contrast to
step-flow growth, the average step density changes upon nucleation and coalescence of two-
dimensional islands in the layer-by-layer growth mode as depicted in Fig. 3.2 (b). Therefore,
the observation of periodic intensity oscillations of the specular RHEED spot signals the
desired two-dimensional layer-by-layer growth, where one oscillation period equates to the
deposition of one monolayer, and allows for the controlled termination of the film deposition
after a predefined number of layers [142,147].

Low-Energy Electron Diffraction

In low-energy electron diffraction (LEED) experiments electrons are accelerated to 10-300 eV
and strike the sample surface perpendicularly as depicted in Fig. 3.3. The electrons are
backscattered and form a diffraction pattern on a fluorescent screen, which directly reflects
the two-dimensional reciprocal lattice. Due to the low kinetic energy a large background
of inelastically scattered electrons has to be suppressed by an electric potential applied to
concentric grids in front of the screen. LEED is a highly surface sensitive technique and
very susceptible to surface contaminations and/or imperfections, which are reflected in a
damped or broadened interference pattern. Furthermore, LEED is routinely employed to
detect structural surface reconstructions due to an altered surface symmetry.

3.2.2 X-ray Diffraction

Unlike electrons, which are charged particles and strongly couple to matter via the Coulomb
interaction, the interaction between x-rays and matter is rather weak and dominated by cou-
pling to the spatial distribution of the valence electrons. Since the typical x-ray penetration
length therefore extends over several micrometers, x-ray diffraction (XRD) probes the three-
dimensional bulk lattice structure rather than the surface of a sample. In comparison to
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electron diffraction, the Laue condition (Eq. 3.2) for constructive interference is hence only
satisfied in rare cases since the Ewald sphere has to intersect a reciprocal lattice point rather
than a rod. The basic measurement geometry employed for the x-ray diffraction experiments
in this thesis is shown in Fig. 3.4 (a). By variation of the angles w and 26, the wave vectors
k and Kk’ of the incident and outgoing (measured) photons are rotated, thereby continuously
moving the momentum transfer Ak through the reciprocal lattice in the plane spanned by
k and k’. Depending on the objective of the measurement, different modes are employed to
probe different sections of the reciprocal space.

In this thesis, Cu K, radiation with wavelength A\ = 1.54 A from a copper x-ray tube
is employed. Despite monochromatization by a Ge (022) channel-cut monochromator weak
Cu Kjp satellite lines may appear in the diffraction patterns. Furthermore, the SrTiO4
substrates used for pulsed laser deposition of SrIrO5 exhibit a vicinal angle of 0.7° — 1.3°
between surface and high-symmetry (001) lattice plane, which needs to be considered as
offset during the adjustment of measurements.

Determination of the out-of-plane lattice constant in 8 — 20 geometry

The 6 — 20 measurement mode is the most commonly used geometry for the structural
analysis of crystalline thin films with the objective to determine the out-of-plane lattice
constant. For this purpose, the angles w and 20 are varied in a fixed 1:2 ratio (w = )
such that the transferred momentum |Ak| = ¢, = 4wsinf/\ is sampled along the surface
normal (cf. Fig. 3.4 (b)). In this geometry, the Laue condition is satisfied if g. = n- 27 /dpp,
where dp; is the out-of-plane lattice constant and n € N, resulting in the well-known Bragg
condition

2dhkl sinf = nA. (33)

For epitaxial thin films with a defined thickness (and an out-of-plane lattice spacing
different from the substrate) the number of coherent scattering centers N is finite. In
analogy to optical interference patterns from multiple slits, the finite thickness results in
periodic intensity fringes (or: Laue oscillations) on either side of the diffraction peak, which
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Figure 3.4: (a) Basic measurement geometry of an x-ray diffraction experiment. The incident
photons from an x-ray source impinge upon the sample under an angle w, while the outgoing
photons are measured under an angle 20. The exact measurement geometry is determined by
the objective of the measurement. (b) In the § — 20 geometry (w = 6, dark red) the out-of-plane
lattice constant is measured because the transferred momentum Ak (black) is sampled along the
surface normal. By changing w and 26 independently (w # 6, dashed arrows) a two-dimensional
cut of the reciprocal space can be mapped as indicated by the finite shaded width of the dashed
arrows. (c) Reciprocal space mapping is frequently used to determine the epitaxial strain between
a thin film and a substrate, since the ratio of in- and out-of-plane lattice constants is reflected in
the reciprocal lattice points away from the surface normal.

are described by

sin® (3 N duw (¢: — Q))

sin® (5 dpit (q: — Q)) (34)

IN(QZ) X

where dpy; is the lattice parameter, d = N - dpy is the film thickness and Q = n - 27 /dpp is
the reciprocal lattice vector of the diffraction peak. In experiment, the Laue fringes can be
exploited as complementary method to determine the film thickness.

Reciprocal Space Mapping

If the angles w and 26 are varied in a ratio different from the 8 — 26 geometry, the transferred
momentum Ak picks up an in-plane component as shown in Fig. 3.4 (b). This allows for
the investigation of reciprocal lattice points away from the surface normal. Since, typically,
a two-dimensional area around a reciprocal lattice point is scanned, this technique is called
reciprocal space mapping (RSM). In thin-film epitaxy studies, RSM is frequently employed
to investigate the epitaxial relationship between substrate and film, since the ratio of in-
and out-of-plane lattice constants is (inversely) reflected in the respective reciprocal lattice
points away from the surface normal. As exemplarily depicted in Fig. 3.4 (c) for two cubic
materials with different lattice constant, epitaxial strain results in an equal in-plane and
elongated/contracted out-of-plane lattice constant. Therefore, the reciprocal lattice points
adopt the same ¢, position.
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Powder X-Ray Diffraction

In contrast to the above-described diffraction techniques, which work best with single crys-
tals or crystalline thin films, powder diffraction is employed to characterize the structure
of polycrystalline or powder materials, in which the microcrystallites adopt a well-ordered
crystal structure but are oriented randomly. For this purpose, the powder sample is care-
fully flattened and then measured in the 6 — 20 geometry. As the momentum transfer is
varied, for every possible set of crystallographic planes a small percentage of the randomly
oriented microcrystallites will be aligned such that the Laue condition is satisfied. There-
fore, a characteristic pattern hosting all possible diffraction peaks is measured allowing for
the determination of the crystal structure(s) within the sample.

3.2.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is a real-space scanning probe technique which provides
information about the surface morphology. In this thesis a commercial Bruker Dimension
Icon AFM was employed to investigate the Sr'TiO4 substrates prior to film growth to guar-
antee an atomically flat TiO,-terminated surface and to investigate the resulting SrIrO,
thin-film surface morphology. During imaging a sharp silicon tip at the end of a cantilever
is laterally scanned across the sample surface at a distance of ~ 200 nm and interacts with
the microscopic force field of the sample. Depending on the application AFM can be oper-
ated in a number of measurement modes. Here, the tapping (or: dynamic contact) imaging
mode is employed, where the cantilever is driven to oscillate near its resonance frequency
by a small piezo element with constant driving amplitude and frequency. As the tip ap-
proaches the sample the oscillation amplitude is modulated by interaction forces acting on
the tip (dipole-dipole interactions, van der Waals forces, ...) and used as feedback to adjust
the height of the cantilever, thereby creating a point-to-point height profile. In addition,
the phase shift between cantilever oscillation and driving signal provides information about
the dissipated energy, i.e., the adhesion properties and hence to some extent the surface
material. While the lateral resolution of the used AFM is on the order of 20 nm, the height
resolution is sufficient to map single unit cell steps of 4A.

3.2.4 Transmission Electron Microscopy

According to the Abbe diffraction limit the minimum resolvable distance using light with
wavelength A is given by

A
d= 2nsin )’ (35)
where n is the refractive index and 6 the half angular aperture [148]. For visible light the
Abbe limit (A = 400 — 700 nm, d ~ 200 — 350 nm) therefore exceeds interatomic distances
by four orders of magnitude. One way to push the spatial resolution to the atomic limit is
to exploit the extremely small de Broglie wavelength of electrons with high kinetic energy
(A =197pm at F = 300kV) [149]. The invention of electron optical lens systems using
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electromagnetic fields in the 1920’s [150] initiated the design and development of the first
electron microscopes, of which transmission electron microscopy (T'EM) has evolved into the
most versatile technique with subatomic spatial resolution. Today, a number of operating
modes with a variety of contrast mechanisms are routinely performed, including conven-
tional imaging, scanning TEM imaging (STEM), selected-area electron diffraction (SAED)
or electron energy loss spectroscopy (EELS). In this thesis, high-resolution TEM (HRTEM)
using phase contrast, STEM using high-angle annular dark field (HAADF) contrast and
SAED were employed to study SrIrO4 thin films and will be briefly introduced based on
Ref. [151] in the following.

Generally, from top to bottom, a TEM is composed of an electron emission source, a series
of electromagnetic lenses, electrostatic plates and apertures, a sample manipulator and an
imaging device, which are operated in ultra high vacuum (UHYV). Typically, the electrons are
emitted from a heated tungsten or LaBg cathode via thermionic and/or field emission and
then accelerated by a series of high-voltage electrostatic plates until they reach their final
kinetic energy of 100-300keV. Operation under UHV conditions is therefore necessary to
avoid the generation of plasma sparks upon application of the high acceleration voltages, but
also to increase the electron mean free path. After acceleration, the electron beam passes
through a complex series of electromagnetic coils acting as focusing lenses, electrostatic
plates used to deflect or laterally shift the beam and concentric apertures, which shut off
parts of the beam. Since, in contrast to optical microscopes, rapid changes of the optical
configurations are possible by modification of the applied currents and/or voltages, TEM
has a high flexibility of operation as shown in Fig. 3.5. The condenser lens system initially
focuses the accelerated electron beam to the desired size and location on the sample. By
choice of the lens settings and apertures, the sample can be illuminated by a parallel beam
with up to 1 mm diameter (TEM, SAED), a focused beam with subatomic diameter (STEM)
or anything in between. After transmission through and interaction with the sample the
electron beam passes the objective lens system, which forms the image, that is eventually
expanded onto a phosphor screen by the projector lens.

The interaction between electron beam and sample is complex and comprises a manifold
of processes. In the direction of the incoming beam backscattered electrons, Auger electrons,
characteristic x-rays and cathodoluminescence are observed and routinely exploited as signal
in scanning electron microscopy (SEM), thereby offering spatially resolved chemical infor-
mation of the sample surface. In transmission, the outgoing electrons can be categorized
in elastically and inelastically scattered, where inelastic scattering is due to the interaction
between incoming electrons and the bound electrons in the material. The characteristic
energy loss due to the excitation of plasmons, phonons or core electrons into unoccupied
states is exploited in EELS to obtain information about the chemical composition or the
atomic valence states in the sample. The elastic scattering processes include incoherent
Rutherford scattering from the screened charge of the atomic nuclei and coherent Bragg
scattering from the periodic arrangement of atoms. The former is observed at high scatter-
ing angles, depends on the atomic number Z and is exploited in HAADF-STEM. The latter
is observed at small scattering angles and exploited in bright-field, annular dark-field and
phase-contrast TEM, where an aperture is inserted in the back focal plane of the objective
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Figure 3.5: Schematic views of the different measurement modes of transmission electron mi-
croscopy. (a) High-resolution transmission electron microscopy (HRTEM). (b) Selected-area
electron diffraction (SAED). Here, the focal length of the intermediate lens is adjusted such that
its back focal plane and hence the diffraction pattern is projected onto the screen. (c¢) Scanning
transmission electron microscopy (STEM). The primary beam is focused to a subatomic diame-
ter and scanned across the sample, where the electrons are scattered. The gathered information
highly depends on the detection angle away from the optical axis (high angle: high-angle annu-
lar dark field (HAADFE)). Figure adapted from WikiMedia Commons [152] under the Creative
Commons BY-SA 4.0 license.

lens to only transmit the specular, a single or all diffracted beam(s) for imaging, respectively
(cf. Fig. 3.5 (a)). In this thesis, high-resolution TEM measurements using phase contrast
were performed to investigate the microscopic structure of SrlrO; films.

High-Resolution Transmission Electron Microscopy

High-resolution transmission electron microscopy (HRTEM) is a specialized imaging mode
of TEM which allows for the investigation of crystalline samples with atomic resolution. For
this purpose the sample is illuminated with a parallel electron beam which can be described
as plane wave

T;(r) = Wy e*=2, (3.6)


https://commons.wikimedia.org/wiki/File:Schematic_view_of_imaging_and_diffraction_modes_in_TEM.tif
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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As the electron beam propagates through the sample the amplitude and phase of the wave
is modulated by interaction with the periodic potential of the crystal. The outgoing beam
is described by

U, (r) = Wy(r) - afr) e, (3.7)

where a(r) and ®(r) are the local amplitude modulation and phase shift. If the sample
thickness is significantly smaller than the electron mean free path, it can be approximated as
phase object, which exclusively causes a spatial modulation of the phase upon transmission
(a(r) = 1). However, in an ideal electron optical lens system the phase information is
completely lost as the experimentally measured quantity is the intensity I (r) o |¥, (r)*. In
reality, the phase contrast observed in the image plane of the microscope in HRTEM imaging
is due to the interference of the electron beam with itself, resulting from an additional relative
phase shift between the paraxial and off-axial beams caused by optical aberrations. The
interplay of the contributing aberrations, (spherical, chromatic, ...) is described by the phase
contrast transfer function (PCTF), which can be experimentally manipulated in TEM by
changing the defocus. Since the phase contrast is highly influenced by the aberrations and
defocus, the interpretation of of HRT'EM images is not always intuitive and may require
numeric simulations.

Selected-Area Electron Diffraction

In the case of a crystalline sample, electrons are Bragg scattered into discrete locations in
the back focal plane of the objective lens as shown in Fig. 3.5 (a) and (b). By tuning the
intermediate lens of the objective lens system such that the back focal plane rather than the
image plane is projected, a diffraction pattern can be generated on the screen. Depending
on the sample’s long-range order a single or a superposition of several diffraction patterns
will be observed. In selected-area electron diffraction (SAED), an aperture is located in
the image plane of the objective lens as shown in Fig. 3.5 (b) to selectively measure the
diffraction pattern from a small area of the specimen. In contrast to x-ray diffraction, SAED
is therefore a suitable tool to identify the local crystal structure, lattice (mis)matching or
the orientation of microcrystallites in polycrystalline materials with a spatial resolution of
~ 1 pum.

High-Angle Annular Dark Field Scanning Transmission Electron Microscopy

In scanning transmission electron microscopy (STEM) a focused electron beam is scanned
over the sample [153]. For this purpose magnetic deflection coils are employed such that the
sample is always illuminated with the beam normal to the surface. The versatility of STEM
exceeds that of conventional TEM as the output of a variety of detectors can be used to
form an image. Typical detectors include a bright-field detector that measures the transmit-
ted beam (low-angle scattering) and an (high-angle) annular dark field (HAADFE) detector
surrounding the transmitted beam to intercept scattered electrons. Furthermore, comple-
mentary analysis techniques such as energy dispersive x-ray (EDX) spectroscopy, electron
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energy loss spectroscopy (EELS) or cathodoluminescence microscopy can be employed to
gain insight into the chemical composition of the sample.

Whereas the low-angle scattering of the electron beam is mostly caused by Coulomb inter-
actions with the electron cloud, the higher scattering angles are predominated by incoherent
Rutherford scattering off the screened charges of the nuclei. Therefore, the high-angle an-
nular dark field (HAADFE) contrast is directly related to the atomic number Z (Z-contrast),
as the Rutherford scattering cross section reads

2
do Zahc
aa <4Ekin sin? Q) ’ (3:8)

2

where « is the fine structure constant, h Planck’s constant, ¢ the speed of light, Fy;, the
electron kinetic energy and 6 the scattering angle. In real materials the scattering cross
section becomes modified because the Coulomb potential of the bare nucleus is screened by
the atomic electron cloud [154], such that

do

— o Z" with n~1.7. 3.9

0 (3.9)
While this material contrast simplifies the interpretation of HAADF-STEM images in com-
parison to conventional TEM, the quantitative analysis in the presence of atomic species

with different atomic numbers may require extensive numerical simulations [155].

Sample preparation

Sample preparation for TEM can be a complex procedure, since the thickness of high-quality
specimens should not exceed the electron mean free path in the material, which may only
be on the order of several tens of nanometers. For the investigation of heterostructures a
cross-sectional lamella is cut from the sample perpendicularly to the surface using a focused
ion beam (FIB). Since the sample surface may severely suffer from ion bombardment, it is
passivated by a protective amorphous platinum layer using electron and ion beam induced
deposition from an organometallic precursor [156,157]. Subsequently, a lamella with a typical
length of several micrometers and thickness of about a hundred nanometers is sputtered free
with gallium ions. After transfer to a sample holder, the lamella is further thinned to its
final thickness below 100 nm by low energy ion milling to prevent excessive amorphization
of the lamella surface. Due to its microscopic dimensions a single TEM lamella is therefore
not a priori representative of the macroscopic sample.

3.3 Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) is one of the most widely used and versatile analytical
techniques in solid state physics, surface and material science. Its basic principle relies on
the measurement of the kinetic energy of electrons which are emitted from a material via the
photoelectric effect, which was discovered by Hertz in 1887 [158] and explained by Einstein
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in 1905 by introducing the concept of photons [159]. Starting in the 1950’s Siegbahn devel-
oped the first high-resolution photoelectron spectrometer to measure the binding energies
of strongly bound core states using x-rays [160]. The technique earned the name electron
spectroscopy for chemical analysis (ESCA) as its inherent element specificity can be ex-
ploited to determine the stoichiometric composition as well as the chemical environment of
an elemental species within a material. With the ongoing development of x-ray photoelec-
tron spectroscopy (XPS) it was realized that the investigation of core-level spectra provides
further insights about the electronic structure via a coupling to the valence states [161,162].
In the 1970’s angle-resolved photoelectron spectroscopy (ARPES) using ultraviolet light was
developed to study the band dispersions of delocalized valence states in crystalline solids by
measuring the photoelectron intensity as function of energy and angle, i.e., momentum [77].
To date, the design and development of novel photoelectron spectroscopy techniques is ongo-
ing and comprises spin-resolved PES, the expansion into the hard x-ray regime, two-photon
absorption, time-resolved PES and many other applications. In this chapter, the most rel-
evant concepts of PES are introduced with focus on the applications within this thesis and
based on several reviews and textbooks 77,163, 164].

3.3.1 Instrumentation and basic principle

Upon illumination with light of energy hv photoelectrons are emitted from a material into the
half-space above the sample under investigation by the photoelectric effect. Photoelectron
spectroscopy (PES) measures the resulting photocurrent as function of the kinetic energy
and the angle under which the electrons are emitted with respect to the surface normal.
Depending on the employed excitation energy PES is often distinguished into (vacuum)
ultraviolet (VUV/UPS, hv =~ 20 — 200eV) and x-ray photoelectron spectroscopy (XPS),
the latter being further subdivided into soft x-ray (SX, hv ~ 300 — 2000eV) and hard x-
ray photoemission spectroscopy (HAXPES, hv > 2500eV). To access the different energy
regions a variety of light sources can be used, among them laboratory sources (gas discharge
lamps, x-ray tubes, lasers) and large-scale facilities (synchrotrons, free-electron lasers). In
this thesis, laboratory-based UPS and XPS were performed using the He I line from a Helium
discharge lamp (hr = 21.2eV) and the monochromatized Al K, line (hv = 1486.7¢V) from
an x-ray tube, respectively. Furthermore, soft x-ray synchrotron radiation was used for
angle-resolved PES measurements, thereby exploiting the tunability of the photon energy
and the high brilliance.

While a number of different methods have been developed for the analysis of the kinetic
energy of charged particles, the hemispherical electron energy analyzer is predominantly
used in photoemission spectroscopy. As shown in Fig. 3.6 (a) a hemispherical analyzer
consists of two concentric electrodes with a certain voltage applied to selectively let pass
electrons with a given pass energy FEp.s. Electrostatic lenses are placed in front of the
analyzer to collect and focus the photoelectrons onto the entrance slit and to decelerate
the photoelectrons to the pass energy via a retardation field. After passing the analyzer
on a hemispherical orbit the photoelectrons become amplified by electron multipliers. In
the Wiirzburg laboratory a set of channeltrons acts as electron counter, whereas state-of-
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Figure 3.6: (a) Schematic view of the ARPES data acquisition using a hemispherical electron
energy analyzer. After photoemission the electrons are collected, decelerated and focused onto
the entrance slit by an electrostatic lens system. After a hemispherical trajectory the electrons
impinge onto the screen, where a two-dimensional image as function of kinetic energy and emis-
sion angle is formed. (b) In a first approximation, the distribution of energies in the emitted
photocurrent reflects the occupied density of states in a solid, where the Fermi energy EF is
generally used as energy reference.

the-art ARPES setups typically employ micro-channel plates (MCP) in combination with
a fluorescent screen for two-dimensional electron detection, which is recorded by a charge-
coupled device (CCD) camera. Thereby, a finite energy and angular range is covered at
once and by tilting the sample with respect to the analyzer the half-space can be mapped.
By measuring the kinetic energy and the photoemission angle (polar and azimuthal angles:
0, ¢) the photoelectron wave vector K is completely determined by

1
K| = - v/ 2mEyn (3.10)

K, =|K|sinfcos¢ , K, = |K|sinfsin¢g , K, = |K|cosb. (3.11)

and can be related to the wave vector of the bound electron in the initial state under certain
assumptions.

Furthermore, in a first approximation, the kinetic energy of the photoelectron in the
vacuum is related to the binding energy FEy;, in the initial state by

Ekin = hv — Ebin - (I), (312)

where v is the photon frequency and ® the work function, which is a measure of the potential
barrier at the surface preventing the valence electrons from escaping. Since the sample is
typically in galvanic contact with the electron energy analyzer the Fermi levels of sample
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and analyzer align such that ® is actually determined by the work function of the analyzer.
Under consideration of the instrumental resolution and intrinsic lifetime broadening, the
distribution of kinetic energies in the emitted photocurrent reflects the occupied density of
states in a solid as shown in Fig. 3.6 (b). In the simplest case, the core-level line shape
can hence be described by a Voigt profile, i.e., a convolution of a Lorentzian (lifetime)
and a Gaussian (experimental) resolution. In reality, more complex line shapes result from
interactions between the core hole and the residual electrons as discussed in the following.

3.3.2 Theoretical background

In a rigorous theoretical description of the photoemission process the transition probability
for an optical excitation between the N-electron ground state and an excited N-electron state
including the photoelectron needs to be evaluated as a single coherent process involving the
bulk, surface and vacuum [165]. In the one-step model, the photoelectron final state is
described as time-inversed LEED state, which matches a free electron wave in vacuum to a
high-lying Bloch wave in the crystal [166]. While the one-step model has been successfully
applied to a number of material systems [167], its evaluation is cumbersome. Therefore, the
photoemission process is often subdivided into three independent and sequential steps within
the phenomenological three-step model [168], which successfully describes many observed
spectral features:

1. Excitation of the photoelectron inside the solid
2. Propagation of the photoelectron to the surface
3. Emission of the electron into the vacuum

The probability to measure a photoelectron with kinetic energy FEi;, using the excitation
energy hv, i.e., the photoemission intensity (or: photocurrent) I(Fyi,, hv) is proportional to
the product of the probabilities of the three sequential steps:

-[(Ekin7 hV) X P1 (Ekim hV) . PQ(Ekir“ hl/) . Pg(Ekin, hV) (313)

The first step contains all information about the intrinsic electronic structure including
many-body and matrix-element effects. In the second step the electrons may experience
inelastic scattering due to plasmon, exciton or interband excitations, thereby creating an
inelastic background signal in the PES spectrum. Since these inelastic processes are strong
PES is a highly surface-sensitive technique. The final step describes the transmission prob-
ability through the potential step at the surface and leads to a modification of the pho-
toelectron momentum conservation perpendicular to the sample surface. In the following,
the theoretical background of the three sequential steps is illustrated with focus on the
consequences on the experimental findings within this thesis, following Refs. [77] and [164].
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Excitation of the photoelectron

In general, a formal description of the photoemission process involves the calculation of the
transition rate w;_,; for an optical excitation between the initial N-electron ground state
|i) and a final N-electron state |f). In first-order perturbation theory, the transition rate is
given by Fermi’s golden rule

Wisg = S| i 7 6 (B — B = o), (3.14)

where Ey and E; are the initial- and final-state energies of the N-particle system. In a
semiclassical description, the interaction with the photon is introduced as perturbation by
the canonical replacement p — p — eA in the unperturbed Hamiltonian Hy = %i + V(r),
where A = Ay - exp(iqr — iwt) is the electromagnetic vector potential of the incident light:

1 5 e e , e?
H=—(p—cA =Hy——A -p——(— A —A? Nl
5 (p—eA)” +V(r) o AP (—ihVA) + v (3.15)
~ HO — E1&0 P e_th (316)
m

In the second step, several approximations were made. The quadratic term is omitted
(A? = 0) since two-photon processes are negligible for weak light intensities. Furthermore,
VA =0, if specific surface effects (e.g., surface photoemission [169,170]) are neglected and,
finally, the dipole approximation exp(iqr) = 1+iqr+... &~ 1 holds if the photon wavelength
exceeds the atomic dimensions, which is justified for light in the VUV or soft x-ray region.
In second quantization, the perturbation operator is given by

Hipy = ——Z (k| Ao p[n) chen = ZMknckcn, (3.17)

7

where CL creates a photoelectron in a high-energy Bloch state with momentum k (and the

omitted band index k) and ¢, annihilates an electron in any state n.

The final N-electron state comprises (N — 1) electrons in the solid and one photoelectron
in a high-energy Bloch state (wave vector k and energy Fy). In the sudden approzimation
the photoemission process is assumed to be instantaneous, thereby entirely decoupling the
photoelectron from the remaining (N — 1) electron system, i.e., without considering any
relaxation of the system. The final state therefore factorizes into a photoelectron in the
state |k) and an excited eigenstate of the (N — 1) electron system with energy EFN~!

) =[N —1,5k) —20 ol N~ 1,5) = k) [N — 1,s), (3.18)

approximation

where s denotes a set of quantum numbers uniquely describing the state and CL is the
electron creation operator acting on the photoelectron subspace. Assuming a negligible
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energy dependence of the single-particle matrix element the transition rate then becomes

Wiy = —| ZMk/ — 1, 8| cicly en [N, O) 2+ 6 (B + EN7' — B — hv) (3.19)
Oy xe!
2
- ; | Micnl? - [ (N =1, 5] |N,0)|>- 6 (Eie + EN "' = EY — hw) (3.20)

and summation over all possible quantum numbers s yields the probability for photoexcita-
tion

2
Pi(E, hv) = ”Z\Mkn| A= (B, hv) (3.21)

with the spectral function

AS(Bx — hvhw) =Y (N = 1,5|¢, [N, 0)|*- 6 (B + EN ' — EYY — hv) . (3.22)

Therefore, photoemission spectroscopy measures the spectral function A<(FEj, hv) weighted
by the single-particle dipole matrix element | My ,,|*>. The latter comprises the light polariza-
tion dependence of the observed spectra and the orbital and photon-energy dependence of
the photoionization cross sections [171], which are shown in Fig. 3.7 (a) for the Ir 5d, Ti 3d
and O 2p orbitals investigated in this thesis [172].

Valence-band photoexcitation for non-interacting electron systems In a non-
interacting electron system the initial state can be described as product of single-particle
states, and annihilation of one electron results in a (N — 1) electron system in the sf
eigenstate |N — 1, s9) of the (N — 1)-particle Hamiltonian

cn [N,0) = |N —1,580) with By =€, +EN ™! (3.23)
where €, < 0 is the one-electron energy of the n'” electron and the one-electron binding
energy Eyi,, = —€, (Koopman’s theorem). Therefore,

(N — 1,5/ ¢, |N,0) = (N —1,8|N — 1,50) = ds.5, (3.24)

and in case of photoemission of a valence electron with wave vector k;, Eq. 3.21 becomes

Py (Ex Z | Mig, |

which is a direct measure of the density of states (DOS) of the electron system in its ground
state weighted by the one-electron dipole matrix element.

Ek + Eblnn - hV) y (325)
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Valence-band photoexcitation for strongly correlated electron systems For a
strongly correlated electron system in which the short-range Coulomb interactions between
the electrons are not negligible, the electron system is in general not in an eigenstate of the
system after annihilation of an electron in state n and

[(N —1,5| ¢y |N,0) 2 (3.26)

describes the probability that the electron removal leaves the (N — 1)-electron system in the
excited eigenstate s. Therefore, depending on the interactions in the system, the electron
removal spectral function in Eq. 3.22 and hence the resulting photoemission spectrum may
strongly deviate from the non-interacting case. In theory, many-body interactions are typi-
cally described in the Green’s-function formalism, where all correlation effects are captured
by the complex self energy Y(k,e) = ¥'(k, €) + 2" (k, €):

1
e —e€) —3(k,e)

G(k,e) = (3.27)

Taking into account the Dirac identity (z + i)™ = P (1) — iwd(x), where 7 is a positive
infinitesimal and P denotes the principal value, the identity

A<(k, ) — —%Im Gk, e —in) - f(e,T) (3.28)

follows, where the Fermi-Dirac-distribution is introduced because PES exclusively probes
the electron removal part of the spectral function. Therefore, PES can in principle capture
all many-body interactions in a correlated electron system via determination of the complex
self energy.

Core-level photoexcitation for strongly correlated electron systems Core-level
photoemission spectroscopy is a powerful tool for the investigation of the electronic structure
in solids. For example, its inherent element specificity yields information about the presence
and local chemical environment of elemental species. Furthermore, static core-level shifts
can shed light on local (or global) variations of the electrostatic potential at interfaces or
due to a changing Madelung potential [173-175]. In strongly correlated electron systems
core-level PES can be employed to gather information about the delocalized valence states,
since the core hole in the photoemission final state couples to the valence electrons via
the Coulomb interaction. For a theoretical description the N-electron system is divided
into a N.-core and a N,-valence-electron subsystem (N = N.+ N,) [176]. In the sudden
approximation the initial and final state can hence be written as

i) =10pg) [0.)|N,) and (3.29
) = k) le) N, s) (3.30

where |N?) (|NJ)), |k) and |¢) stand for the valence-electron subsystem in the initial (final)
state without (in the presence of) the core hole, the photoelectron in a high-energy Bloch
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Figure 3.7: (a) Calculated photoionization cross sections of Ir 5d, Ti 3d and O 2p subshells as
function of photon energy. Data taken from Ref. [172]. (b) Inelastic electron mean free path as
function of kinetic energy. The experimental values are taken from Ref. [177] and the numerical
values for SrTiO5 and SrIrOj are calculated using the TPP2-equation in Eq. 3.35 [178].

state |k) and the core hole, respectively. Then, Eq. 3.21 becomes:

:1

27r .
Py(Ex, hv) Z | M| Z| ol (K| chec 0p5) [0 IND [P (331)
v (Ek +E{  —Ey —e— hu) (3.32)
~ Z | (NI, s|NiY |2 - (Ek + Bl  —Ey —e— hl/) (3.33)

S

~
core-level spectral function

Here My, c. and €, are the one-electron photoexcitation matrix element, the core-hole
creation operator and the one-electron core-level energy, respectively, and My . is assumed
energy-independent. Hence, different core-hole coupling mechanisms to the valence electrons
can give rise to a multi-peak structure in core-level spectra, for example, atomic multiplets,
charge-transfer satellites and well-screened final states. In order to correctly interpret the
experimental photoemission spectra of strongly correlated electron systems different the-
oretical models taking into account the electron-electron interactions can be employed to
calculate the ground and excited states with and without core hole. Often-used models
include the Anderson impurity model, cluster models, the Hubbard model or dynamical
mean-field theory (DMET).



42 Thin-film growth and characterization techniques

Propagation of the photoelectron to the surface

In the second step of the three-step model the excited photoelectron adopts a high-energy
state in the solid and propagates through the material, where it is subject to inelastic
scattering. The probability of retaining its original kinetic energy after propagating for a
distance z is given by a Beer-Lambert law e #/*™FP  where A\ppp is the kinetic energy-
and material-dependent photoelectron inelastic mean free path (IMEFP). Therefore, the
measured photoelectron signal from a depth z below the surface is

I(z) = Iy - e/t = [ . g7/ Amarp cost (3.34)

where 6 is the photoemission angle with respect to the surface normal and [ is the number
of excited electrons, which can be assumed spatially constant since the x-ray penetration
depth exceeds the photoelectron IMEP by several orders of magnitude. By variation of the
angle 6 under which the photoemission spectrum is acquired the depth information of core-
level PES can be tuned, hence allowing for the depth profiling of the chemical or electronic
properties at heterointerfaces or surfaces [179]. The simple model in Eq. 3.34 breaks down
if 6 exceeds =~ 60° due to the increasing occurrence of elastic scattering events.

As shown for a selection of materials from Ref. [177] in Fig. 3.7 (b), for kinetic energies
above ~ 30eV the IMFP is experimentally found to be similar for most materials and
its energy dependence therefore often empirically described as wniversal curve [177]. A
minimum IMEP of ~ 5A is observed for kinetic energies of ~ 20eV and, accordingly,
(angle-resolved) PES using ultraviolet light predominantly probes the surface rather than
the bulk properties of the investigated material. Therefore, a possible way to investigate
the bulk electronic structure is to use light in the soft or hard x-ray regime for ARPES
experiments. Considerable efforts have been made to reliably calculate material-specific
inelastic mean free paths to accurately describe the information depth of photoemission and
related electron spectroscopy techniques. In this thesis, the TPP2 relation developed by
Tanuma et al. is used to determine Apyrp [180]:

E in
Anep = k ] (3.35)

EIQD Bln(kam) — % -+ Egn
The TPP2 relation yields the electron inelastic mean free path Apypp in A and requires
several element-specific parameters as input: the free electron plasmon energy Ep and the
empirical parameters 3, v, C'; D which incorporate the density, gap energy, atomic weight
and number of valence electrons per atom [180]. As shown in Fig. 3.7 (b) the IMEP of SrIrO,
and SrTiO4 are slightly different, mainly due to the different number of valence electrons as
given by their d°/d® electron configurations.

After experiencing one or more inelastic scattering events the photoelectrons may leave the
sample with a reduced kinetic energy and superimpose the intrinsic photoelectron spectrum
as a background signal, which needs to be subtracted for the successful evaluation of core-
level line shapes with respect to many-body interactions. Mathematically, the measured
spectrum can be described as a convolution of the intrinsic spectrum with a electron energy
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Figure 3.8: (a) Schematic representation of the momentum conservation at each step in the
photoemission process. Within the solid, the photoexcited electron has the momentum k¢ =
ki+G+q (kj: momentum in the initial state, G: reciprocal lattice vector, q: photon momentum).
Upon transmission into the vacuum, only the momentum parallel to the surface is conserved
(K| = ky|), since the translational symmetry is broken at the surface (K, # ky ). (b) In
the nearly-free-electron approximation, the unknown final-state dispersion is approximated as
parabola with the bottom at an energy Vj (= inner potential) beneath the vacuum level Ey,c.
Thereby, the measured quantity K| can be related to the initial state wave vector k; | .

loss spectrum, which may either be determined experimentally [181] (including all discrete
structures due to excitations of phonons or plasmons) or approximated as steplike function
[182]. The latter is called Shirley background and assumes a direct proportionality between
the inelastic background signal at any energy F and the total intensity of the intrinsic
spectrum at all higher kinetic energies:

Es / /
1™ (E")dE
E Cor( ) ) (336)

I E) = Iy (E) — I (E
( ) p( ) p( 1)( ;;iln (E’)dE’

cor

Here, I, is the measured spectrum, I the corrected spectrum after n iterations (I2, =
Ixp) and E; (Es) is the kinetic energy to (from) which the background is calculated (E; <
E,). In practice n = 5 iterations suffice to appropriately approximate the intrinsic spectrum

for most applications.

Emission of the electron into the vacuum

In the final step of the photoemission process the electron is transmitted from the bulk into
the vacuum and, as implicitly included in Eq. 3.12, the photoelectrons have to overcome the
work function ® = F,,. — EF to leave the sample. At the same time, the discontinuity of the
electrostatic potential breaks the translational symmetry perpendicular to the surface and
affects the photoelectron momentum conservation, thereby complicating the interpretation
of angle-resolved PES measurements.

Experimentally, the photoelectron wave vector in vacuum K is obtained from ARPES
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measurements via Eq. 3.11. Within the solid, the excited photoelectron has the momentum
ki =ki+ G +q, (3.37)

where k; is the photoelectron momentum in the initial state, G is a reciprocal lattice vector
and q is the incident photon momentum, which is often neglected in low-energy ARPES
since it is much smaller than k; or k¢. Since the translational invariance is only broken
perpendicular to the surface, momentum conservation holds for the electron momentum
parallel to the surface:

2mE; in .
kpy = K = Y sing (3.38)

=k + GH +q (3.39)

In contrast, the determination of the perpendicular momentum is more complex as it changes
upon transmission through the sample surface. Since the final state dispersion E;(ky ) is
not known in general, there is no direct relation between the final state momentum in the
solid k| and the measured quantity K. The free-electron final-state model circaumvents
this problem by assuming a free-electron-like parabolic final state dispersion with its vertex
at an energy Vj below the vacuum level (cf. Fig. 3.8 (b)):

h2
Ey(kgy) = e kf, — Vo (3.40)
Then one obtains
5  2me
kf 1 approx. =\ K2 — 2 Vo and hence (3.41)
1
ki,J_,approx. = ﬁ\/2me (Ekin cos? ) — VE)) —qL — GJ_- (342)

For a given kinetic energy ARPES therefore maps a spherical rather than a planar cut
through the reciprocal space. By changing the incident photon energy the out-of-plane
component of the initial wave vector is modified, thus allowing for the complete mapping
of the three-dimensional reciprocal space. The energy Vj is often referred to as inner po-
tential since it can be interpreted as the depth of a potential well at the surface. It is a
phenomenological parameter, which is typically adjusted to match the periodicity of the
electronic dispersion in k.- (i.e, k) -)direction. The free electron final-state model works
particularly well for PES using photon energies beyond the VUV range, since the effect of
the crystal potential on the excited photoelectron becomes smaller with increasing kinetic
energy.
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3.4 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) measures the x-ray absorption cross section as func-
tion of the photon energy at and above the excitation threshold from a core level into the
unoccupied states above the chemical potential. Depending on the energy of the excited
electron, XAS is typically distinguished into the regimes of extended x-ray absorption fine
structure (EXAFS, 200 — 1000eV above threshold) and x-ray absorption near-edge struc-
ture (XANES, 0 —100eV above threshold). The former is employed to investigate the type,
number and distance of neighboring atoms of a certain elemental species in a sample by
analysis of interference patterns resulting from backscattering of high-energy excited photo-
electrons [183]. The latter yields element-specific information about the unoccupied states
and hence the chemical environment within a sample. In solid-state physics, the absorption
threshold signal is often used to investigate the electronic and magnetic structures of the
low-lying valence states near the chemical potential by comparison of the x-ray absorption
signals of linearly or circularly polarized light. In the following, the basic principles of XAS
are briefly introduced based on Ref. [184-188] and with focus on the applications within
this thesis.

3.4.1 Instrumentation and basic principle

X-ray absorption spectroscopy became increasingly popular with the advent of synchrotron
radiation sources which provide an intense, continuous spectrum of polarized light. Today,
XAS is almost exclusively performed at specialized beamlines with insertion devices and
x-ray optics dedicated to a certain spectral range, depending on the absorption threshold
of interest. Typically, the sample is kept in a UHV-compatible liquid-He cryostat equipped
with a strong electromagnet for the investigation of magnetic material properties.

The most obvious method to acquire the x-ray absorption spectrum of a material involves
the measurement of the x-ray intensity before and after transmission through a sample as
function of photon energy. However, this measurement mode imposes serious technological
challenges, since the small attenuation length of light in the soft x-ray regime requires
a sample thickness of only =~ 100nm, which particularly complicates the investigation of
epitaxial heterostructures. An alternative to the transmission mode is provided by measuring
the various decay products of the core hole created in the absorption process, which is filled
by an electron in a higher energy state after a life time on the order of 107'°s. The two
dominant decay processes involve the emission of a fluorescent photon or an Auger electron.
The probability of a core hole being filled by a radiative or non-radiative process depends
strongly on the core-hole shell and the atomic number Z.

In the Auger decay process, the filling of an inner core hole by an electron from a higher
shell is accompanied by the emission of a third electron. The kinetic energy of an Auger
electron and hence its inelastic mean free path (IMFP) is independent of the incident pho-
ton energy as it corresponds to the difference between the energy of the initial electronic
transition and its ionization energy. Therefore, the number of emitted Auger electrons is
proportional to the number of core holes created within a layer of thickness Aprpp ~ 20 A
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below the surface [185] and hence a very surface-sensitive measure of the x-ray absorption
cross section. Additionally, each Auger electron leaves behind another core hole and there-
fore — besides the emission of fluorescence photons — gives rise to a cascade of secondary
Auger transitions, which can be collectively measured as drain current in the total electron
yield (TEY) measurement mode. While the ease of detection and the large signal make TEY
the most widely used method, the specific processes leading to the emission of electrons are
involved and highly material-dependent. The probing depth of TEY is typically estimated
to be slightly larger than that of Auger electron yield [185].

In the fluorescence decay process, a valence or shallow core electron fills the deep core
hole and thereby emits photons with an energy corresponding to the energy difference.
Since the created photon has a mean free path of the same order of magnitude as the
incoming x-ray photons, fluorescence yield (EY) is not surface sensitive and probes a volume
exceeding 100 nm below the surface [185]. However, FY is not an exact measure of the
absorption cross section, since self-absorption effects can distort the spectra if the fluorescent
photons are reabsorbed by the material upon propagation to the surface. Furthermore, the

interpretation of EY spectra may be severely complicated by saturation effects depending
on the concentration of the absorbing elemental species [189].

3.4.2 Theoretical background

Near-edge x-ray absorption is a first-order optical process, where a core electron is excited
into a state just above the chemical potential, rather than into the high-energy continuum
states. In first-order perturbation theory the transition rate between an initial |7) and final
|f) N-electron state is given by Fermi’s golden rule

2 4
Wiy = % (f| Hint |1)]? - 6 (B — E; — hw) (cf. Eq. 3.16). (3.43)

In a single-particle picture, in particular, when the influence of the core hole can be
neglected, the matrix element transforms into a single-particle matrix element and, since the
core level shows no dispersion, the d-function in Eq. 3.43 describes the density of unoccupied
states [190]. After expanding the initial and final state into spherical harmonics the matrix
element can be decomposed into Clebsch-Gordon coefficients and a reduced matrix element,
depending only on the angular momentum and principal quantum numbers of the initial and
final states. These determine the strict dipole selection rules, which give XAS its symmetry-
selective properties. Hence, if the interaction between the core hole and the excited electrons
is negligible, the absorption cross section

p(hv) o Z Wiy f (3.44)
f

is a measure of the symmetry-projected partial density of unoccupied states [190].

To a good approximation, this is the case for x-ray absorption at the O K-edge (1s — 2p)
since the intra-atomic Coulomb interaction between a hole in the 1s and an electron in the
2p orbital is negligibly small [184]. Hence, in transition metal oxides no multiplet-splitting or
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charge-transfer excitations are observed in the O K-edge XAS and, typically, the absorption
spectrum can be well reproduced by the oxygen 2p-projected DOS calculated by density
functional theory (DET). Furthermore, O K edge XAS is a useful tool to quantify the
metal-ligand covalency, since the electronic configuration of an O*" ion in an ionic picture
would be 1522522p° and hence the absorption into the fully occupied 2p shell would be
forbidden without hybridization with the neighboring cations.

In contrast, the interaction between a transition metal 2p core hole and the transition
metal 3d valence electrons of transition metal oxides is significant and has to be taken
into account for a correct description of the XAS line shape. Similar to optical interband
excitations the final state of L 3-edge absorption in transition metal oxides is a tightly
bound exciton, which cannot be described in the one-electron picture [188]. In this case,
the N-electron initial ground state |i) = |2p®3d™) in Eq. 3.43 describes the valence band
and the filled core shell for which spin-orbit coupling is not important. In contrast, the
N-electron final state | f) = [2p°3d™™!) describes the exciton, which has nothing to do with
the band structure, and the partially filled core shell, where spin-orbit coupling is important.
In contrast to XPS, the atomic multiplet splitting dominates over the charge transfer effect,
since the exciton is strongly localized to a single site (and partially to the surrounding
oxygen cluster) [185].

Polarization dependence

The interaction of an electromagnetic wave with matter is not entirely determined by its
frequency but can also crucially depend on the polarization of the electric field. For dipole
transitions the absorption strength for a final state depends upon the symmetry of the
initial state and the incident light polarization, which can either interact with the magnetic
moments (circularly polarized light) or with the charge distribution (linearly polarized light)
of the core and valence states. Therefore, the analysis of the differential x-ray absorption (or:
dichroism) of light with opposite linear or circular polarization can yield valuable information
about the orbital symmetries and magnetic properties of the system.

X-ray linear dichroism For systems with nonspherical charge distribution the x-ray
absorption can depend on the relative orientation of the linear light polarization. While
anisotropic charge distributions may also originate from anisotropic chemical bonding or
magnetic ordering, the simplest form of x-ray linear dichroism (XLD) is due to a difference
in the orbital occupancy, e.g., of the five d levels in transition metal oxides, which can be
understood in the one-electron picture.

In general, the transition rate for an optical excitation is proportional to®

[(f[ Ao p D) oc|{f] Ag-ex|i)]” (3.45)

where er is the electrical dipole operator. Accordingly, the transition rate is determined by
the matrix element of the electrical dipole vector’s component which lies parallel to the light

®Using the identity (f|p|i) = —im== (f|r|i).
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s = P pj = d;
I bie i Ghay + hae + §hae + Jhyz2)
I, y L (hay + 3hye + s + S 2)
L. be L(2hys + Shy. + 2h.2)

Table 3.1: X-ray absorption intensity I, . using linearly polarized light along the z-,y- or z-
direction as function of the number of holes h; in subshell j [191].

polarization vector Ag. Therefore, depending on the symmetry of the involved subshells with
respect to the linear polarization vector, the dipole excitations s — pp, pr — dp,... (Al = £1)
may or may not be allowed. Since an electron can only be excited into unoccupied states the
absorption intensity is furthermore proportional to the number of holes A; in the final state.
The selections rules for the s — p;, and p;, — d; transitions are summarized in Tab. 3.1.
Beyond that, magnetic ordering may in principle also lead to a linear dichroism although
the dipole operator does not act on the spin space. However, 2p—3d electron correlations
are needed to describe the magnetic linear dichroism, since the exchange interaction in the
excitonic final state splits the multiplet terms depending on their spin configuration.

X-ray circular magnetic dichroism When using photons with a defined helicity, i.e.,
circular polarization, the x-ray absorption process becomes sensitive to spin degrees of free-
dom. The difference in absorption between the (anti-)parallel orientations of the net mag-
netic moment and the photon helicity is called x-ray magnetic circular dichroism (XMCD).
The integrated magnetic dichroic signal is a measure of the magnetization, which may be
induced by an external magnetic field in a para- or diamagnetic system or originate from re-
manent ferro- or ferrimagnetic order. XMCD is therefore commonly used to investigate the
magnetic properties of systems with more than one magnetically active element to obtain
the element-specific magnetization or systems with dilute magnetic moments, that cannot
be investigated with a global probe.

Typically, XMCD is performed at the transition metal L, 3-absorption edge (2p — 3d),
where significant changes of the white-line intensities are observed as function of sample
magnetization and/or circular polarization. In the simple one-electron picture, the XMCD
effect can be understood by a two-step model [192,193]. In the first step, a photoelec-
tron is excited by circularly polarized light and effectively spin-polarized by the Fano effect,
since the core-level spin-orbit coupling allows a (partial) transfer of the circularly polarized
photon’s angular momentum to the spin of the electron [194,195]. As the number of unoc-
cupied states in a magnetic system is spin-dependent, in the second step, the minority- and
majority-spin DOS acts as spin filter, resulting in a spin-dependent absorption cross section.
Although this model splits the absorption process in an artificial way, a rigorous theoretical
approach starting from the general expression for the x-ray absorption process in Eq. 3.43
similarly leads to sum rules that link the integrated XMCD spectra to the expectation val-
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ues of the spin and angular momentum [196-198]. These sum rules are commonly adopted
for the analysis of the microscopic magnetic structure, since the contributions of spin and
angular momentum to the total magnetic moment can be disentangled by comparison of the
integrated XMCD signals at the Lo- and Lz-edge.






Chapter 4

Synthesis of phase-pure epitaxial
SrIrO; films — perils and pitfalls

Within the last decades the heavy 5d transition metal oxides moved into the focus of re-
search after it was realized that the interplay between strong spin-orbit coupling and elec-
tronic correlations may promise an even richer electronic behavior than found in their 3d
counterparts [8]. The observation of a metal-insulator transition in the Ruddlesden-Popper
series St Ir, Os. ., and the phenomenological similarity of Sr,IrO, (n = 1) to the high-T¢
superconductor parent material La,CuO, have raised particular interest in the layered-
perovskite strontium iridates. Due to the availability of macroscopic single crystals the
electronic structures of the mono- and bilayer compounds Sr,IrO, and SryIr,O, have been
thoroughly investigated. In contrast, the three-dimensional SrIrO4 adopts a thermodynam-
ically stable hexagonal lattice structure at ambient conditions, which can be transformed
into the metastable perovskite phase only upon application of high pressure and tempera-
ture, thereby impeding single crystal growth. As an alternative approach, perovskite SrlrO,
thin films can be stabilized epitaxially by effectively substituting the external pressure by
epitaxial strain to the underlying substrate.

Pulsed laser deposition became popular due to its convenience for the growth of multicom-
ponent materials and has been developed into a versatile and common epitaxy technique.
During the course of this thesis, pulsed laser deposition of high-quality, phase-pure epitaxial
SrlrO, films on TiO,-terminated (001)-oriented SrTiO4 was established to systematically in-
vestigate the evolution of the electronic structure as function of film thickness. The following
chapter identifies the optimum growth conditions and potential pitfalls to be circumvented
in the endeavor to obtain layer-by-layer growth of stoichiometric SrlrO;. The resultant film
structure is characterized with respect to distortions from the idealized perovskite struc-
ture, i.e., octahedral rotations and tetragonal elongation of the unit cell, and the chemical
termination of the film surface.

4.1 Surface termination-dependent nucleation of
SrIrO; on SrTiO; (001) substrates

For the heteroepitaxial growth of SrIrO, thin films (001)-oriented SrTiO; substrates were
chemically treated and heated under oxygen atmosphere to obtain a homogenous chemical
TiO, surface termination as described in Sec. 2.3.2. However, annealing under oxidizing
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conditions and excessive temperature may lead to SrO surface segregation and nucleation at
vicinal step edges and their neighboring strained regions [199-201]. In such cases, patches
with self-organized SrO termination along substrate step edges may coexist with atomically
flat TiO, terraces.

Figure 4.1 shows an amplitude-modulation atomic force microscopy (AFM) image of a
SrTiO; substrate that displays patches of SrO termination at kinked step edges. An ex-
emplary line profile across a patch (blue) reveals a step size of 3.9 /OX, corresponding to one
unit cell of SrTiO;, between neighboring terraces and two intermediate steps of 2.7A and
1.2 A. The uneven step size is caused by the chemical sensitivity of amplitude-modulation
AFM, which also manifests itself in the clear phase-shift signal contrast of the SrO patch
(inset) [202,203]. After deposition of SrIrO; the film surface displays deep trenches with
lateral dimensions similar to the SrO patches shown in Fig. 4.1 (b). Cross-sectional scanning
transmission electron microscopy (STEM) (Fig. 4.1 (c)) evidences the formation of several
layers of SrIrO; at the bottom of the trench but an absence of the like at the very substrate
step edge (white arrow).

Similar findings have been reported for the heteroepitaxial growth of SrRuO, on mixed-
terminated SrTiO4 (001) surfaces and explained in terms of different adatom sticking coefhi-
cients and consequent termination-dependent nucleation [204,205]. While the self-assembly
of the chemical termination may therefore also offer opportunities for the fabrication of ox-
ide nanostructures [204], the use of high-quality uniformly terminated SrTiO, substrates is
imperative for the synthesis of homogenous epitaxial SrIrO4 films.
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Figure 4.1: (a) AEM image of a SrTiO; substrate with mixed termination at step edges. Inset:
Phase shift signal of a SrO patch. The line profile along the blue line shows a step size of one
SrTiO4 unit cell between neighboring terraces and two intermediate steps. (b) AFM image after
deposition of a SrIrO5 film displays deep trenches with lateral dimensions similar to the SrO
patches. (c) STEM cross-sectional image of a trench. Inset: Scanning electron microscopy image
of the film surface.
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4.2 Iridium deficiency and Ruddlesden-Popper-like
lattice defects

One of the key challenges of pulsed laser deposition of ternary oxides is to obtain the correct
cation stoichiometry within the film. Even for nonvolatile compounds stoichiometric transfer
of the different atomic species to the substrate is not trivially achieved and may critically
depend upon their respective atomic masses and/or details of the ablation process such as
laser fluency, repetition rate and scanned ablation area [206-210]. Another key challenge
is to control the oxidation state of the transition metal cation, which crucially depends on
the provided background gas (e.g., O,, O5, Ar, NO,, ...) and the partial pressure thereof
[211-213]. These two challenges may become intertwined if one or more constituent element
forms a gaseous compound upon oxidation, e.g., leading to Ru-loss during the growth of
SrRuO, [214-216]. Similarly, the noble character of iridium necessitates a rather high oxygen
chemical potential for the growth of SrIrO,, whereas excessively oxidizing conditions promote
the formation of volatile IrO4 [217,218], potentially resulting in an iridium deficiency within
the films.

4.2.1 Tuning the film stoichiometry

Figure 4.2 shows out-of-plane x-ray diffraction (XRD) patterns of PLD-grown thin films
using a SrlrO, target in comparison to the theoretical diffraction peak positions of bulk
SrIrOg, Srglr,O, and Sr,IrO,, i.e., the n = 0o, 2 and 1 members of the Ruddlesden-Popper
family of layered perovskites Sr, Ir,Os. ., (cf. Sec. 2.3.1). The films were grown at (a)
constant oxygen partial pressure po, and variable temperature 7" as well as (b) constant T’
and variable po,. At moderate temperatures (7' = 600°C and 700°C) the orthorhombic
(pseudo-cubic) 3C perovskite phase is epitaxially stabilized, rather than the thermodynam-
ically stable monoclinic distortion of the hexagonal BaTiO; structure adopted by SrIrO,
under ambient conditions [17,219]. At elevated temperatures (17" =~ 800 °C) a crossover from
the pseudo-cubic perovskite phase to Srylr,O; is observed. At T' = 900°C the diffraction
pattern is dominated by Sr,IrO, diffraction peaks ((0,0,4), (0,0,8), (0,0,12) and (0,0,16)) and
shows some residual Sr;lr,O; signal at the (0,0,4) and (0,0,10) diffraction peaks. A similar
trend is observed upon increasing the oxygen partial pressure, albeit not as pronounced
as for increasing temperature. In a systematic investigation of the formation of different
Ruddlesden-Popper iridates from a single SrlrO, target Nishio et al. found that the growth
conditions resulting in different Ruddlesden-Popper phases can be mapped directly onto the
temperature-oxygen partial pressure phase diagram expected from thermodynamic equilib-
rium despite the inherent non-equilibrium nature of PLD [220].

4.2.2 Ruddlesden-Popper-like lattice faults in SrIrO; and
Sr3Ir, O, thin films

It is established that Ruddlesden-Popper-type iridates can be selectively fabricated by PLD
from a SrIrO4 target by adjusting the cation stoichiometry via control of the substrate tem-
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Figure 4.2: Out-of-plane XRD patterns of epitaxial films grown from a SrIrO5 target in compari-
son to the theoretical diffraction peak positions of SrIrOg, Sr3lr,O; and SryIrO,. Upon increasing
temperature and oxygen partial pressure the films become iridium-deficient.

perature and oxygen pressure [220]. Figure 4.3 (a) shows the XRD pattern of an exemplary
strontium iridate film deposited onto a SrTiO4 substrate held at 7" = 820°C. In addition
to the substrate diffraction peaks (denoted by a subscript s), the film pattern exhibits an
excellent agreement to the calculated diffraction spots of bulk Srylr,O,, which evidences
the presence of a long-range ordered Sr;lr,O, phase. Similarly, the selected-area electron
diffraction (SAED) pattern in Fig. 4.3 (b) exhibits a superposition of a Sr;Ir,O; (highlighted
red) and a cubic diffraction pattern from the SrTiO, substrate (highlighted blue), as seen
by comparison to the theoretically expected patterns shown in Fig. 4.3 (c) and (d). A closer
investigation of the film microstructure by HAADE-STEM imaging confirms the excellent
match to the SryIr, O, lattice structure in significant parts of the films (Fig. 4.3 (e)). As high-
lighted in the inset of Fig. 4.3 (e), the neighboring bilayers are laterally shifted with respect
to each other such that the adjacent SrO layers adopt a rock salt-like structure. However,
the similar thermodynamic stability of the neighboring Ruddlesden-Popper phases [220] is
reflected in the abundance of Ruddlesden-Popper-like stacking faults in the form of isolated
mono- or trilayers, that are embedded in a SrsIr,O, matrix as shown in Fig. 4.3 (f). Further-
more, regions are found with high disorder due to finite SrlrO;-like blocks as exemplarily
shown in Fig. 4.3 (g). Accordingly, achieving high crystalline quality and low defect density
by PLD growth of Ruddlesden-Popper phases Sr,,Ir O3, using a SrIrO, target remains
a challenge.

While on the one hand the volatility of IrO; can hence be exploited to selectively grow
Ruddlesden-Popper iridates, on the other hand it poses a challenge for the growth of stoi-
chiometric SrlrO4. As shown in Fig. 4.4 (a) a slight cation off-stoichiometry may lead to the
formation of highly ordered lattice defects in the form of SrO double layers, which lie in the
{001}, lattice planes and span several tens of nanometers (black arrows). Upon closer in-
spection the lattice on both sides of the defect is found to be laterally shifted in Fig. 4.4 (b).
While impossible to resolve by cross-sectional STEM along the (100), directions, the SrO
double layer most likely adopts a rock salt-like arrangement as found in the Ruddlesden-
Popper structure, i.e., a translation of the lattice by half a face diagonal such that the Sr
cations lie above the oxygen anions of the adjacent SrO layer. Indeed, the observed distance
of 6.5 A between neighboring Ir layers across the lattice fault corresponds to that observed in
Sr,IrO, and Srylr,O, [64,92]. Similar lattice faults have been reported for Sr-excess SrTiO,
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Figure 4.3: Structural characterization of a Sr3Ir,O- film grown from a SrIrO; target. (a) XRD
pattern and theoretical diffraction positions of bulk Sr3Ir,O~. (b)- (d) SAED pattern and theoret-
ical diffraction pattern expected from bulk Sr3IryO; (red, film) and SrTiO3 (blue, substrate).® (e)
STEM image of the microstructure showing a coherent Sr3IryO; crystal structure. (f) Ruddlesden-
Popper-like stacking faults showing a mono- and trilayer embedded in a Sr3Ir,O-, i.e., bilayer
matrix. (g) Region with high disorder due to SrIrOs-like blocks of several unit cells thickness.

®Theoretical diffraction pattern calculated using the freeware JEMS (v. 4.64, www.jems-swiss.ch).

homoepitaxial thin films [221].

The corresponding XRD pattern exhibits no signs of other phases. However, the film
inhomogeneity and poor long-range order due to lattice faults is reflected in the absence
of Laue fringes as shown exemplarily for the SrIrO; (001), diffraction peak in Fig. 4.4 (c).
Indeed, the diffraction peak can be modeled (blue line) by assuming a normal distribution
of SrIrO; blocks with thickness d = 7 - dj,; which incoherently contribute to the diffraction

signal

1=32

1 (i — i) - door \ *
where A; = NG exp[ < e ) .
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Figure 4.4: Srlr; ;O film with slight cation off-stoichiometry. (a) Cross-sectional HAADF-STEM
image of the film. Highly-ordered lattice faults in form of SrO double-layers along the {OOl}p
lattice planes are marked with black arrows. (b) A closeup of a SrO double layer reveals a
lateral shift of the SrIrOy lattice above and below the lattice defect. Neighboring IrO, layers
exhibit a distance of 6.5 A across the lattice fault as seen in the line profiles (averaged over 15
lines equivalent to the blue and black line, respectively). (c) (001), XRD diffraction peak. The
absence of pronounced Laue fringes is caused by the poor long-range order due to the lattice
defects and can be modeled by assuming a normal distribution (right inset) of SrIrO5 blocks with
thickness d = i - a contributing incoherently to the signal. In contrast, a stoichiometric SrIrOs
film exhibits pronounced Laue fringes (left inset).

Here, dpi; = dgor = a is the lattice parameter, w = 40 A and ip = 16 (full film: i = 32).
In contrast, the inset shows the (001), diffraction peak of a stoichiometric SrIrO4 film with
pronounced Laue fringes, signaling coherent growth throughout the entire film.

4.3 Thin-film growth mode — influence of the target
composition

Two-dimensional layer-by-layer film growth is a prerequisite for the precise control of the
film thickness and hence the systematic study of dimensionality-induced effects in ultrathin
films. RHEED intensity oscillations are considered a footprint of layer-by-layer growth and
a damping, i.e., only partial recovery of their amplitude can be interpreted as a general
reduction of the surface order and/or a transition from pure layer-by-layer to multilevel

growth [222,223].

The initial SrIrO; film growth attempts in Wiirzburg were performed using a commercially
purchased target from the supplier SurfaceNet (diameter: 1inch = 2.54 ¢cm; depth: 3 mm;
prize: 4350€). Despite extensive optimization of growth parameters, a quick decay of
the RHEED intensity was consistently observed after only three to four oscillations (cf.
Fig. 4.5 (a)). The presence of inhomogeneities, i.e., white grains imbedded in a matrix of
black target material, triggered an x-ray powder diffraction analysis (Fig. 4.5 (b)), which
revealed its true chemical composition to be a mixture of Sr(OH), and IrO,. For this reason,
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Figure 4.5: (a) Typical RHEED intensity evolution during PLD from the commercially purchased
target. Inset: RHEED and LEED images of the film. (b) X-ray powder diffraction reveals
the target composition to be a mixture of Sr(OH), and IrO, instead of SrIrOj. (c) Typical
RHEED intensity evolution during PLD from the retreated target shows persistent intensity
oscillations indicating prolonged layer-by-layer growth. Inset: RHEED and LEED images of the
as-grown film. (d) The retreated target exhibits the low-pressure 6H-SrIrO5 phase in x-ray powder
diffraction.

a part of the target material was thoroughly ground, heated and pressed into a new pellet,®
thereby creating a small target (diameter: 1/2inch = 1.27 ¢cm) composed of the atmospheric
pressure form of SrlrO4 (Fig. 4.5 (d)). Intriguingly, persistent layer-by-layer growth could
be readily achieved using the chemically treated target as seen in Fig. 4.5 (c). Therefore,
the target microstructure, i.e., its homogeneity and chemical composition are found to be
crucial for the desired layer-by-layer growth.

During laser ablation the SrIrO4 target surface stoichiometry and morphology is known
to change by formation of Ir-enriched conical structures [224,225], which align along the
incoming laser direction. Therefore, after film growth the target surface has to be refur-
bished by manually removing the top layer with abrasive paper to ensure the reproducibility
of growth results. As the typical target surface area used for ablation during the growth
of one film equates to 3 x 5mm? in Wiirzburg, a target with diameter of 1/2inch only

ORetreatment of target material and powder diffraction measurements in Fig. 4.5 were performed by Dr.
Yingkai Huang, Van der Waals-Zeeman Instituut, University of Amsterdam, The Netherlands.
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Material SrCO, IO, CO, SrIrO4
Molar mass (g/mol) 147.63 224.22 44.01 327.84
Space group Pmen [226] P4y /mnm [227] — C2/c [17]
a (A) 5.1075 [226] 4.5051 [227] — 5.6040 [17]
b (A) 8.4138 [226] 4.5051 [227] — 9.6180 [17]
c (A) 6.0269 [226] 3.1586 [227] — 14.1740 [17]

Table 4.1: Molar mass, space group and lattice spacings of the constituent materials for the SrIrO4
target manufacture.

allows for the growth of four consecutive films before having to expose the target to ambient
conditions. While being very time consuming this also enhances the risk of target degrada-
tion through formation of Sr(OH), due to atmospheric humidity and hence jeopardizes the
desired layer-by-layer growth. Therefore, a process was established to manufacture high-
quality, mechanically stable and homogeneous SrlrO; targets with a diameter exceeding
2.5 cm with the goal of enabling the growth of up to 20 consecutive films.

4.3.1 SrIrO; target manufacture

The atmospheric pressure form of SrIrO,4 can be prepared by the equimolar reaction
SrCO, + IrO, — SrIrO, + CO, [17]. (4.2)

A reproducible and complete solid-state reaction is achieved by following an operational
procedure depicted in Fig. 4.6. (a) Using an analytical balance the starting materials SrCO,
(white powder) and IrO, (black powder) are mixed in the correct mass ratio ms.co, : mnro, =
1:1.519 (cf. Tab. 4.1) and (b) thoroughly ground using an agate pestle and mortar to (c)
receive a homogeneous, fine gray powder. (d) The mixture is filled into a Al,O; crucible
and heated in a quartz tube within a tube furnace at T'= 885°C in 301/h pure oxygen flow
for 12 hours. Temperatures exceeding 900 °C result in up to 2% mass loss and precipitation
of black residue at the inner tube walls outside the furnace in the direction of the oxygen
flow due to formation of volatile IrO4 [217] and subsequent IrO, condensation in the cooler
area of the tube. (e) After a slow cooldown to room temperature the crucible contains
a brittle black disk that is (f) reground into (g) a fine black powder. (h) The resulting
powder is checked for glittering white micro-crystallites with a typical size of 20 um with
the bare eye and an optical microscope (Fig. 4.7 (a)). Additionally, as shown in Fig. 4.7 (b),
x-ray powder diffraction of a powder sample may be performed to verify the solid state
reaction, albeit not sufficiently sensitive to detect small traces of residual starting material.
At all times exposure to ambient conditions and hence humidity should be reduced to a
minimum due to the hygroscopy of SrIrO,, which is evidenced by an increase of the powder
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Figure 4.6: Flow chart depicting the target manufacture process. For details see text.

mass by 0.1 % within only 15 min storage in air, as opposed to storage in a dry nitrogen
atmosphere. In case the powder inhomogeneity is assessed unacceptable, steps (b) - (g) are
repeated thoroughly. (i) Else, the powder is pressed into a pellet using a hardened-steel
dry-pressing die and (j) a pressing machine with 20 — 30t load. (k) The resulting pellet is
sintered within an Al,O; crucible in the tube furnace at ' = 885°C in 301/h pure oxygen
flow for 12 hours to further increase its density and stability. (1) The resulting target may
be attached to a standard target stamp by using carbon tape.

As polycrystalline SrIrO; is a brittle material large pellets produced in the traditional
pressing die design shown in Fig. 4.7 (c), (i) & (ii) may be mechanically unstable and hence
pose a risk of dropping into the PLD chamber. Furthermore, a thin target is desirable due
to the high prize of ultra-pure IrO,. For these reasons a special hardened steel pressing
die (DIN 9861, FORM C, 275.3.3175.071.2540.006, Jugard+Kiinstner GmbH, Germany) is
used to press the pellet into a manufactured steel shell (Fig. 4.7 (c), (iii) & (iv)) for increased
mechanical stability. However, due to the different thermal expansion coefficients of steel
and the target material, and a possible shrinking of the target (increase of the SrlrO,
density) during the final sintering step, the pellet does not adhere to the shell after cooldown.
Hence, further optimization of the pressing process is necessary in the future. Nonetheless,
the manufactured targets were mechanically stable despite a diameter of ~ 27mm and a
thickness of only ~ 1.5 mm, allowing for the consecutive growth of up to 25 SrIrO, films in
a coherent layer-by-layer growth mode.
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Figure 4.7: (a) Photograph of SrlrO; powder after one heating step taken through an optical
microscope. Micro-crystallites with size of ~ 20 um are highlighted in red. (b) X-ray powder
diffraction patterns of the starting and final materials of the solid state reaction SrCO3 +IrOy —
SrIrO; + CO,. (c) (i) Schematic design of the dry pressing die. (ii) Conventional pressing of a
polycrystalline pellet. (iii) Pressing of a pellet into a steel shell for greater stability. (iv) Steel
shell with striation for increased adhesion.

4.4 Surface-termination conversion during the initial
growth of SrIrO,

Figure 4.8 (a) shows the intensity of the specular RHEED signal during the growth of two
equally thick SrIrO4 films on TiO,-terminated SrTiO5. The use of different laser fluencies
results in different growth rates (= 50% variation) despite the comparable substrate tem-
peratures (700 — 720°C) and oxygen partial pressures (0.05 — 0.08 mbar). Interestingly,
the RHEED intensity oscillation period T}, of the n'" oscillation does not remain constant
throughout the deposition process, as shown in Fig. 4.8 (b) for a selection of films grown
at similar conditions. After a significantly prolonged first period a minimal 7T, is observed
for the second (n = 2, blue) or third (n ~ 3, black) period, followed by a gradual increase
of T,,. The latter effect, i.e., a reduction of the deposition rate, is well-known and caused
by the increasing reflectance of the target surface due to changes in the target surface mor-
phology [224,225,228]. The prolonged first oscillation period bears a striking resemblance
to the initial growth of StRuO,; on TiO,-terminated SrTiO4, where it is due to a deviation
from the expected preservation of the perovskite stacking order AO-BO, in [001], direction,
which would result in a RuO,-terminated surface [229]. Specifically, the topmost RuO, layer
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Figure 4.8: (a) Specular RHEED intensity oscillations of two exemplary SrIrO; films grown on
TiOy-terminated SrTiO5. (b) Oscillation period T,, as function of the oscillation number n for
a selection of films. (c) Structural model of a SrIrO5;/SrTiO; heterostructure with conventional
termination conservation (top) and with a conversion to an A-site termination (bottom).

is unstable and forms volatile compounds (e.g., RuO, [216,230]), which evaporate until the
terminating layer is completely converted to SrO. As evidenced by a doubling of the first
oscillation period, for StRuO; the conversion from A- to B-site termination is completed
within the first unit cell at 700 °C and distributed over several oscillation periods at lower
temperatures [229].

It is proposed that a similar conversion from IrO, to SrO termination occurs during the
growth of SrIrO, by over-oxidation of the terminating IrO, layer and subsequent evaporation
of IrO;. As shown in Fig. 4.8 (c), the conservation of the perovskite stacking order on a
TiO,-terminated SrTiO4 substrate results in a IrO,-terminated surface with an incomplete
IrO4 octahedron. The tendency of BO,-terminated perovskite transition metal oxides to
adsorb excess oxygen ions at the apical site is well-documented [231]. It is proposed that
the adsorption of an apical oxygen ion leads to the decomposition of the IrO4 octahedron into
gaseous molecular IrO,4 and the remaining SrO-terminated surface. Rather than a doubling
of the first oscillation period as in the case of STRuO;, a prolongation of the first oscillation
is observed experimentally during the growth of SrlrO;. However, the minimal oscillation
period consistently appears after a similar absolute time span (=~ 100s) and independent of
the growth rate, signaling that the IrO; formation and evaporation rate is only sensitive to
the thermodynamic conditions to a good approximation.

Since the characteristic signature of the RHEED intensity oscillations, albeit consistent,
is only a weak indication for a termination conversion, a 4 uc thin SrlrO, film was deliber-
ately grown and covered with a protective layer of amorphous carbon to facilitate the direct
imaging of the surface by high-angle annular dark field (HAADFE)-STEM. Figure 4.9 (a)
shows an overview STEM image along the [010], lattice direction of the thin SrIrO; film,
which at the first glance appears to be terminated by an IrO, layer. Indeed, the iridium
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Figure 4.9: (a) HAADF-STEM image of a 4uc thick SrIrO4 film on SrTiOs, capped with a
protective layer of amorphous carbon. (b) Closeup of the SrIrO; film superimposed with a
structural model. A faint SrO layer is discerned at the surface (green arrows). (c) [001], line
profiles of the IrO, /TiO, (black) and SrO layers (green) (each averaged over 20 layers). In contrast
to the IrO, profile, the SrO profile exhibits a shoulder at the film surface despite its much smaller
Z-contrast. (d) [100], line profiles of the surface and subsurface SrO layer (denoted by green and
gray arrows in (a), respectively). The surface SrO profile exhibits a clear periodicity, which is
in-phase with the subsurface SrO, albeit less intense.

columns (atomic number Z = 77) are most pronounced due to the Rutherford-like depen-
dence of the scattering cross section in HAADF-imaging (o< Z" with n ~ 1.7 [154]), followed
by strontium (Z = 38) and titanium (Z = 22), while carbon and oxygen atoms are not de-
tected. However, a signal is discerned above the topmost IrO, layer (cf. Fig. 4.9 (b)),
as highlighted by averaged line profiles of the IrO,/TiO, and SrO layers perpendicular to
the surface (along [001],) in Fig. 4.9 (c). The strong scattering from the heavy iridium
atoms results in a broadened iridium signal, which overshadows the other atomic species.
Nonetheless, the topmost atomic layer apparently stems from a SrO rather than a IrO,
layer, as is suggested from the comparison of the SrO and IrO, line profiles, with the last
shoulder towards the surface seen for the former. For clarity, two horizontal line profiles of
the subsurface (gray) and surface (green) SrO layer (cf. Fig. 4.9 (b), triangles) along the
[100],, lattice direction are shown in Fig. 4.9 (d). Despite the weak intensity of the surface
layer both signals clearly exhibit an in-phase periodicity that substantiates the conjecture
of a SrO termination. Whether the weak signal strength of the terminating layer is exclu-
sively caused by the broken translational symmetry at the surface or also due to an only
partial, inhomogeneous SrO coverage of the sample remains an open question. Further in-
vestigations with atomic-resolution scanning probe techniques (e.g., scanning transmission
or atomic force microscopy) may shed light on this in the future.
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Figure 4.10: (a) SAED pattern of a SrIrO5 film grown on SrTiO;. In addition to strong (h,0,1)
diffraction peaks from the pseudo-cubic perovskite lattice (black), half integer reflections due to
octahedral rotations (blue, red) are seen. (b)-(d) Theoretical diffraction patterns for all three
theoretically possible orientations of the orthorhombic unit cell (light blue) with respect to the
pseudo-cubic unit cell (dark gray) and the film-substrate interface (light gray). Pattern (d) is
not found experimentally. (e) HRTEM image of a SrIrOgs film grown on SrTiOs. (f) EFT of the
HRTEM image. (g) Composite image of the HRTEM image and the inverse fast Fourier transform
(EET~!) of the Fourier components belonging to the a~b*a~ (red) and b*a~a~ (blue) domain.
The octahedral rotations are spatially confined to the SrIrO5 film and have an estimated domain
size of 50 nm.

4.5 Octahedral rotations and domain structure

Bulk SrIrO, exhibits a collective rotational pattern of the IrOy octahedra, which can be
described by a~a~b" in Glazer notation and increases the unit cell by V2 x /2 x 2 with
respect to the pseudo-cubic unit cell [17]. Figure 4.10 (a) shows one quadrant of the zeroth-
order Laue zone (Miller index k& = 0) SAED pattern of a SrIrO; film grown on SrTiO;.
The diffraction pattern is dominated by strong (h, 0, 1) peaks (black circles, h,l € Z) arising
from the pseudo-cubic lattice symmetry of SrlrO, (and the SrTiO; substrate). Upon closer
inspection extra reflections can be discerned at half-integer reciprocal-lattice sites (red, blue),
which arise from the enlarged unit cell due to octahedral rotations.

Diffraction rules for reflections arising from only in- (4) or antiphase (—) tiltings were
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Antiphase tilt  produces reflections In-phase tilt  produces reflections
a” 1 (000) with k # 1 at 1 (eoo) with k #1
b- 3 (000) with h #1 bt 3 (0eo) with h # 1
c” 1 (000) with h # k ct 1 (0oe) with h # k
Mixed tilt produces concert reflections
at 1 (0ee) with  (h00) absent
bt 1 (eoe) with 1 (0k0) absent
ct 1 (eeo) with 1 (001) absent

Table 4.2: Top: Diffraction rules for antiphase (—) and in-phase (4) tilt systems [48]. Bottom:
Diffraction rules for concert reflections in mixed-tilt systems [232]. Notation: o = odd, e = even

first proposed by Glazer [48] and have been extended to concert reflections caused by the
combination of in- and antiphase tiltings in mixed tilt systems by Woodward & Reaney [232]
(cf. Tab. 4.2). Based on these general rules, diffraction patterns for incident electrons along
the [010], direction can be deduced for all three possible orientations of the orthorhombic
unit cell of SrIrO; (blue) with respect to the pseudo-cubic perovskite unit cell (dark gray)
and the film-substrate interface (light gray) shown in Fig. 4.10 (b)- (d):

e a bta: reflections for 1(odd,0,0dd) with h # .
e bta~a": reflections for (odd, 0, even) with 1(h,0,0) absent.
e a~a"b": reflections for 1(even,0,0dd) with 1(0,0,1) absent.

Only two (a"bTa™ and bTa~a™) of three theoretically possible orientations are found exper-
imentally (highlighted red and blue in Fig. 4.10 (a)) and accordingly form domains oriented
at an angle of 90°. This finding is in line with molecular beam epitaxy (MBE)-grown SrIrO,
films on LSAT substrates [233]. Figure 4.10 (e) and (f) show a high-resolution transmission
electron microscopy (HRTEM) image of a SrIrO; film and its fast Fourier transform (EET).
A selective inverse FET of only the Fourier components belonging to the a~b*a™ (red) and
bTa~a~ (blue) domains yields the approximate spatial distribution of these domains. As
seen in the composite image in Fig. 4.10 (g) the octahedral rotations are spatially confined
to the SrIrO, films and have an estimated domain size of 50 nm.

Figure 4.11 shows the (a) low-energy electron diffraction (LEED) and (b) reflection high-
energy electron diffraction (RHEED) patterns obtained from a SrIrO; film grown on SrTiO;.
In both patterns a 2 x 2 periodicity is observed (highlighted blue). LEED and RHEED
are highly surface sensitive and accordingly probe the 2 x 2 surface projection of the three-
dimensional 2x /2 x /2 (\/§ X 2 X \/5) unit cell due to bTa~a~ (a~b*Ta™) octahedral rotations
as depicted in Fig. 4.11 (c). In other words, the combination of octahedral rotations about
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all three orthogonal axes leads to four inequivalent Ir lattice sites in the topmost SrlrO,
layer shown in Fig. 4.11 (d).

The observation of half-integer reflections in SAED, LEED and RHEED patterns un-
equivocally evidences the presence of octahedral rotations, that resemble the bta~a~ pattern
reported for bulk SrIrO, [17]. However, strictly speaking, a comprehensive quantitative anal-
ysis of the intensity of the reflections (i.e., the structure factor) from a single domain would
be necessary to prove the equal magnitude of rotations about the z- (y-) and the z-axis that
is implied by the a=b*ta™ (b"a~a~) notation. Moreover, in contrast to the polycrystalline
bulk form, the orthogonal z-/y- and z-axes are not equivalent due to the influence of the
substrate in the present thin-film geometry. Therefore, some ambiguity remains whether the
correct description of the lattice structure of the two domains is a“bTa™/bTa~a™ or rather
a~btc Jatbe.

4.6 Epitaxial strain and tetragonal distortion of the
film structure

Figure 4.12 (a) shows an XRD reciprocal space map (RSM) of the (103), Bragg reflex of a
SrIrO4 film grown on SrTiO5. Due to the large depth information of XRD the diffraction
signal from the semi-infinite SrTiO, substrate is very sharp and several orders of magnitudes
more intense than the film signal, which exhibits pronounced Laue fringes along k£, due to
its finite thickness of 16 unit cells as emphasized by a line profile (red) in Fig. 4.12 (b).
In contrast, along k| the diffraction peak (Fig. 4.12 (c)) is similarly narrow for film and
substrate, indicating a comparable lateral long—@e order. Furthermore, the coincident
diffraction peak maxima in k| evidence the coherent heteroepitaxial strain imposed upon
the SrIrO; film by the SrTiO4 substrate. Figure 4.12 (d) shows the SAED pattern of the
(202),, and neighboring diffraction peaks. In accordance with XRD, the (202), film Bragg

(b)

"'Laue F
’ circle -

Figure 4.11: (a) LEED (Ey, = 100eV) and (b) RHEED (Fyin = 30keV) patterns of a SrIrO,
film grown on SrTiOj exhibit a 2 x 2 periodicity (highlighted blue). (c) Due to the high surface
sensitivity of LEED and RHEED the 2 x 2 surface-projection of the 2 x v/2 x v/2 real-space unit
cell is probed. (d) Surface view of the topmost SrIrOs; layer. The combination of octahedral
rotations about all three axes leads to four inequivalent lattice sites.
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Figure 4.12: (a) RSM of the (103), Bragg diffraction peak of a SrIrOs film on SrTiOj. The
pronounced (103) substrate peak is accompanied by a broad film diffraction peak. The film is
found to be coherently strained to the substrate. Arrows indicate the line profiles along k£, and
kj. (b) Pronounced Laue fringes are observed due to the finite film thickness of 16 unit cells. (c)
Substrate and film diffraction peaks both lie at k” =/ asrTio, and have a similar peak width.
(d) SAED pattern of the (202) and neighboring diffraction peaks similarly evidences the coherent
strain to the substrate. (e) The SrIrO; out-of-plane lattice constant ¢ is found to be elongated
by ~ 2% with respect to the in-plane lattice constant a = as,Tio,-

peak lies at the same kj-value as the substrate peak. As a pseudo-cubic film lattice structure
would result in a Bragg peak on the [101], diagonal through the (000) spot (dashed line,
cf. also Fig. 3.4 (c)), the SrIrO; pseudo-cubic unit cell is hence found to be tetragonally
distorted as depicted in Fig. 4.12 (e). The out-of-plane lattice constant ¢ = 3.99 A is found
to be elongated by & 2% with respect to the in-plane lattice constant a = asrtio, = 3.905 A.

The combined effect of tetragonal strain to the Sr'TiO4 substrate and collective octahedral
rotations on the real-space lattice structure is depicted in Fig. 4.13 (a). The pseudo-cubic
cation sublattice exhibits a tetragonal elongation along the c-axis (black). The enlarged
unit cell due to octahedral rotations (blue) is correspondingly distorted along the c-axis as
depicted in Fig. 4.13 (b), which results in a rhombic distortion of two faces of the unit cell

(a # B).

Figure 4.13: (a) Real-space lattice structure of
a SrlrO; film strained to a SrTiO5 substrate in- (@)
cluding octahedral rotations. Black: pseudo-
tetragonal perovskite unit cell due to strain.
Blue: Actual, enlarged unit cell due to octahe- g
dral rotations. (b) The combination of epitaxial
strain and octahedral rotations results in a mon- 0%
oclinic unit cell.

aAsrTio3
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4.7 Summary

The thermodynamical instability of the SrIrO, perovskite phase impedes the growth of
macroscopic single crystals and therefore necessitates an alternative synthesis route as pre-
condition for the investigation of its electronic structure. In this thesis, thin-film epitaxy of
SrIrO4 by pulsed laser deposition was employed to stabilize the perovskite lattice via epitax-
ial strain to the underlying substrate. The basic working principle of pulsed laser deposition
comprises the evaporation of a target material with the desired stoichiometry by a focused
high-intensity laser, plasma propagation through a process gas and, eventually, deposition
and nucleation on a heated substrate. The challenges and pitfalls to be circumvented in
the endeavor to obtain persistent layer-by-layer growth of stoichiometric, phase-pure and
high-quality SrIrO, are elaborated in this chapter.

Prior to the growth process, the SrTiO4 substrate is chemically and thermally treated to
obtain a single TiO,-termination of the (001)-oriented substrate. The coexistence of residual
patches of SrO-termination is found to be detrimental for the film homogeneity since the
reduced nucleation rate on SrO results in the formation of deep trenches. Therefore, the

use of high-quality single-terminated Sr'TiO4 is imperative for the synthesis of homogeneous
SrIrO, films.

Two key challenges of pulsed laser deposition of ternary transition metal oxides are the
stoichiometric transfer of the different atomic species from the target to the substrate and
the control of the oxidative state of the transition metal cation. In the case of SrlrO,, these
challenges become intertwined because excessive substrate temperature and, to a lesser
extent, partial pressure of the oxygen process gas result in the formation of over-oxidized,
volatile IrO4 and hence off-stoichiometry. In the extreme case, up to 50% iridium deficiency
results in the formation of poorly ordered Sr,IrO, or Srylr,O. films, whereas less iridium
loss results in Srlr, O, films with embedded Ruddlesden-Popper-like lattice faults. The
optimum growth results for phase-pure SrIrO; were obtained using a substrate temperature
T = 700°C, an oxygen partial pressure po, = 0.08 mbar, a laser intensity of J = 75mJ
per pulse and a laser repetition rate f = 1.5 Hz, although the latter two were not found to
profoundly influence the growth apart from the overall growth rate.

Of several possible growth modes, only layer-by-layer growth allows for the live-monitoring
of the film thickness, which is a prerequisite for the controlled deposition of a predefined
number of atomic layers. The homogeneity and chemical purity of the target material was
found to be imperative to achieve persistent layer-by-layer growth. Since commercially
available targets did not meet the qualitative requirements for this purpose, a manufacture
process for high-quality, phase-pure SrIrO; target pellets with lateral dimensions allowing
for the consecutive growth of up to 25 samples was established. At variance with the
expected conservation of the AO-BO,-AO-BO,-...stacking order along the [001], direction,
SrIrO4 is found to undergo a termination conversion during the initial growth on TiO,-
terminated SrTiO,. Since the terminating IrO, layer is thermodynamically unstable and
prone to volatilization via IrO4 formation, the resulting film exhibits a SrO termination.

Polycrystalline 3C-SrIrO; is known to adopt the distorted GdFeOs-type perovskite struc-
ture hosting an a™b~b~ pattern of octahedral rotations, which breaks the cubic symmetry.
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Heteroepitaxial SrIrO, films on SrTiO4 are found to host two of three theoretically possible
orientations of the orthorhombic GdFeO;-structure (a~b*a™ and b*a~a™), which form or-
thogonally aligned domains with an estimated size of 50 nm. The SrlIrO, films are coherently
strained to the SrTiO, substrate, resulting in an elongated c-axis (¢/a =~ 1.02).

In summary, persistent layer-by-layer growth of high-quality, stoichiometric SrIrO, thin
films adopting a coherently strained GdFeO;-type perovskite structure was achieved, thereby
laying the groundwork for a successful investigation of the electronic structure of perovskite
SrIrOg4 as function of film thickness.



Chapter 5

The electronic structure of SrIrO3

The valence-band electronic structure of crystalline materials is the fundamental character-
istic that determines most of their physical and chemical properties. Angle-resolved pho-
toemission spectroscopy (ARPES) is a suitable tool to study the electronic structure with
energy and momentum resolution because of the conservation of energy and momentum
upon photoexcitation of an electron from its initial state to a final state in the continuum
of unoccupied states.

Although conventional ARPES is traditionally performed using vacuum ultraviolet (VUV)
light due to the ready availability of laboratory-based light sources and monochromators, its
low excitation energy brings about several disadvantages. On the one hand, the assumption
of a free-electron-like final-state dispersion, typically adopted to recover the perpendicular
momentum of the initial state, is questionable since the modulation of the crystal potential
is not a prior: negligible in the VUV range. On the other hand, the minute photoelectron
inelastic mean free path Apypp makes VUV-ARPES extremely surface sensitive and limits
the experimental resolution of the perpendicular momentum due to the intrinsic broadening
Ak = A\yipp- To some extent these problems can be circumvented by expanding the photon
energy range to the soft x-ray (SX) regime, because, firstly, the photoelectrons are excited
into energetically higher, truly free-electron-like final states and, secondly, the increase of
Amvrp following the universal curve results in a larger bulk sensitivity and a sharpening
of the intrinsic resolution of k,. Therefore, due to the tunability of the photon energy at
synchrotron light sources soft x-ray ARPES can probe the three-dimensional bulk electronic
structure of materials.

After the successful establishment of a synthesis route for epitaxial thin films of per-
ovskite SrIrO,, as elaborated in the previous chapter, the three-dimensional band structure
of a metallic SrIrO; film was investigated by SX-ARPES. In the following chapter, the
combined effects of spin-orbit coupling, on-site Coulomb repulsion, epitaxial strain and oc-
tahedral rotations on the electronic structure is discussed by comparison of the energy- and
momentum-resolved photoemission data to ab initio density functional theory calculations

(DET+U).
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5.1 Band structure determination by soft x-ray
angle-resolved photoemission spectroscopy —
experiment vs. theory

In order to investigate the bulk electronic structure of SrIrO; in the three-dimensional limit
SX-ARPES measurements were performed at the ADRESS beam line of the Swiss Light
Source (SLS) synchrotron, Paul Scherrer Institute, Switzerland [234,235]. The SrIrO, thin
films were heteroepitaxially grown on TiO,-terminated SrTiO4 in Wiirzburg using a poly-
crystalline target consisting of 6H-SrIrOy in the atmospheric-pressure form” (cf. Sec. 4.3).
All measurements in this chapter were performed on a 9 unit cells thick film grown on
TiO,-terminated SrTiO;. Galvanic contact with the spectrometer was ensured by shorting
the film and the grounded sample carrier with silver paint applied to the side faces of the
sample. The samples were transferred to the synchrotron in a UHV vessel at a pressure
below 1-107® mbar to avoid surface contaminations and/or sample degradation. The mea-
surements were performed at a temperature of 20 K using circularly polarized light. The
photoelectron analyzer was operated with a pass energy of 120eV resulting in an overall
energy resolution of 100 meV.

The measured band structure is compared to density functional theory (DET+U) calcula-
tions by Dr. Domenico Di Sante®. The calculations were performed using the VASP ab initio
package [236] within the projector-augmented-plane-wave (PAW) method [237,238], using
the generalized gradient approximation as parametrized by the Perdew-Burke-Ernzerhof
GGA functional [239]. Spin-orbit coupling was self-consistently included [240] and the
Coulomb repulsion U and exchange interaction J of Ir 5d orbitals were treated within the
rotationally invariant DET+U scheme of Liechtenstein, Anisimov, and Zaanen [241].

Epitaxial strain and short-range Coulomb repulsion

Figure 5.1 (a) shows the theoretical Fermi surface topology of an ideal cubic (lattice constant
a = 3.943 A) and a tetragonally distorted (in-plane a = agrio, = 3.905 A and out-of-
plane lattice constant ¢ = 3.990 A, cf. Sec. 4.6) SrIrO; perovskite structure obtained from
DET(+U) calculations without (U = 0eV, J = 0eV) and with (U = 3.4¢eV, J = 0.4eV)
on-site Coulomb repulsion U and exchange coupling J. The introduction of a sizeable U and
J strongly alters the Fermi surface topology by removing the Jog = 3/2 (blue) and Ir 5de,
(gray) pockets at the A and T" points, respectively, while leaving the J.g = 1/2 Luttinger
volume (red) relatively unchanged for both settings. The tetragonal out-of-plane elongation
of the unit cell due to epitaxial strain to the SrTiO, substrate causes a tubular distortion
of the Fermi surface.

Figure 5.1 (b) shows the energy-resolved band structure of the tetragonal setting with and
without on-site Coulomb repulsion U and exchange coupling J along the high-symmetry lines
[-X-M-T" and Z-R-A-Z in comparison to the experimental F vs. k dispersions of a 9 unit

"Target preparation performed by Dr. Yingkai Huang, Van der Waals-Zeeman Instituut, University of
Amsterdam, The Netherlands.
8Institut fiir Theoretische Physik und Astrophysik, Universitit Wiirzburg
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Figure 5.1: (a) Fermi surface topology of an ideal cubic and a tetragonally distorted SrIrO; per-
ovskite structure obtained from DET+U calculations with and without on-site Coulomb repulsion
U and exchange coupling J. (b) E vs. k dispersion along the high-symmetry lines I'-X-M-I" and
7Z-R-A-7Z measured by SX-ARPES and compared to DET+U calculations. The band structure was
calculated for the tetragonal setting with U = 0eV, J = 0eV (top) and U = 3.4eV, J = 0.4eV
(bottom) and projected onto a Jeg = (1/2, 3/2) basis (red/blue color code).

cell thick metallic SrIrO; film grown on SrTiO; measured by SX-ARPES (hv = 745eV and
hv = 660 eV, respectively). The resulting bands are projected onto a Jog = (1/2, 3/2) basis
8] as encoded in the red-blue color gradient. Although the DET calculations already capture
some of the low-energy spectral features, the predicted Ir 5d e, electron pocket around I’
and the Ir Jogz = 3/2 hole pocket around the A point are not observed in experiment. This
discrepancy can be reduced by including short range Coulomb repulsion U. However, rather
than looking for the lowest-energy solution within DET+U, which would be a magnetic
insulator at variance with experiment, magnetism is discarded. In this framework, U mainly
acts to shift orbitals with different occupations relative to each other and is chosen to match
the position of the ARPES bands, thereby pushing the bands either above or below the
chemical potential. The e, electrons are being predominantly transferred into the Jog = 3/2
band, resulting in a Fermi topology composed of a single Jeg = 1/2 band. It does not come as
a surprise that the resulting values of U (3.4eV) and J (0.4eV) are significantly larger than
ab initio estimates using the constraint random phase approximation (cRPA) [131,132]. A
more accurate treatment of the many-body processes based on dynamical mean-field theory
(DMET) would most likely account for the experimental features with smaller values of the
interaction.

SX-ARPES vs. DFTH+ U — similarities and discrepancies

Figure 5.2 (a) depicts the measured photoelectron intensity in the [001], direction (sample

normal) for photon energies between hv = 575eV and 900eV. The data set has been con-
verted to reciprocal lattice vectors using Eq. 3.42 with the inner potential V; = 10eV in

correspondence to Ref. [242]. The dotted white lines denote the tetragonal Brillouin zone
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Figure 5.2: Experimental Fermi surface cuts. Solid white lines depict the DET+U Fermi sur-
face, dotted white lines the tetragonal Brillouin zone boundaries. The energy-distribution curves
(EDCs) are each integrated over one two-dimensional cut through one Brillouin zone and exhibit
a pronounced Fermi cutoff. (a) k.- (photon energy)-scan in the I'-X-R-Z-T" plane. Exemplary
constant-photon-energy cuts are depicted by dashed gray lines. The data set was converted
using an inner potential Vyp = 10eV. (b) I'-X-M-T" plane (hv = 745eV). (c) Z-R-A-Z plane
(hv = 660eV).

boundaries, the dashed gray lines depict three constant-photon energy lines intersecting
with the high-symmetry points and the solid white lines depict the DET+U Fermi surface
calculated for the tetragonally distorted unit cell. The overall good agreement between the-
oretical and experimental Fermi surface and the significantly lower photoelectron intensity
at the Z point as compared to the X point evidence the tubular distortion of the Fermi
surface, that results from the out-of-plane elongation of the perovskite unit cell (cf. Fig.
5.1 (a)). In contrast, Yamasaki et al. do not observe this tubular distortion in a SX-ARPES
study of significantly thicker (60 unit cells) SrIrO; films grown on SrTiO4 [242]. Although
the authors claim to measure coherently strained films, the lattice structure may be par-
tially relaxed in the topmost area of the film, i.e., within the limited depth information of
SX-ARPES, hence giving rise to a cubic electronic structure.

Figure 5.2 (b) and (c) show the experimental Fermi surface cuts I-X-M-I" and Z-R-A-Z,
which intersect the Brillouin zone center (hv = 745eV, k, = 187/c where ¢ = 3.990 A)
and boundary (hv = 660eV, k, = 177/c), respectively. Both Fermi surface cuts exhibit a
fourfold rotational symmetry, which reflects the Brillouin zone of the tetragonally strained
perovskite unit cell without octahedral rotations (dashed gray lines). Furthermore, the
DFT+U Fermi surface (white) captures the main features in the photoelectron distribution,
i.e., the absence of spectral weight at the I', M and Z points and the small spectral weight at
the A point. However, a closer inspection reveals subtle differences to the experimental data.
In particular, the high spectral weight found at the X and R points is not expected from
the calculations, whereas spectral weight is missing in the I'-M and Z-A path, respectively.
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Figure 5.3: Photoelectron intensity, second derivative curve thereof with superimposed DET+U
bands and energy distribution curves along the three high-symmetry directions (a) I'-X-T", (b)
X-M-X and (c) I-M-T". (d) DET+U Fermi surface in the three-dimensional Brillouin zone and
energy-resolved band structure in the I'-X-M-I" plane (k, = 0).

For a more detailed discussion, the photoelectron intensity along six high-symmetry lines
in the Brillouin zone is shown as a function of energy in Figs. 5.3 and Fig. 5.4, side-by-
side with the second derivative along k and E and energy distribution curves (EDCs).
In agreement with the Fermi surface cuts in Fig. 5.2, the experimental band dispersion is
generally well-reproduced by the DE'T+U band structure, but subtle discrepancies are found
(highlighted by black circles) — most obviously at the X and R points. Figures 5.3 (a) and
(b) depict the spectral weight at the X point. While the band dispersion along the I'-X-
" direction is in principle described correctly by theory (despite a slightly underestimated
band maximum), in stark contrast to DET+U, a negative band mass is found experimentally
along the M-X-M direction. Similarly, the band dispersion at the R point is well-reproduced
along the Z-R-Z direction in Fig. 5.4 (a), whereas a clearly visible shadow band with negative
band mass is observed along the A-R-A direction at variance with DET+U in Fig. 5.4 (b).
Beyond that, the Jog = 1/2 band does not fully intersect the chemical potential in the I-M-T
(Fig. 5.3 (c)) and Z-A-Z directions (Fig. 5.4 (c)) although predicted by DETH-U.

In general, all energy distribution curves are found to exhibit residual spectral weight
between the expected band crossings at the chemical potential, which may be easily inter-
preted as stemming from phonon-assisted nondirect transitions during the photoemission
process [243-245], surface contaminations or poor long-range order of the surface. However,
these explanations fail to explain the appearance of shadow bands as observed at the R
point or the inverted band mass at the X point. In the following, these discrepancies are
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Figure 5.4: Photoelectron intensity, second derivative curve thereof with superimposed DET+U
bands and energy distribution curves along the three high-symmetry directions (a) Z-R-Z, (b)
R-A-R and (c) Z-A-Z. (d) DET+U Fermi surface in the three-dimensional Brillouin zone and
energy-resolved band structure in the Z-R-A-Z plane (k, = 7/c).

explained by the presence of octahedral rotations and the concurrent backfolding of bands.

5.2 Footprints of octahedral rotations in
photoemission spectroscopy

Previous ARPES studies of SrIrO; using ultraviolet light have reported narrow bands as a
result of backfolding due to octahedral rotations, which introduce a periodic perturbation of
the crystal potential that enlarges the real-space unit cell by 2 x v/2 x v/2 [233]. Figure 5.5
depicts the real-space lattice structure of a SrIrO; film including the effect of epitaxial
strain to the substrate and collective octahedral rotations, and the corresponding original
(black) and reduced (blue) Brillouin zones in reciprocal space. As discussed in Sec. 4.5 two
orthogonally aligned domains with a typical lateral size of the order of 50 nm are found in
SrIrOg4 films grown on SrTiO5. Since the soft x-ray beam diameter used for SX-ARPES
exceeds 50 nm by several orders of magnitude [234,235] the resulting photoemission spectra
inevitably comprise the superimposed signal from those two types of domains.

The effect of the weak symmetry breaking due to octahedral rotations can be taken into
account in DET+U calculations by unfolding the reduced Brillouin zone back into the orig-
inal Brillouin zone [246]. The proper spectral weight distribution is thereby approximated
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Figure 5.5: (a) Real-space lattice structure of a SrIrOs film strained to a SrTiOs substrate
including octahedral rotations. Black: pseudo-tetragonal perovskite unit cell due to strain. Blue:
Actual, enlarged unit cell due to octahedral rotations. (b) The combination of epitaxial strain
and octahedral rotations results in a monoclinic unit cell.

by

Agnn (@) =D |(kn| KN)|* Agnxen (@) (5.1)

where Agppn (w) and Agy gy (w) are the spectral functions of the retarded one-particle
Green functions in the eigenorbital basis |kn) and |KN) of the original and enlarged unit
cell, respectively, and |(kn | K N)|* is used as a measure of the spectral weight. Figure 5.6
and 5.7 depict the unfolded DET+U band structure along six high-symmetry lines for both
orthogonal domains. It is shown in comparison to the second derivative of the photoelectron
intensity signal and the DFT+4U band structure obtained for the tetragonal setting (cf.
Figs. 5.3 and 5.4). The calculated spectral weight |(kn|KN )|* is decoded in the marker
size for each band N and point K in reciprocal space. For the sake of clarity, the relevant
two-dimensional cuts through reciprocal space are projected out in Fig. 5.6 (d) and 5.7 (d),
thereby considering the higher-order reduced Brillouin zones (blue) with respect to the
original Brillouin zone (black). The on-site Coulomb repulsion U and exchange coupling J
were left unchanged with respect to the above-shown calculations.

Figure 5.6 (a) shows the unfolded band structure along the high-symmetry line I'-X-T".
As the real-space unit cell volume quadruples upon introduction of octahedral rotations the
number of bands increases by the same factor. At the boundaries of the reduced Brillouin
zone (blue vertical lines) — depending on the domain orientation — the Jog = 1/2 band is
folded back. However, the perturbational character of the octahedral rotations is reflected in
the significantly weaker spectral weight of the backfolded band at the I" point, in agreement
with experiment. Along the X-M-X direction (Fig. 5.6 (b)) the intense band at the X
point is slightly shifted towards the chemical potential and exhibits a negative band mass as
observed in SX-ARPES. Furthermore, the octahedral rotations open a gap between the I'
and M points and hence impede an intersection of the Jog = 1/2 with the Fermi level. The
predicted Fermi level crossing at the M point is not visible in Fig. 5.3 (c) due to its small
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Figure 5.6: (a)- (c) DET+U band structure including octahedral rotations and epitaxial strain to
the substrate, unfolded into the original tetragonal unit cell. Two domain orientations are depicted
for each high-symmetry line. The approximated spectral weight |(kn | KN)|* is decoded in the
marker size for each band N and point K in reciprocal space. (d) Three-dimensional Brillouin
zone scheme for the original (black) and reduced (blue) Brillouin zone. The relevant higher
Brillouin zones and a two-dimensional projection of the I'-X-M-I" plane is shown superimposed
with the experimental Fermi surface cut and the calculated Fermi surface without octahedral
rotations (red).

spectral weight. Note that the I'-M-I" direction is equivalent for both domain orientations,
but not a high-symmetry line with respect to the reduced Brillouin zone.

Figures 5.7 (a) and (b) show the backfolded J.¢ = 1/2 band in the Z-R-Z and R-A-R
direction. Evidently, the experimentally observed shadow band at the R point is explained
by the intrinsic symmetry breaking due to octahedral rotations. Interestingly, in the reduced
Brillouin zone scheme the R-A-R and I'-X-I' high-symmetry lines are equivalent for one
domain orientation (top). Indeed, the bare band structures in Fig. 5.6 (a) and Fig. 5.7 (b)
are identical, whereas the calculated unfolded spectral weight at the R point is significantly
stronger than at [' and — in contrast to I' — indeed, only the R point exhibits a clear shadow
band in experiment (cf. Fig. 5.4 (b)). Analogous to the I-M-I" direction, the Jog = 1/2
band between Z and A point forms a gap and does not intersect the chemical potential,
hence accounting for the suppressed photoelectron intensity in the Fermi surface.
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Figure 5.7: (a) — (¢) DET+U band structure including octahedral rotations and epitaxial strain to
the substrate, unfolded into the original tetragonal unit cell. Two domain orientations are depicted
for each high-symmetry line. The approximated spectral weight |(kn | KN)|* is decoded in the
marker size for each band N and point K in reciprocal space. (d) Three-dimensional Brillouin
zone scheme for the original (black) and reduced (blue) Brillouin zone. The relevant higher
Brillouin zones and a two-dimensional projection of the Z-R-A-Z plane is shown superimposed
with the experimental Fermi surface cut and the calculated Fermi surface without octahedral
rotations (red).

5.3 Summary

The electronic band structure of a 9 unit cells thick SrlrO; film is measured by SX-ARPES
and analyzed in comparison to ab initio DET+U calculations. SrlrO exhibits a metallic
ground state with coherent quasiparticle peaks and a well-defined Fermi surface. The main
features of the band structure are well reproduced by DE'T+U upon incorporation of an on-
site Coulomb repulsion U = 3.4eV and exchange coupling J = 0.4eV. Whereas bare DE'T
yields a Fermi surface with electronic states of Jeg = 1/2, Jog = 3/2 and e, orbital character,
the introduction of a U shifts the e, and Jog = 3/2 states above and below the chemical
potential, respectively, and results in a single-band Fermi surface of Jog = 1/2 orbital
character. As evidenced by Fermi-surface mapping along the k.-direction, the tetragonal
out-of-plane distortion of the SrIrO4 perovskite lattice due to epitaxial strain to the SrTiO4
substrate results in a tubular distortion of the Fermi surface in agreement with DET+U.
The remaining subtle discrepancies between experimental and theoretical band structure are
explained by the weak symmetry breaking due to octahedral rotations within the film, which
introduce a perturbation of the crystal potential and a backfolding of electronic bands.
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In contrast to previous ARPES reports using ultraviolet light [233,247], the overall sym-
metry of the electronic band structure is dictated by the pseudo-cubic perovskite symmetry
and the octahedral rotations only act as perturbation. Whether this difference between
photoemission spectroscopy using ultraviolet light and soft x-rays is due to their inherently
different depth information or matrix elements remains an open question. On the one hand,
due to its high surface sensitivity VUV-ARPES may exhibit a stronger footprint of octa-
hedral rotations, since their magnitude may, in principle, be enhanced at the very surface
as a result of the broken translational symmetry. On the other hand, the Ir-O-Ir bonding
geometry may be reflected strongest in the finite O 2p component admixed to the Jog = 1/2
electronic band via Ir 5d—0O 2p hybridization. The Ir 5d photoionization cross section ex-
ceeds that of O 2p states by an order of magnitude for soft x-rays, while they are almost
equal for ultraviolet He I light (cf. Fig. 3.7 (a)). Therefore, octahedral rotations may be
reflected differently in soft x-ray and ultraviolet photoemission spectroscopy. A thorough
analysis of the orbital character of the backfolded DET+U band structure may shed light
on this question in the future.



Chapter 6

SrIrO3 in the two-dimensional limit —
electronic and structural
degrees of freedom

The strontium iridate Ruddlesden-Popper compounds Sr,Ir,Og, ., = ([SrIrOs],,SrO) es-
sentially consist of n SrlrO; perovskite layers, which are intercalated by SrO layers and
laterally shifted against each other such that no Ir-O-Ir bonds persist between neighboring
[SrIrO4], blocks. As one veers away from the quasi-two-dimensional limit (SryIrO,, n = 1)
the Mott-insulating state starts to break down as evidenced by the narrow-gap bilayer system
Sr3Ir, O, with a collinear antiferromagnetic order [16,88] and the three-dimensional (n = oo)
semi-metallic SrIrO5 [99]. However, the thermodynamic instability of bulk Sr, I O .,
for n > 2 impedes a systematic investigation of the dimensionality-induced metal-insulator
transition (MIT) on single crystals.

In an attempt to mimic the layered Ruddlesden-Popper structure, a concurrent metal-
insulator and magnetic transition has been observed in artificially tailored ([SrIrO,],,,SrTiO;)
superlattices, where the intercalated SrO layers are substituted with SrTiO5; monolay-
ers [128]. The different magnetic order of the iridium moments found in the superlattice ana-
logues reflects the persisting non-negligible coupling between neighboring layers across the
SrO and SrTiO4 blocking layers. Moreover, both magnetism and resistivity have been shown
to be affected by pronounced interlayer coupling in (SrlrO,,[SrTiO], ) superlattices [130]. Ac-
cordingly, neither the Ruddlesden-Popper iridates nor the artificial superlattice structures
can be considered as truly two-dimensional.

Ultrathin epitaxial films represent a better-defined approach to the two-dimensional limit
due to the inherent absence of interlayer coupling. In the following, a continuous crossover
into the two-dimensional regime is induced by a progressive reduction of the film thickness.
The electronic and structural properties of ultrathin SrIrO, films are investigated as function
of dimensionality and discussed with respect to the electronic structure of bulk-like SrIrO,
investigated in the previous chapter.

6.1 Dimensional crossover in ultrathin SrlrO,

For the systematic study of dimensionality-induced effects in ultrathin heteroepitaxial films,
the live-monitoring of reflection high-energy electron diffraction (RHEED) intensity oscilla-
tions is a prerequisite as it allows for monolayer-precise growth of a predefined film thickness
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m by interrupting the deposition of material upon the observation of the m™ intensity max-
imum. Figure 6.1 (a) shows the specular RHEED intensity oscillations recorded during the
growth of a series of SrlrO, films with thicknesses m = 1, 2, 3 and 4 unit cells (uc). In
the following, the electronic and structural properties will be discussed as function of film
thickness.

6.1.1 Dimensionality-induced metal-insulator transition

Figure 6.1 (b) shows the angle-integrated photoemission spectra (He I, hv = 21.2eV) of
the films from Fig. 6.1 (a) and a bare Nb:SrTiO, substrate. As expected for the three-
dimensional limit and consistent with Chap. 5, thick films (m > 4) exhibit a metallic
density of states (DOS) with a pronounced Fermi-Dirac cutoff at the chemical potential.
Intriguingly, at m = 3 the Fermi cutoff disappears and upon further reduction of the film
thickness a distinct charge gap opens. Hence, the films undergo a metal-insulator transition
as a function of dimensionality in analogy to the Ruddlesden-Popper iridates. In a com-
plementary (magneto-)transport study of comparable samples, Groenendijk et al. similarly
observe a thickness-dependent metal-insulator transition between 4 and 3 unit cells, as ev-
idenced by a sharp increase of the sheet resistivity p and the onset of activated transport
behavior (dp/dT < 0) in Fig. 6.1 (c) [248]. At the threshold thickness the sheet resistance is
furthermore found to cross the value h/e? = 25k} , which corresponds to the limit krl, & 1
(kp: Fermi wave vector, [.: mean free path) and marks the transition from weak to strong
localization [249].

In a first attempt to model the dimensionality-dependent changes in the electronic struc-
ture of SrIrO, films, magnetic DET+U calculations were performed for supercells comprising
m SrlrOy layers on 4 SrTiO; layers (denoted m//4) as shown in Fig. 6.2 (a), which are sep-
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Figure 6.1: (a) Specular RHEED intensity oscillations of a series of SrIrO; films with thicknesses
1, 2, 3 and 4 unit cells (uc). (b) Room-temperature ultraviolet photoemission spectroscopy (UPS)
of SrIrO; with thickness 1, 2, 3 and 4 uc and bare Nb:SrTiO; (0 uc) exhibits the opening of a
charge gap between 3 and 4 uc. (c) Resistivity p vs. temperature 7" of SrIrO; films of different
thickness. Figure (c) adapted with permission from Ref. [248]. Copyright () (2017) by the
American Physical Society. All rights reserved.
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Figure 6.2: (a) Exemplary supercells of m SrO-terminated SrIrO5 layers on 4 SrTiO; layers
(m//4) used for magnetic DET+U calculations. The unit cell size in the (001), plane is enlarged
by v/2 x v/2 with respect to the SrTiO; unit cell to allow for octahedral rotations about the [001],,
direction. (b) Corresponding k-integrated DOS from DFT+U calculations. While the charge gap
becomes smaller for increasing m, in the presence of magnetic ordering no MIT is observed.

arated by 2.8 nm of vacuum.” In the (001), plane the unit cell is enlarged by V2 x /2 with
respect to the Sr'TiO; unit cell to allow for octahedral rotations about the [001], direction.
The experimentally found b*a~a~ rotational pattern in thick SrIrOy films (cf. Sec. 4.5)
cannot be modeled in this geometry as the required 2 x 2 enlargement in the plane would
exceed the computational capabilities due to the significantly higher number of atomic de-
grees of freedom. As seen in Fig. 6.2, in agreement with experiment the magnetic DE'T+U
calculations exhibit a decreasing charge gap in the k-integrated DOS as m is increased.
However, in the presence of magnetic ordering the increasing film thickness alone does not
trigger a transition from insulating to metallic in the calculations.

6.1.2 Oxygen octahedral rotations in the thin-film limit —
a structural phase transition

Thick SrIrO, films exhibit a complex pattern of IrOg4 octahedral rotations with two domains
described by b*a~a™/a~b"a~ in Glazer notation as shown in Sec. 4.5 [47]. The bulk crystal
structure results in a 2 x 2 surface periodicity as observed by low-energy electron diffraction
(LEED) and RHEED (cf. Fig. 4.11). Surprisingly, at the threshold thickness of the MIT
(m = 3uc) a structural transition to a V2 x /2 surface periodicity is observed as shown in
Fig. 6.3, which persists for all insulating films.

Figure 6.4 (a) depicts a structural model of the topmost layer of a thick SrlrO; film with
octahedral rotations about all three orthogonal axes. The peculiar bta~a~ pattern results in
four inequivalent iridium sites, i.e., a 2 x 2 surface periodicity. However, the heteroepitaxial
SrlrOy film forms a corner-shared oxygen octahedral network with the SrTiO; substrate as
depicted in Fig. 6.4 (b). Since SrTiO4 adopts a cubic perovskite structure without octahedral
rotations at room temperature, rotations about the in-plane directions are suppressed in

9All DET+U calculations in this chapter were performed by Dr. Domenico Di Sante.
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Figure 6.3: (a) Room-temperature LEED and (b) RHEED patterns of SrlrO; films with thick-
nesses m = 1 — 6uc. While a 2 x 2 periodicity, corresponding to the b™a~a~ bulk rotational
pattern (cf. Fig. 4.11), is observed in the three-dimensional limit (m > 4) , a v/2 x v/2 periodicity
is found for all insulating films (m < 3).

atomically thin films, whereas rotations about the surface normal may prevail. The topmost
layer of a thin SrIrO, film with rotations about the c-axis only is shown in Fig. 6.4 (c).
Similar to the basal plane of bulk Sr,IrO, and SryIr,O, it hosts two inequivalent iridium
sites, resulting in a v/2 x v/2 surface periodicity. Therefore, the octahedral connectivity
between the SrTiO, substrate and the thin SrIrO; film imposes strong constraints upon the
film lattice structure, which modify the film symmetry.

Whether or not the amplitude |y| of the octahedral rotations is similar in all layers and
film thicknesses m < 3uc remains experimentally unsolved. Furthermore, it is not clear
whether the structural transition at m = 4uc causes the entire SrIrO, film to adopt a
bTa~a~ rotational pattern, thereby imposing octahedral rotations upon the interface region
of the Sr'TiO4 substrate, or if, alternatively, the octahedral tilt about the in-plane directions
smoothly fades out towards the interface. One possible technique to target these questions
is annular bright-field (ABF) imaging in aberration-corrected scanning transmission elec-
tron microscopy [250-252]. Alternatively, the oxygen anion positions in the lattice may
be detected by negative spherical aberration coefficient imaging (NCSI) in high-resolution
transmission electron microscopy (HRTEM) [253,254]. From a theoretical point of view,
the structural relaxation of the supercells in the DETHU calculations shown in Fig. 6.4 (d)
results in similar rotation angles for all SrIrO, thicknesses. Furthermore, TiO, octahedral
rotations of roughly 5° are induced in the substrate. However, the predictive power of DE'T
structure relaxations is generally limited and, per definition, the supercell at hand does not
include octahedral rotations about the a- and b-axis, since it merely comprises a V2 x V2
unit cell in the plane.
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Figure 6.4: (a) Structural model of the topmost layer of a thick (m > 4) SrIrO; film with
octahedral rotations about all three orthogonal axes (b™a~a™), resulting in four inequivalent Ir
sites, i.e., a 2 x 2 surface unit cell. (b) The oxygen octahedral network between SrIrO; and
SrTiO5 impedes octahedral rotations about the a- and b-axes in thin films. (c¢) Structural model
of the topmost layer of a thin (m < 3) SrIrO; film with octahedral rotations about only the
c-axis, resulting in two inequivalent Ir sites, i.e., a v/2 x v/2 surface unit cell. (d) DET structural
relaxation results for m//4 SrIrO3//SrTiO4 supercells (cf. Fig. 6.2). The layer-resolved amplitude
of in-plane octahedral rotations |y| in SrIrO; is constant for all layers and SrIrO5 thicknesses.
Interestingly, an in-plane octahedral rotation of |y| &~ 5° is induced in the SrTiO4 substrate.

6.1.3 Momentum-resolved electronic structure of ultrathin
SrIrO; films — experiment vs. theory

In order to further elucidate the physical origin of the MIT, the electronic structure of
ultrathin SrIrO, films was investigated by SX-ARPES. Measurements were performed for
one film at the very boundary of the phase transition (m = 3uc) and one film in the two-
dimensional limit (m = 1uc). The experimental conditions are equal to those described in
Sec. 5.1, e.g., a sample temperature of T' = 25 K, except for Nb-doped SrTiO; being used as
substrate to ensure a sufficient conductivity to compensate for the photocurrent and hence
prevent charging of the samples.

Band structure determination at the brink of the phase transition

Figure 6.5 and 6.6 show the photoelectron band maps of a m = 3uc SrlrO; film along
the pseudo-cubic high-symmetry directions I'-X-I', X-M-X, I'-M-I" (hv = 745eV) and Z-
R-Z, R-A-R, Z-A-Z (hv = 660eV), respectively. The photoelectron intensity and second
derivative maps are superimposed with the DE'T+U bands for strained bulk SrIrO5 without
octahedral rotations (cf. Sec. 5.1). Consistent with the k-integrated, highly surface-sensitive
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Figure 6.5: SX-ARPES band maps of a m = 3uc SrIrO4 film along the three pseudo-cubic high-
symmetry directions (a) I'-X-I', (b) X-M-X and (c¢) I-M-T" (hv = 745eV). The photoelectron
intensity (top) and second derivative maps (bottom) are superimposed with the Jog = 1/2 (red),
Jeg = 3/2 (blue) and O 2p (black) DET+U bands for bulk SrIrO; (strained, no octahedral
rotations). Right panels: Energy distribution curves (EDCs).

ultraviolet photoemission spectroscopy (UPS) measurements in Fig. 6.1 (b), no spectral
weight is observed at the chemical potential in SX-ARPES despite its inherently higher
information depth. The bulk of the film is thus found to be insulating, in agreement with
transport experiments [248].

The rather broad spectral feature between —0.5eV and —2 €V, seen in all band maps, dis-
plays dispersion, which bears a striking similarity to that of the Jog = 3/2 bands in DET+U
calculations for bulk SrIrO,. In the EDCs the dispersive feature seems to be superimposed
by a constant non-dispersive spectral feature positioned at =~ —1.5eV. Specifically, despite
the absence of a J.g = 3/2 band, significant spectral weight is observed at —1eV at the T
point in Fig. 6.5 (a) and (c). It is tempting to interpret this as incoherent spectral weight
from a Jog = 1/2 lower Hubbard band (LHB) that is superimposed with the dispersing
Jog = 3/2 bands. However, as discussed in Sec. 5.2 the effect of IrO4 octahedral rotations
must be taken into account and may similarly explain the observed spectral weight.

Band structure determination in the two-dimensional atomic limit

Figure 6.7 (a) depicts the real-space model of a monolayer of SrIrO;. Due to octahedral
rotations its unit cell is enlarged by v/2 x /2 (blue) with respect to the pseudo-cubic
perovskite structure (black) as evidenced by surface electron diffraction. In the following,
the SX-ARPES band maps of a SrIrO; monolayer are compared to DET+U band structure
calculations of a 1//4 supercell (cf. Fig. 6.2 (a)). For this purpose, the band structure
is unfolded into the pseudo-cubic, i.e., 1 x 1 Brillouin zone by employing the procedure
described in Sec. 5.2, if not stated otherwise. The corresponding 1 x 1 and V2 x V2
Brillouin zones with the respective high-symmetry points are depicted in Fig. 6.7 (b).
Figure 6.8 shows the band maps of a SrIrO; monolayer (m = 1uc) along the pseudo-cubic
high-symmetry directions I'-X-I" and M-X-M (hrv = 745eV). The photoelectron intensity
and second derivative maps are superimposed with the magnetic DET+U band structure
calculation of a 1//4 supercell, where the marker size denotes the spectral weight obtained
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Figure 6.6: SX-ARPES band maps of a m = 3uc SrIrO4 film along the three pseudo-cubic high-
symmetry directions (a) Z-R-Z, (b) R-A-R and (c¢) Z-A-Z (hv = 660eV). The photoelectron
intensity (top) and second derivative maps (bottom) are superimposed with the Jog = 1/2 (red),
Jeg = 3/2 (blue) and O 2p (black) DET+U bands for bulk SrIrO; (strained, no octahedral
rotations). Right panels: Energy distribution curves (EDCs).

from the unfolding procedure. Justified by the ambiguity of the position of the chemical
potential in insulating compounds, the energy scale of the DET+U band structure is offset
by 0.5eV for a better comparison to the experimental data. The broad spectral feature in
Fig. 6.8 at =~ —1.5eV exhibits a weak but discernible dispersion, as seen, e.g., by comparing
the energy distribution curves of the high-symmetry points I', M and X. In excellent agree-
ment with each other the experimental and theoretical data exhibit a global valence band
maximum at the M point and a second maximum at the X point.

Figure 6.9 (a) and (b) show the band structure of the SrO-terminated SrIrO4 monolayer
(i.e., 1//4 supercell) and bulk Sr,IrO,, respectively, along the pseudo-cubic I'-X-M-I" direc-
tion. For both cases the band structure of the magnetic DET+U ground state is unfolded
into the pseudo-cubic unit cell. Intriguingly, the electronic structure of the two-dimensional
SrIrO4 thin film and the quasi-two-dimensional layered bulk material Sr,IrO, is found to be
strikingly similar. With respect to Sr,IrO, as potential parent material for exotic supercon-
ductivity, this similarity opens an interesting experimental avenue towards charge carrier

(b)

Figure 6.7: (a) Top view of a monolayer of SrIrO5 showing the enlarged v/2 x v/2 (blue) unit cell
with respect to the pseudo-cubic unit cell (black). (b) 1 x 1 (black) and reduced v/2 x v/2 (blue)
Brillouin zone in reciprocal space with all corresponding high-symmetry points.
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Figure 6.8: SX-ARPES band maps of a SrIrO; film with thickness m = 1luc along the high-
symmetry directions (a) I'-X-T" and (b) X-M-X (hv = 745eV). The photoelectron intensity (left
panels) and second derivative maps (middle panels) are superimposed with magnetic DET+U
bands obtained for a 1//4 supercell including in-plane octahedral rotations as shown in Fig. 6.2.
The marker size reflects the spectral weight obtained by unfolding the band structure into the
pseudo-cubic unit cell as described in Sec. 5.2.

doping of monolayer SrIrO; without the introduction of disorder, e.g., via electrostatic field
or ionic liquid gating.

In the two-dimensional limit the surface structure becomes critical for the electronic band
structure because of the divergent surface-to-bulk ratio. As discussed in Sec. 4.4, heteroepi-
taxially grown SrlIrO, films on TiO,-terminated SrTiO4 are found to exhibit a terminating
SrO surface layer contrary to the expected conservation of the perovskite stacking order in
[001], direction. Figure 6.10 compares the calculated DET+U band structure of two 1//4
supercells with a SrO- and an IrO,-terminated monolayer of SrIrO;, respectively. Note, that
the band structure in Fig. 6.10 is calculated for the V2 x v/2 enlarged unit cell (highlighted
in blue in the top view) and not unfolded into the pseudo-cubic Brillouin zone of the 1 x 1
unit cell (dashed black line) as in Fig. 6.9. Here, the sizes of the blue squares and red circles
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Figure 6.9: (a) Magnetic DET+U band structure calculation of a 1//4 supercell (cf. Fig. 6.2). The
marker size denotes the spectral weight obtained by unfolding the band structure. (b) Magnetic
DET+U band structure calculation of bulk SryIrO,. A striking similarity to the band structure
of a SrIrO; monolayer (1//4) is found.

denote the Ir 5d e, and ty, orbital character, respectively, as obtained from a projection
onto the basis of the total angular momentum L.

The valence and conduction bands of the IrO,-terminated monolayer in Fig. 6.10 exhibit
a strong mixing of e, and ty, states, whereas the SrO-termination results in a distinct sep-
aration thereof. Strictly speaking, the distinction between a ¢y, and e, manifold only holds
in an octahedral crystal field with the point group symmetry Oy, which predominantly orig-
inates from the negative point charges of the nearest-neighbor oxygen ligands in perovskite
oxides. Hence, the observed orbital mixing occurs as consequence of the broken local octa-
hedral symmetry due to the absence of an apical oxygen at the IrO,-terminated surface. In
particular, the similarity between the electronic structure of SrIrO, in the monolayer limit
and bulk Sr,IrO, [7,131] exclusively holds for SrO-terminated SrIrO;. Hence, the observed
self-organized conversion to a SrO termination is imperative for the close analogy between
bulk Sr,IrO, and monolayer SrIrO;, since the quasi-two-dimensional network of fully closed
IrO4 octahedra constitutes their characteristic common structural feature.

The dimensionality-induced MITs observed in Ruddlesden-Popper iridate crystals [8,65,
88,91,255] and ([SrIrO,],,,SrTiO,) superlattices [128] are accompanied by a magnetic transi-
tion. Figure 6.9 (a) shows the k-integrated density of states (DQS) from magnetic and para-
magnetic (i.e., nonmagnetic) DET+U calculations of the supercell with SrO-termination. In-
terestingly, only the magnetic DE'T'+U ground state is insulating, whereas the paramagnetic
solution exhibits a metallic DOS even in the two-dimensional limit. The magnetic ground
state is characterized by antiferromagnetically aligned in-plane magnetic moments (cf. in-
set), which are rigidly locked to the octahedral rotations due to a Dzyaloshinsky-Moriya-
type interaction [8,70] and thereby result in a weak ferromagnetic component (= 0.03 y15/Ir)
similar to bulk Sr,IrO, [9,62,65]. Furthermore, Groenendijk et al. observed significantly en-
hanced spin fluctuations in the semimetallic state near the threshold thickness of the MIT in
magnetoconductance measurements of samples identical to ours [248]. These findings indi-

cate that the observed gap opening may be compatible with a transition from a nonmagnetic
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Figure 6.10: DET+U band structure calculations of two supercells comprising four unit cells of
SrTiO5 and a monolayer of SrlrO5 with different termination. The band structure is calculated
for the v/2 x /2 enlarged unit cell (blue in top view) and not backfolded into the pseudo-cubic
Brillouin zone of the 1 x 1 unit cell (dashed black in top view). The blue and red marker sizes
indicate the ey and tp, orbital character, respectively. (a) IrO,-termination: Since the local
Oy, symmetry of the octahedral crystal field is broken, e, and ty, states mix for the valence
and conduction bands. (b) SrO-termination: The bands have pure to4/e, character. The band
structure is highly reminiscent of the bulk band structure of SryIrO,

to a magnetic ground state in SrIrO, thin films as function of dimensionality. Whether or
not this translates into a long range ordering at finite temperatures at the critical thick-
ness and whether an order parameter persists in the two-dimensional limit (m = 1uc) are
currently debated open questions [130].

6.1.4 Discussion

Due to the sizeable spin-orbit coupling and — at the same time — local Coulomb repulsion
the electronic structure of bulk-like SrIrO; is well-described by a single half-filled metallic

0 DOS 0 DOS

Figure 6.11: Density of states obtained
from magnetic and nonmagnetic (i.e., para-
magnetic) DETHU calculations of a SrO-
terminated 1//4 supercell. Only the mag-
netic DOS exhibits a band gap, whereas
the paramagnetic solution remains metallic
even in the two-dimensional limit. Inset:
Canted G-type antiferromagnetic order of
the magnetic solution.

band gap

E'EF, theo (eV)

41 Magnetic
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band with effective total angular momentum Jog = 1/2 and fully occupied Jeg = 3/2 bands
below the chemical potential. The correlated metallic ground state in SrlrO4 is highly
susceptible to small external perturbations that modify the delicate balance between the
different physical interactions at play, i.e., the hopping term ¢ (= band width), the Coulomb
interaction U, spin-orbit coupling and magnetic interactions. Here, the film thickness is
employed as experimental tuning parameter that triggers a metal-insulator transition at a
threshold thickness of 3 unit cells.

Upon reduction of the film thickness the average coordination of each iridium site changes
from 6 in the three-dimensional to 4 in the two-dimensional limit. As the number of possible
hopping channels for conduction electrons decreases concurrently, the hopping integral ¢ is
reduced [16,132]. At the same time, the decreasing coordination of the iridium atoms also
reduces the screening of the bare on-site Coulomb repulsion U [132]. Both effects therefore
cooperatively enhance the coupling strength U/t and push the system towards many-body
Mott localization.

Additionally, the octahedral network with the underlying SrTiO, substrate increasingly
influences the lattice structure of SrIrO5 as the film thickness is reduced. Whereas bulk
SrIrO4 hosts collective rotations of the IrO4 octahedra about all three orthogonal axes, only
rotations about the surface normal prevail in the thin-film limit. It is noteworthy, that the
insulating Ruddlesden-Popper compounds Sr,IrO, and Srylr,O; also only exhibit in-plane
rotations of the IrO4 octahedra. Since the electron hopping is mediated by the oxygen
ligands, changes of the Ir-O-Ir bonding geometry will modify the band width and hence
play a role in the metal-insulator-transition. This tendency is reflected in the (albeit small)
resistivity drop of SrIrO; thin films at 7" = 105 K [225], where the cubic SrTiO, substrate
undergoes an antiferrodistortive structural transition involving aa’c™ rotations of the TiOg
octahedra [47,256], which can induce or amplify in-plane tiltings in the film. As the dropping
resistivity implies the enhancement or opening of hopping channels upon introduction of
in-plane rotations, the structural transition upon reduction of the film thickness is also
expected to result in a decreased hopping term ¢, which pushes the system towards the
insulating phase. Although the charge gap of thin SrIrO, films was not found to exhibit any
changes as function of temperature, a more detailed analysis of the structural and electronic
properties of ultrathin SrlrO, films near the antiferrodistortive transition temperature of
SrTiO; may help in disentangling the effects of iridium coordination and structural changes.

6.2 Disentangling band-bending, Madelung-potential
and final-state effects in core-level photoemission
spectroscopy

Down to the present day the vast majority of electronic devices rests upon the use of semi-

conductors as functional materials. The key functionality in such devices usually originates

from the physics of the heterointerface rather than that of the bulk constituents [257]. One
of the cornerstone mechanisms in semiconductor heterostructures is the interfacial alignment



SrlrQy in the two-dimensional limit — electronic and structural

%0 degrees of freedom

of bands, which may result in a spatially varying potential and concurrent charge transfer
across the interface [258]. Photoemission spectroscopy is a frequently used technique to
determine band discontinuities, Schottky-barrier heights and band bending at the interface
of semiconductor heterojunctions, as the spatially varying electrostatic potential near the
interface bends all bands and energy levels by the same amount [173,174].

In recent years, transition metal oxides have been studied intensely as potential alternative
to semiconductors [259,260]. Similar to semiconductors, the interfacial band alignment may
lead to a varying potential across the interface even in the absence of an interfacial polar dis-
continuity [258]. The associated charge transfer across the interface can be seen as intrinsic
doping effect, which may lead to novel phenomena not present in neither of the bulk con-
stituents [261-267]. For example, an unexpectedly large charge transfer was observed at the
nonpolar SrlrO,/SrMnO, heterointerface, resulting in emergent ferromagnetism [268, 269].
In addition, the interfacial band alignment is also relevant for other potential applications,
such as the incorporation of atomically thin SrIrO; in a core-shell design as an attractive
candidate for water electrolysis via an oxygen evolution reaction with enhanced activity and
stability [270,271].

Here, two series of SrIrO, films with varying thickness m = 1 — Suc were analyzed
by means of core-level x-ray photoelectron spectroscopy (XPS) using monochromatized
Al K, radiation from an x-ray tube. The two series were grown on Nb-doped SrTiO,
substrates with 0.5 wt. % and 0.05 wt. % Nb-doping concentration denoted Nbg 5¢:SrTiO,4
and Nby 5%:51r'TiO4, respectively. The film thickness-dependent spectra are compared to a
SrTiO; (m = Ouc) and SrIrO; (m = 20uc) reference sample, the former being a
Nbg 5%:5rTi0O; substrate that was exposed to all pre-growth preparations (growth temper-
ature and oxygen pressure) without actual deposition of SrIrO,. For all samples, pho-
toemission spectra were obtained at room temperature under normal emission, with some
additional measurements under an emission angle of 50° off normal emission for enhanced
surface sensitivity. For the Nbg 5¢:SrTiO, samples, galvanic contact with the spectrometer
was ensured by shorting the substrate and film with the grounded sample carrier by ap-
plying silver paint to the side faces of the sample. In contrast, the samples grown on the

Nbg5%,:SrTiO3  Ti 2py), Ir 4dg, Sr 3ps Sr3d Ir 4f Valence band | Valence band

O1s XPS |\ A UPS
— Ouc 4 uc
—1uc —5uc
— 2uc — 20 uc ey
772 7 /72 1L — 3 uc
# # # # #

Nb 050,:SITiO5
[ N 7
—3 >, = b \
T —# T T /T T I T T T # T T T T T 7
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Figure 6.12: Overview of all measured core-level and valence-band spectra of SrIrO5 films with
thicknesses 1-5uc grown on Nbyg5e,:SrTiO5 (top) and Nbg gs0:SrTiO5 (bottom). All spectra
except the Ir 5ds /5 core level (factor x2) share the same energy scale.
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less conductive Nby g59:51'TiO4 substrates exhibit a variable but static energy shift due to
charging as a result of insufficient grounding. Therefore, the absolute binding energy shifts
cannot be interpreted meaningfully in these cases.

An overview of all measured core-level spectra is given in Fig. 6.12. The measured core-
level spectra are O 1s, Ti 2p, Ir 4d, Sr 3p, Sr 3d and Ir 4f. Additionally, the valence-band
spectra were measured by UPS for both and XPS for only one series. In the following, the
absolute and relative energy shifts as function of film thickness are discussed.

6.2.1 Schottky barrier formation at the SrIrO;/SrTiO; interface

The band alignment between Nb:SrTiO5 and complex oxides or elemental metals has been
widely studied. Whereas the combination with some oxides (e.g., LaAlO,, v-Al,O4,...) may
result in the formation of an interfacial potential trough hosting a two-dimensional electron
system [261,272-275], the combination with other oxides (e.g., STRuO; [276]) or elemental
metals (e.g., Au, Pt, Cu ... [277-280]) results in a Schottky-type upwards band bending,
leading to rectifying behavior across the junction. Similarly, a recent study reported a recti-
fying Schottky barrier at the SrlrO4/SrTiO, heterointerface as deduced from current-voltage,
capacitance-voltage and internal photoemission measurements [281]. In the following, the
energetic height and spatial shape of the Schottky barrier at the SrIrO,/SrTiO; interface is
investigated as function of the SrIrO, thickness and the Nb-dopant concentration in SrTiO,.

Figure 6.13 (a) shows the Ti 2ps/, core-level spectra of bare Nbg5¢:5rTiO4 (Ouc) and of
Nb0‘5%:8rm3 overgrown with 1, 2, 3, 4 and 5uc of SrlrO,. As sketched in Fig. 6.13 (b),
the valence and conduction bands in the bare Nb:SrTiO4 substrate can be considered as
spatially constant to a good approximation due to the lack of a chemically shifted Ti%*
shoulder at the low-energy side of the Ti 2p spectrum in Fig. 6.13 (a), which would indicate
the presence of significant amounts of oxygen vacancies acting as electron donors and at
the same time giving rise to band bending owing to their effectively positive 2+ charge
state [274,282-285]. Interestingly, upon deposition of only a monolayer of SrIrO, an energy
shift towards lower binding energy is observed, that can be explained by a Schottky-type
band bending as sketched in Fig. 6.13 (c). The spectral contributions from each SrTiO, layer
trace the electrostatic potential, which is characterized by its barrier height A Ey, and spatial
extension into the substrate d. Following the Beer-Lambert law the contribution from each
layer is damped by an exponential factor exp(—z/Arp), where z is the distance to the
interface and Apvpp the inelastic mean free path (IMFP) of the photoelectrons. Therefore,
depending on the length scale of the spatial variation d the effective energy shift of the
Ti 2p3/» peak is expected to be accompanied by a larger (d S Anvpp) or smaller (d > Anvrp)
asymmetric broadening of its line shape for a given A Ej,.

Figure 6.14 (a) compares the shifted and normalized Ti 2p3/, spectra of bare Nbg 5¢,:S5rTiO4
and two SrIrO,/Nb:SrTiO, heterojunctions with the same film thickness (5uc) but a differ-
ent Nb-concentration (0.5% and 0.05%). The Ti 2p3/, peak width is found to significantly
depend upon the Nb-doping level. In particular, the peak width of the SrIrO,/Nbg 5¢:SrTiO,
heterojunction (black) is found to be significantly larger than that of bare Nbg 5¢:SrTiO,
(red), whereas that of SrIrO4/Nbg g5%:SrTiO4 (blue) is almost similar to bare Nbq 5¢,:5rTiOs,
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Figure 6.13: (a) Ti 2p3/; core-level spectra of Nbyg 5¢,:SrTiO5 overgrown with 0, 1, 2, 3, 4 and 5uc
of SrIrO5. A pronounced energy shift towards lower binding energy is observed. (b) A SrTiOg
crystal can be considered as reference without electrostatic potential gradient at the surface,
hence exhibiting core-level spectra without asymmetric broadening. (c) Formation of a Schottky-
type band bending towards the chemical potential results in an energy shift and an asymmetric
broadening of the substrate core levels, as the exponentially damped contributions from deeper
layers trace the electrostatic potential.

except for a slight broadening of the peak footing. As summarized in Fig. 6.14 (b) this trend
holds for all SrIrO4 thicknesses.

As discussed above, such a variation may result from a different spatial extension d of the
Schottky barrier. Experimentally, the effective IMEP and hence the depth information can
be varied as

AIMFP, eff = AIMFP * COS 0 (6.1)

by changing the angle # under which the photoemission spectrum is acquired with respect to
the surface normal. The respective Ti 2p3/; spectra for 6 = 0° and 50° off normal emission
(NE) are shown in Fig. 6.14 (c). In contrast to that of SrIrO5/Nbg gs5%:SrTiO; (blue), the
SrIrO4/Nbyg 59:SrTiO4 (gray) spectrum shows a distinct change as function of . Accordingly,
for the higher Nb-doping concentration the spatial extension d is significantly smaller. This
finding is in accordance with a study of the Schottky barrier profile at Pt/Nb,:SrTiO,
heterojunctions (x = 0.5, 0.05 & 0.01 wt.%) [279].

While the spatial extension d of the Schottky barrier is primarily reflected in the width
of the Ti 2p line shape, its energetic height AFEj, essentially determines the Ti 2p peak
position. Figure 6.14 (d) shows the Ti 2p3/, peak positions of all samples under investiga-
tion. Since the peak positions of the SrIrO,/Nbyg os0:SrTiO4 samples (blue) are contorted
by an energy shift of unknown magnitude due to electrostatic charging, a quantitative anal-
ysis of the Nb-doping concentration dependence of AFEy, is not possible. However, the 2uc
SrIrO4/Nbyg g5%:Sr'TiO4 sample is found to lie at a significantly lower binding energy com-
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Figure 6.14: (a) Ti 2p3/, core-level spectra of Nbg5¢:5rTiO3 and Nbg g50,:5rTiO3 overgrown
with 5uc of SrIrO; and a bare Nbg 50,:51'TiO3 substrate. The spectra are shifted to the same
peak position, background-subtracted and normalized to the peak maximum. The peak widths
(EWHM) of the overgrown substrates significantly depend on the Nb-doping level. (b) Ti 2ps3/o
peak widths as function of SrIrOy film thickness. (c) Ti 2p3/5 core-level spectra of Nbyg 50;:SrTiO;
and Nbg g59,:SrTiO5 overgrown with 5uc of SrlrO;, acquired under normal and 50° off normal
emission. (d) Ti 2p3/, peak position as function of SrIrO; film thickness. The non-monotonous
trend for Nby o59,:SrTiOg is due to electrostatic charging, which counteracts the energy shift due
to the formation of a Schottky barrier.

pared to SrIrO,;/Nbyg 59:SrTi0;4. Therefore, qualitatively, a lower Nb-doping concentration
leads to a larger Schottky barrier height AFEy,. This finding is in agreement with a com-
parative internal photoemission spectroscopy study of SrRuO;/Nb:SrTiO, junctions with
0.01wt.% and 0.5wt.% Nb-concentrations [276]. It is further confirmed by UPS valence-
band spectra of a SrlrO; monolayer deposited on Nbg 5¢:SrTiO5 and Nbg gs0:51TiO5. As
shown in Fig. 6.15 (a), the SrTiO4 valence band onset is shifted towards the chemical po-
tential by 0.62eV and 0.75 eV, respectively, while the Ir 5d states in the band gap of Sr'TiO4
are at equal binding energy.

For a more quantitative analysis of d and AF}y,, a simple model is adopted. The pho-
toelectron line shape of a substrate core level Igpsprate (Ebin) is assumed to result from a
superposition of exponentially damped and energy-shifted spectra from all layers in the
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substrate

Isubstrate (Ebin) X Z eim//\srTiOB (Bin) cos(9) : ISrTiOB (Ebin - AEbb,i) 5 (62)
=0

where the exponential term describes the damping of the signal from the i*" SrTiO, layer,
a = 3.905A is the lattice parameter, Apypp i the photoelectron IMEP from the TPP2
equation [178], Isrio, is the reference spectrum acquired from the bare SrTiO; substrate
and AEy,; is the energy shift due to the Schottky-type barrier, parametrized by a parabolic
approximation:

AEbb(g—l)Q for0<z<d

6.3
0 else. (6.3)

AEbb,i (Z =1 'CL) = {

As exemplarily shown in Fig. 6.15 (b) the Ti 2p spectrum of the 5 uc SrIrO4/Nbg 5¢:SrTiO4
sample is well-reproduced by a Schottky barrier height of AE,, = 1.07e¢V and a spatial
extension of d = 69A. A small discrepancy between the model and the experimental
data can be discerned at the low-energy side of the spectrum, which is reminiscent of a
chemically shifted contribution from a small amount of Ti cations in the 3+ oxidation
state [179]. However, the Schottky-type upwards band bending contradicts this interpre-
tation [275,286]. Instead, the rather simplified parabolic approximation of the potential
distribution in Eq. 6.3 most likely accounts for the small discrepancy and a more accu-
rate quantitative model incorporating the strong electric field dependence of the electrical
permittivity of Nb:SrTiO5 might further improve the fit results [279,287,288]. The Ti 2p
spectrum of the 5uc SrIrO;/Nbg g5%:SrTiO, sample is equally well-reproduced by a Schot-
tky barrier height of AFEy, = 0.75eV and a spatial extension of d = 148 A. However, as
qualitatively discussed above, the obtained value for A FEy, is not physically meaningful due
to the superimposed electrostatic charging effect. The fit results as function of film thickness
for SrIrO4/Nbg 5:SrTiO4 are summarized in Fig. 6.15 (c).

In a combined current-voltage, capacitance-voltage and internal photoemission study a
barrier height of ~ 1.44 eV was recently reported for SrIrO;/Nb:SrTiO; with 0.01 wt.% Nb-
concentration and a SrlrOg thickness of 21 nm [281]. As shown in Fig. 6.15 (c), the Ti 2p
fit analysis yields a systematical increase of |AEy| and d as function of SrIrO; thickness.
Hence, given the differences in Nb-doping concentration and SrIrO; thickness, the Schottky
barrier height from Ref. [281] is found to be of a comparable order of magnitude.

Finally, Fig. 6.15 (d) shows the absolute Ti 2p photoelectron intensity per time, normalized
to the secondary electron background between 570 and 750 eV binding energy to approx-
imately account for variations in the x-ray photon flux. An excellent agreement is found
between the experimental intensity and the theoretically expected exponential damping due
to the increasing number n of SrIrO; layers

n-a
- o ( , 6.4
Ti 2p, total Xp ( /\IMFP, StIrO, (Ekin, Ti 2p>> ( )
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Figure 6.15: (a) UPS valence-band spectra of Nbg 50:SrTiO; and Nbg g50,:5rTiO5 overgrown
with 1uc of SrIrO5 and a bare Nbg 50,:SrTiO5 substrate. The SrTiO; band onset is found to
be shifted towards the chemical potential for the overgrown samples. (b) Exemplary fit results
for the Ti 2p peak assuming a parabolic Schottky barrier within the SrTiO4 substrate. (c)
Fit results for the barrier height AFy, and spatial extension d of the parabolic Schottky model
for SrIrO4:Nbg 50,:SrTiO4 heterostructures as function of SrIrO4 thickness. (d) The normalized
Ti 2p photoelectron intensity as function of SrIrO5 thickness agrees with the exponential-damping
model using the IMEFP from the TPP2-equation [178].

where Anvpp, S0, = 16.8 A is the photoelectron IMEP calculated using the TPP2 equation
[178] for SrIrO, at the kinetic energy of Ti 2p photoelectrons. The correctness of the TPP2
equation is thereby confirmed for SrIrOs.

In summary, the observed changes in the Ti 2p substrate core-level spectra as function
of SrIrO, thickness are qualitatively and quantitatively explained by the formation of a
Schottky barrier within the substrate. In accordance with other reports of SrTiO,-based
heterojunctions the spatial distribution d of the Schottky barrier strongly depends upon the
Nb-dopant concentration of the SrTiO4 substrate, most likely due to screening by the doped
charge carriers. The Schottky barrier forms after deposition of only one monolayer of SrlrO,
and gradually increases as function of film thickness. The quantitative fit accuracy for the
Ti 2p core-level spectra within a Schottky model may benefit significantly from a systematic
variation of the depth information via the photoemission angle # and/or the photon energy
hv during data acquisition. Furthermore, a more sophisticated quantitative model beyond
the parabolic approximation used in this study might yield more detailed information about
the physical origin of the band bending.
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Figure 6.16: (a) O 1s (b) and Sr 3d core-level spectra of bulk SrTiO; and SrIrO5 (a 20uc
thick film). The material-dependent energy shifts of the core levels are significantly different for
strontium and oxygen. (c), (d) The core-level spectra of SrIrO; exhibit a significant asymmetric
broadening in contrast to those of SrTiO;.

6.2.2 Footprint of octahedral rotations in strontium and oxygen
core-level spectra — Madelung potential vs. band alignment

The intrinsic elemental sensitivity of XPS allows for the separate investigation of electronic
effects in the Sr'TiO, substrate and the SrIrO, film by analysis of the characteristic titanium
and iridium core-level spectra, respectively. In contrast, the strontium and oxygen core-
level spectra are composed of a substrate and a film contribution. As seen in Fig. 6.12,
the Sr 3d, Sr 3p and O 1s spectra exhibit pronounced changes as function of SrIrO5 film
thickness, which seem to result from a varying binding energy offset between substrate and
film contributions. The relative positions of core levels in XPS spectra has long been utilized
for the determination of band offsets and band bending in semiconductor heterojunctions,
based on the assumption that the binding energies of all core levels similarly trace the
spatially varying electrostatic potential at a heterointerface [173,174]. At first glance, the
strong relative core-level shifts in the substrate and film XPS spectra may therefore be
interpreted as a result of a changing band alignment (and bending) at the SrIrO,/SrTiO,
interface.

As a starting point for the analysis of the film-thickness-dependent spectral changes,
Fig. 6.16 depicts the O 1s and Sr 3d core-level spectra of bare Sr'TiO; and a thick SrlrO,
film (20 uc). While both core-level spectra of SrIrO, (blue) lie at smaller binding energies
than those of SrTiO; (black), the energy differences of the Sr 3d and O 1s levels are not the
same but amount to 2.12eV and only 1.16 eV, respectively. Accordingly, the relative energy
differences between strontium and oxygen sites Fhi, (O 1s) — Epin(Sr 3d) in SrTiO, and
SrIrO; deviate by almost 1eV as summarized in Tab. 6.1. Therefore, the observed spectral
changes cannot be (exclusively) attributed to changes of the interfacial band alignment (and
bending), since the observation of site-dependent, local changes of the electrostatic potential
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SrTiO4 SrIrO,
Erin(O 1s) 530.69 eV 529.53 eV
Eyin (St 3d) 133.93eV 131.81eV
Erin(O 1s) — Epin(Sr 3d) 396.76 eV 397.72eV
+0.96 eV

Table 6.1: Absolute and relative binding energies of O 1s and Sr 3d core levels in SrTiO5 and
SrIrO4

contradicts the fundamental assumption of an (only) globally varying potential [173].

The band structures of most semiconductors originate from the predominantly covalent
bonding between their atomic constituents. In contrast, transition metal oxides exhibit a
strong ionic character, which gives rise to a strongly varying site-dependent electrostatic (or:
Madelung) potential. The Madelung potential for a single site in a crystal is made up of
the Coulomb potentials of all other ions in the lattice and is therefore strongly susceptible
to variations of the periodic arrangement thereof. Since SrTiO5 adopts the ideal cubic and
SrIrO, a distorted perovskite structure of the GdFeO,-type their Madelung potentials differ
and may give rise to the above-described differences in the core-level binding energies of
SrTiO4 and SrIrO5. Moreover, owing to the large spatial extent of the 5d orbitals covalency
effects are known to play a bigger role in 5d transition metal oxides like iridates than
in their 4d or 3d counterparts (e.g., SrTiO;). The resulting effective deviations from the
formal ionic charges due to covalency may further influence the Madelung potentials and the
corresponding binding energy shifts. To pursue these ideas further, the Madelung potentials
for the strontium and oxygen sites in SrTiO,; and SrIrO, are investigated quantitatively in
the following.

Madelung potentials in bulk SrTiO; and SrIrO; — crystal structure and
covalency effect

The Madelung potentials of the ideal cubic perovskite structure of bulk SrTiO5; and those
of the GdFeOg-type distorted perovskite structure reported for polycrystalline SrIrO,4'° are
calculated numerically using Ewald’s method [289], as described in detail in the Appendix,
assuming the formal ionic charges Sr*", Ir**, Ti** and 0% . As summarized in Tab. 6.2,
the cubic (space group Pm3m) and the orthorhombic perovskite structure (space group
Pnma) host three and four inequivalent lattice sites, respectively. Indeed, the Madelung
potentials ®; of the ionic sites are significantly renormalized as a result of the distortions of
the lattice structure and the different bonding lengths. In particular, the energetic difference
between strontium and oxygen sites A®q.g, = &g, — P in SrTiO4 is = 1eV and ~ 0.5eV

ONote, that the originally reported lattice structure by Zhao et al. [99] was erroneous as pointed out by
Puggioni et al. [100]. The corrected lattice structure was used for the Madelung potential calculations.
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smaller than for the two inequivalent oxygen sites O(1) and O(2) of SrIrO;, respectively.
Accordingly, the observed discrepancy in Fig. 6.16 can be naturally explained by the different
site-dependent electrostatic potentials in bulk SrIrO; and SrTiO, as a result of their different
lattice structure.

Effect of covalency on the Madelung potentials Aside from differences in the lattice
structure, the site-dependent Madelung potentials are influenced by deviations from the
purely ionic picture due to covalent contributions to the interatomic bonds [175]. Covalency
effects are expected and have been experimentally shown to be significant in iridates due to
the rather large extent of the 5d orbitals [25,290]. In Madelung potential calculations the
covalency effect can be easily modeled by reducing the formal valency of the B cation, while
correspondingly increasing the valency of the O anions to guarantee charge neutrality [175]:

St IrttO; — Sr2+Ir(4_5)+O§2_5/3)_ (6.5)

The resulting site-dependent Madelung potentials of the bulk form of SrIrO, [99, 100] as
function of § are shown in Fig. 6.17. As expected, the oxygen and iridium Madelung po-
tentials are affected most strongly by the increasing covalency of the Ir-O bonds, whereas
the strontium site is hardly affected. Specifically, the energetic difference between strontium
and oxygen sites A®g_s, becomes smaller as § increases, since the absolute charge numbers
in the lattice decrease. Therefore, in this simple model increasing covalency in bulk SrIrO,
reduces the difference between A®g_g, of SrIrO; and SrTiOs.

In summary, the orthorhombic lattice structure of bulk SrIrO, reported by Zhao et al. [99]
and Puggioni et al. [100] can thus naturally explain the experimentally observed binding en-
ergy differences. However, the reported structure only emerges under high temperature
(1000°C) and high pressure (5 GPa) and is quenched to ambient pressure as a metastable
phase [17]. This is a fundamentally different synthesis route than the thin-film heteroepi-
taxy used in this study, where the perovskite structure is stabilized by epitaxial strain to

Cubic SrTiO4 Orthorhombic SrIrO4
D, —19.86V P, —20.85V
Oy —45.64V Py, —43.77V
%%} +23.81V Po(1) +23.79V
Do(2) +23.32V
Adpg = Po — P, 43.67V Ad®p.g = Po1) — P, 44.64V
A®p.g = Do) — Psr 4417V

Table 6.2: Site-dependent Madelung potentials of bulk cubic SrTiO5 and bulk orthorhombic
SrIrO4
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Figure 6.17: Site-dependent Madelung potentials ®; of bulk orthorhombic SrIrO; with formal
ionic charges Sr2T, Ir*~9 and 00/3)-2 je. with increasing covalent character of the Ir-O bonds.
The limit § = 0 corresponds to the values in Tab. 6.2.

the SrTiO; substrate. Here, the SrIrO; film adopts the in-plane lattice parameters of the
substrate and, as shown in Sec. 6.1.2, the cubic Sr'TiO4 imposes constraints upon the IrOy
octahedral rotations. The resulting lattice structure may therefore differ significantly from
the metastable ambient pressure form of SrlrO5 and consequently the actual Madelung po-
tentials in the film may differ from those in Tab. 6.2. For this reason, a structural model

incorporating the constraints from the substrate is developed in the following.

Structural model of octahedral rotations in a strained perovskite

In an attempt to mimic the observed structural transition described in Sec. 6.1.2, a struc-
tural model of octahedral rotations in a strained perovskite is designed. Essentially, the
model is based on the geometrical problem how to fit a rigid regular octahedron into a
rectangular cuboid with two fixed edges, such that its vertices lie on the faces of said cuboid
(cf. Fig. 6.18). Following the derivation of the model’s mathematical description, it is em-
ployed to calculate more realistic values of the Madelung potentials in SrIrO4 in a thin-film
geometry.

The cation sublattice is assumed to be heteroepitaxially strained to the SrTiO4 substrate,
i.e., with the in-plane lattice parameters a = b = 3.905 A and a variable out-of-plane lattice
parameter c¢. The iridium cation acts as inversion center and is positioned at the origin of the
coordinate system vy, = (0,0,0). It is surrounded by a regular IrO4 octahedron with Ir-O
bond length d (where d > a/2), described by three orthogonal vectors v; (v; - v; = d*- §; ;,
where 0;; is the Kronecker delta). Since, in contrast to the A-O bond, the B-O bond
is typically not compressible in ABO; perovskites [49], the octahedron is assumed rigid,
i.e., d is fixed. The Ir-O bond length d = 2.0219 A is adopted from the metastable room-
temperature SrlrO, phase [99)].

The oxygen anions lie on the faces of the unit cell, i.e., v1, = a/2,v2, = a/2,v3, = ¢/2.
Hence, the position of the first oxygen ion can be parametrized by

a/2 3
vy = | Rcosg | , where R = {/d?> — <§> , (6.6)
Rsing



SrlrQy in the two-dimensional limit — electronic and structural

100 degrees of freedom
(a) o (c)
v, ; Q /. Side view
/// \ lT' / A S
/ /'/
od 1 Zei
[
\\\

[001]p

\ Front view
cp ;

0 o,

\\\

- [970),

N
<

/T

A}

.
<N
K

Figure 6.18: Model of the structural transition due to octahedral rotations in a strained per-
ovskite. (a) Three-dimensional view of a tilted rigid IrOg4 octahedron in a strained cationic
sublattice with in- and out-of-plane lattice parameters a and c. The tilt is parametrized by the
angle . (b), (c) Front and side view of the structural model, defining ¢, R and d. (d) Structural

model without in-plane tilting of the octahedron, i.e., ¢ = 0.

where ¢ serves as parameter to continuously tune the octahedral rotations'! as depicted in

Fig. 6.18. The position of the second oxygen anion can be described by

V2.«
vo=|a/2], (6.7)
V2.~
which fulfills the geometrical boundary conditions
Vogy-a  all 9 |
—|——cosg0—i—v2stmg0—O and R*=vj, + 3, (6.8)

ViV = —— 9 9

UNote, that in contrast to Glazer’s notation [47], here, ¢ does not parametrize the rotation of the whole
octahedron about any of the orthogonal axes.
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if
—a’Rcosp F 2R?sin® p Va2 + 4R? (6.9)
Vo, = . .
. a? + 4R?sin?
—2aR?sin ¢ cos ¢ & aRsin p Va? + 4R?
and vy, = — : (6.10)
’ a? + 4R?sin” ¢
Finally, the position of the third, apical oxygen anion is given by the cross product
U3,z 1
vi=|uvsy | = p Vi X Va. (6.11)
c/2

The resulting positions of the three oxygen sites of one octahedron as function of
@ € [0°,180°] are summarized in Fig. 6.19. As imposed by the geometrical boundary condi-
tions the in-plane oxygen anions adopt positions which lie on a circle (Fig. 6.19 (a), black
and blue). In contrast, the apical oxygen site (red) adopts the face center position for ¢ = 0°
(cf. Fig. 6.18 (d)) and moves on a club-like curve with a maximum distance from the face
center at ¢ =~ 90°. The individual components of the vectors vy, vo and v3 are shown as
function of ¢ in Fig. 6.19 (b)- (d). Although the in-plane oxygen positions are described by
an identical circle on the unit cell faces, the momentary positions are not identical for any
¢ # 0° and # 180°. Furthermore, the model yields a variable c-axis with the extrema

1 2
vy = /2= (QZ - vlvyvg,x) (ct. Eq. 6.11) (6.12)
d for p = 0° and ¢ = 180°
a — d for ¢ = cos <%>

If one particular octahedron in the perovskite structure is tilted, it will cause tilting in
the neighboring octahedra, since the IrO4 octahedra form a corner-shared network in the
crystal. As described by Glazer [47] all possible resulting crystal structures can be described
in a supercell consisting of 2 x 2 x 2 octahedra and successive octahedra along a particular
axis ¢ are constrained to have opposite tilt about the orthogonal axes j and k. In other
words, the vectors v; 199 spanning the next octahedron along the [100], crystal direction are
given by:

1 0 O

vioo= |0 =1 0 ] -vio00 (6.14)
0 0 -1
V2,100,

V2100 = CL/2 with V1,100 * V2,100 = 0 and R2 == U%,IOO,r + 1}%7100’2 (615)
V2,100,

V3,100 = V1,100 X V2,100/d (6.16)
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Figure 6.19: Components of the vectors vi, vo and v3, spanning the IrOg octahedron as function
of tilting, parametrized by ¢. For definition of v; and ¢, see Fig. 6.18. The markers denote steps
of Ap = 15°. (a) Oxygen position on the three faces of the cationic unit cell in Fig. 6.18. (b)-(d)
Vector components as function of ¢.

The quadratic Eq. 6.15 has two solutions (&), which correspond to in- and out-of-phase
rotations along this direction, as denoted in Glazer’s notation by a superscript a*. Using
equivalent constraints and the correct sign for successive octahedra along the [010], and
[001], directions, the whole 2 x 2 x 2 supercell can be constructed. Figure 6.20 shows
the resulting unit cell for the two cases ¢ = 0° and ¢ = 90° from a three-dimensional
perspective and as projection onto the three orthogonal axes. Obviously, for ¢ = 0° no
octahedral rotations about the - and y-axes persist, hence resulting in an a’a’c™ structure
in Glazer’s notation (cf. Sec. 2.2). In this case, the 2 x 2 x 2 unit cell is redundant as
the crystal symmetry can be fully described by a v/2 x v/2 x 2 unit cell. As discussed in
Sec. 6.1.2, this case corresponds to the octahedral pattern observed in thin SrIrO, films
(m < 3uc). In contrast, the oxygen octahedra exhibit rotations about all three orthogonal
axes for ¢ = 90°. In particular, the octahedral rotations are found to rotate in-phase along
the z- and out-of-phase along the y- and z-axes. Since the magnitude of these rotations
is different, this case is described by atb~c¢™ in Glazer’s notation and hence qualitatively
corresponds to the experimentally observed lattice structure in thick (m > 4uc) SrlrO,
films (cf. Sec. 4.5).
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Figure 6.20: Structural model of the 2 x 2 x 2 unit cell for two exemplary cases ¢ = 0° and
¢ = 90° corresponding to a’a’c™ and atbc.

Madelung potential changes due to octahedral rotations

Figure 6.21 shows the site-dependent Madelung potentials calculated for the above-described
structural model of strained SrIrO; as function of octahedral tilting (parametrized by ¢).
As shown in detail in Fig. 6.21 (b), the symmetry breaking due to the introduction of a finite
tilting angle ¢ lifts the (partial) degeneracy of the site-dependent Madelung potentials. For
¢ = 0° (and ¢ = 180°) a high-symmetry a’a’c™ octahedral pattern is realized, where all
iridium and strontium sites are equivalent and the oxygen sites can be discriminated into in-
plane and apical oxygen sites with different Madelung potentials. Furthermore, at ¢ ~ 105°,
an octahedral pattern described by ata~c" is realized, i.e., rotations with equal magnitude
about the x- and y-axes and no rotations about the z-axis. In this geometry, all iridium sites
are equivalent, while there are two inequivalent strontium and three inequivalent oxygen
sites. At intermediate ¢ values, a low-symmetry ath~ ¢~ structure is realized, where all
oxygen and strontium sites and every second iridium site are inequivalent, resulting in a
complex distribution of the Madelung potentials. The bulk reference values from Tab. 6.2
are depicted as faint horizontal lines.

Figure 6.21 (c) depicts the average Madelung potentials of the three elemental species in

SrlrOq

B (p) = % >_®ile), (6.17)

where N is the number of sites in the 2 x 2 x 2 unit cell, which can be taken as an estimate
for the observed peak binding energy in core-level photoemission spectroscopy. The average
Madelung potential of the oxygen and strontium sites increases by ~ 0.4 eV upon introduc-
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tion of octahedral rotations about the a- and b-axes (increasing ¢), whereas, in contrast,
the average Madelung potential of the strontium sites decreases by ~ 1.9eV. The (possibly
asymmetric) broadening of the core-level spectra due to the distribution of the Madelung
potentials is reflected by the standard deviation

70 () = 31| O [#:1(9) B ()" (6.13)

which is depicted as colored area around the mean value. In the high-symmetry aa’c™
lattice structure (¢ = 0°) all strontium sites are equivalent and no broadening is expected.
In contrast, the introduction of octahedral rotations lifts the degeneracy of strontium sites
and is expected to introduce an asymmetric broadening. Indeed, the Sr 3d core-level spec-
trum of the SrIrO; reference in Fig. 6.16 (d) does exhibit a strong broadening, which is
significantly more pronounced than, e.g., a typical Doniach—gunjié—type broadening due to
coupling between the core hole and the metallic conduction electrons [291]. The energy
difference Ad®g.g, = &g — P, in Fig. 6.21 (d) shows an increasing trend as ¢ is increased.
The calculated value of bulk cubic SrTiO; (cf. Tab. 6.2) is depicted as blue line and is found
to be slightly smaller than that of the a’a’c™ structure (¢ = 0°). The experimentally found
value in SrlrOy is 0.96eV larger than that of SrTiOg4 (cf. Tab. 6.1) and corresponds to a
value of ¢ & 30°.

In summary, the site-dependent Madelung potentials in a hypothetical infinite SrlrO4
crystal with the in-plane lattice parameters of Sr'TiO5 can change on the order of 0.5 - 2eV as
function of the tilting of the IrO4 octahedra. Such a strong modification of the electrostatic
potential within the crystal might have severe effects on the electronic structure. However,
the calculation of the Madelung potential using Ewald’s method is based on the assumption
of an infinite crystal, whereas the investigated epitaxial SrlrO, films have a finite thickness.
Accordingly the site-dependent Madelung potential within the thin films will differ from the
calculated bulk value as the ions are subject to the electrostatic attraction from the ions in
the adjacent SrTiO4 and the symmetry-breaking at the interface to the vacuum has to be
taken into account. While the analysis of the band bending in the substrate (cf. Sec. 6.2.1)
may be likewise influenced by the film, its result will nonetheless essentially reflect the actual
band bending. In contrast, the analysis of the interfacial band alignment and the band
bending within the film is highly problematic for films with structural changes as function
of the film thickness. To further pursue this question, in the following, the strontium and
oxygen core-level spectra are decomposed into their substrate and film contributions in an
attempt to disentangle the effects of film thickness and octahedral rotations.

Madelung potential in the thin-film limit — core level decomposition

For the analysis of the strontium and oxygen core-level spectra as function of film thickness
a simple model is adopted by which they are interpreted as a linear superposition of the
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Figure 6.21: (a) Madelung potential ®; of all ion sites 7 in strained SrIrO5 as function of octahedral

tilting . (b) Closeup of the Madelung potentials of oxygen, strontium and iridium sites. A high-

symmetry lattice structure is found for ¢ = 0° (a%a’c™) and ¢ ~ 105° (aTa"c’). (c) Mean

Madelung potential deviation with respect to the a’a’c™ pattern at p = 0° ®(¢) — ®(¢ = 0°)
of oxygen, strontium and iridium. The colored areas reflect the standard deviation o¢ due to
inequivalent ionic sites. (d) Difference of the mean Madelung potentials of oxygen and strontium
sites ( @o — Ps;) as function of ¢. The potential difference changes by ~ 2eV as the octahedral
tilting is varied.

photoemission spectra from the SrTiO, substrate Ipstrate and the SrIrO4 film Igyyy,:

1 (Ebin) = [ﬁlm (Ebin) + [substrate (Ebin) (619)

Under the assumption, that all substrate core levels trace the Schottky barrier similar to
the Ti 2p core level in Sec. 6.2.1, the substrate contribution can be described as

o
_ —na/\ Eyin) cos 6 § : —ia/AsrTi0., (Fkin) cos 0
Isubstrate (Ebin) — ]O > / Srho3( kin) : € / 3 ) ' ]SrTiO3 (Ebin - A-Ebb,i) ;
1=0

(6.20)

where n is the number of SrIrO, layers. For the SrIrO,/Nbg 594:SrTiO, samples AEy,; is
given by Eq. 6.3 with the parameters AEy, and d taken from the respective Ti 2p fits. In
contrast, due to the negligible asymmetric broadening (cf. Fig. 6.14 (a)) and the complica-
tion due to electrostatic charging, AEy,; = AEy, is chosen as a constant fit parameter for

the SrIrO5/Nbg g59%:SrTiO; samples. IsiTio, 1s a reference spectrum acquired from a bare
SrTiO4 substrate.
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Figure 6.22: Decomposition of the O 1s, Sr 3p3, and Sr 3d core-level spectra for
SrIrO5/Nbg 50,:5rTiO5 heterostructures of different film thickness. The substrate contribution
(thin blue) is modeled using the Schottky potential obtained from fitting the Ti 2p spectra using
Eq. 6.2. The SrTiO3 and SrlrO3 bulk reference samples are shown in thick blue (0uc) and thick
green (20uc). The lower section depicts the energy-shifted spectra. The O 1s, Ti 2p3/2 and
Sr 3ps /9 spectra are normalized to their maximum intensity, the Sr 3d spectra are normalized to
the same integrated intensity.

The film contribution is given by

n

T (Bbin) = I - Z ¢t/ Asitr0, (Eiin) cos b Ismo, (Bbin — AEsio,) (6.21)
=0

where Is1,0, is a reference spectrum acquired from a SrIrOj film with a thickness of 20 uc
and AFEg1,0, is a constant energy shift, i.e., the potential is assumed to be spatially constant
within the film. [ is a fit parameter and taken to be equal in Eq. 6.20 and 6.21, as it depends
upon the cation density per unit cell, the x-ray photon flux, the photoionization cross section
and the photoelectron analyzer transmission, which are equal for any one given strontium
or oxygen core level from the stoichiometric substrate and film. The photoelectron IMFP
A is calculated for each material and core level using the TPP2 equation [178], which was
shown to yield reasonable results in Fig. 6.15 (d).

The model does not discriminate between the A, B or O ions in the ABO; perovskite
lattice, since the spatial variations on the length scale of a/2 are assumed negligible with
respect to the experimental resolution and fit accuracy. Furthermore, the model does not
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take into account the termination conversion from B- to A-site termination described in
Sec. 4.4, since strontium adopts the A-site in both the SrIrO; and SrTiO; lattice. At the
very interface a discrimination between film and substrate is thus meaningless and from a
strict microscopic point of view the naive model described in Eq. 6.19 breaks down as one
approaches the monolayer limit.

Figure 6.22 shows the O 1s, Ti 2p3/s, Sr 3ps/2 and Sr 3d core-level spectra of bare
Nb:SrTiOEd SrIrO4/Nbg 50,:SrTiO4 heterostructures with 1, 2, 3, 4, 5 and 20 uc of SrlrO,.
The upper panel depicts the as-measured spectra (black), superimposed with the cumulative
fit result (red), as well as the substrate (blue) and film contributions (green) according to the
above-described model. The lower panel depicts the same core levels, shifted and arbitrarily
scaled to highlight the thickness-dependent changes in the spectral line shape. In general,
the significant changes in the photoemission line shape of the core-level spectra are repro-
duced exceptionally well by the simple model. The resulting binding energy shifts AFg,1.0,
of the film contributions of the Sr 3d, Sr 3p and O 1s core-level spectra with respect to the
bulk reference spectra are shown as function of film thickness in Fig. 6.23. The excellent
agreement between the independent Sr 3p and 3d decomposition evidences the fit quality.
The different trends as function of film thickness are due to the different Madelung potentials
of strontium and oxygen sites. In the bulk, the energy difference Ey;,(O 1s) — Eyi, (St 3d) in
SrIrO; exceeds that of SrTiO5 by ~ 1eV (cf. Tab. 6.1). In the monolayer, this deviation is
compensated by the ~ 1eV larger AESrIrO3 of the Sr 3d level. Hence, the difference between
SrIrO4 and SrTiO, fades out upon approaching the two-dimensional limit.

Figure 6.24 shows a detailed example of the fit results to confirm the validity of the adopted
model. Fig. 6.24 (a) compares the Sr 3d core-level spectra of a 5uc SrlrO4/Nbg 50:SrTiO,
(black) and SrIrO4/Nbg g5%:SrTiO4 (gray) sample. The significant differences found in the
St 3d line shape despite the equal SrlrO; thickness are captured in the fit model and hence
primarily originate from a different Schottky barrier in the substrate, which is reflected in
the line shapes of the substrate contributions (solid blue lines). The agreement between
experiment and theory for the sample with 0.5 wt.% Nb-doping is satisfactory, but might



108 SrlrQy in the two-dimensional limit — electronic and structural
degrees of freedom

5 uc SrlrO4/Nb,:SrTiO5 5 uc SrirO4/Nbyg g5, SrTlO 5 uc SrirO4/Nbyg g50,:SrTiO3
Measured — NE F||m — Measured
==== Cum. fit 50°off ==== Cum. fit
—— Substrate v * —— Substrate
—— Film Nbg g50,:SrTiO3 \/Substrate — Film
= Nby 50,:SrTiO3
c S e c c
=1 . P~ : AE: =1 =1
& |Nboos:SITIOg 7 i AE ‘Es_r.lr03 2 2
s n=5 Wi o \ G s NE g
> [Ref.spectra A \ ¢ > -_ Measured | =
5 e i s : \ B Cum ft O B
c Y 4 % L c K c
2 / P \ ° 2 = 2
£ o’ o \ £ ot =
o -
FA »
[d v
#'50° off %
QT %
Nbyg 50,:SrTiO5 / Measured \
n=5 J/ ===-Cum.fit-6=40°
\ /// ---- Cum. fit-6=50° \
ayer- \
resolve = ‘s.
I I I I I
138 137 136 135 134 133 132 131 136 135 134 133 132 131 137 136 135 134 133 132 131
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6.24: Sr 3d core-level spectra of 5uc SrIrO5/Nb,:SrTiO4 heterostructures. (a) Compar-
ison of the as-measured Sr 3d core-level spectra and fit results of a 5uc SrIrO5/Nbg 5¢:5rTiO4
and SrIrO;/Nbg g5%:SrTiO5 sample. The measured discrepancies are captured in the fit model.
(b) Photoemission angle-dependent measurements confirm the assignment of film and substrate
contribution. (c¢) Comparison between experimental data and the model for different values of
the film thickness n, where n = 5 is the experimental value from RHEED intensity oscillations.

increase by adapting the Schottky barrier parameters from those obtained from the Ti 2p
spectrum.

The thus-far hand-waving attribution of film and substrate contribution is confirmed by
the emission angle-dependent measurements shown in Fig. 6.24 (b), as the film contribution
is clearly emphasized by the increased surface sensitivity at 50° off normal emission. Quan-
titatively, the model slightly deviates from the experimental data, as the best fit for the
surface sensitive measurements is obtained for § = 40° rather than 6 = 50°. However, this
slight discrepancy may also result from the experimental uncertainty of 8, the rather large
angular acceptance Af of the photoelectron analyzer lens in the used high-magnification
mode or deviations from the inelastic mean free path model due to elastic scattering.

Finally, Fig. 6.24 (c) compares fit results by assuming a different n, rather than the
experimental value n = 5 obtained from RHEED intensity oscillations during growth. The
significant discrepancies between experimental and theoretical line shapes for n = 4 and
n = 6 further accredit the validity of the model. In particular, the core-level line shape from
all five involved SrIrO4 layers is well-described by the asymmetrically broadened reference
spectrum of the thick SrlrOj film shown in Fig. 6.16 (d).

Summary and conclusion

In summary, the strong deviations between the relative strontium and oxygen core-level bind-
ing energies in SrlrO,; and SrTiO; are investigated with focus on the electrostatic Madelung
potential. In comparison to the cubic perovskite SrTiO,, the Madelung potential of the
ionic sites becomes modified on the order of 1eV by the presence of octahedral tiltings
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in the SrIrO4 bulk phase. Since the effect of octahedral tiltings is superlmposed to the
effect of the different lattice dimensions of bulk SrIrO, (a/v2 = 3.953 A, b/2 = 3.942 A,
¢/v2 = 3.933A) and SrTiO; (a = 3.905 A), a more reahstlc structural model of SrIrO, films
is introduced, which includes the constraints imposed upon the in-plane lattice parameter
(via epitaxial strain) and the octahedral rotations (via the octahedral connectivity) by the
substrate. Within this model the varying degree of octahedral tilting modifies the Madelung
potential of the A site cation by ~ —2 eV and that of the B cation and O anion by ~ 0.5eV.
Therefore, the structural transition to an a’a’c—-order observed by LEED and RHEED at
the threshold thickness of the metal-insulator transition is expected to alter the Madelung
potential within the thin film.

In thin films the electrostatic potential is additionally influenced by the dimensionality,
since the contribution of ions from the adjacent cubic SrTiO, substrate becomes increasingly
dominant in thinner films due to the long range of the Coulomb potential. Accordingly, in
the two-dimensional limit the potential is expected to converge against that of the substrate.
Experimentally, the strontium and oxygen core-level binding energy in the bulk-like SrIrO,
film deviates from the SrTiO5 value by ~ 2eV and ~ 1eV, respectively. In contrast, no
multicomponent structure is visible in the thin-film limit, where the film and substrate
contributions are almost congruent.

The effects of octahedral rotations and dimensionality act in the same direction and are
intertwined due to the geometrical constraints imposed upon the thin film. At this stage,
the leading factor cannot be determined unequivocally and Madelung potential calculations
for the true thin-film geometry may help to disentangle the two contributions. In any
case, the site-dependent electrostatic potential is found to be strongly modified as function
of film thickness, which may have profound effects on the low-energy electronic structure.
Therefore, it is imperative that any theoretical investigation considers a realistic model of
the structural changes in the film, including the influence of the substrate.

6.2.3 Intrinsic and extrinsic effects in iridium core-level spectra

In general, an energetic shift of a core level of an element in a solid in photoemission
spectroscopy, measured relative to the chemical potential y, is given by [163,175]

AE = —Apu+ KAQ — Ad + AFEy , (6.22)

where Ap is a change in the chemical potential pu, AQ is the change in the number of
valence electrons per atom, K is a constant, A® is the change in the Madelung potential
® (neglecting crystal field splitting) and AFEFg is the change in the extra-atomic relaxation
energy of the core-hole state. As elaborated above, the observed (relative) binding-energy
shifts in the oxygen and strontium core-level spectra as function of film thickness are domi-
nated by changes of the site-dependent Madelung potentials A®. While the iridium sites are
subject to a comparable change of the average Madelung potential as the oxygen sites (cf.
Fig. 6.21 (c)), additionally, the extra-atomic relaxation energy AEg of an iridium core-hole
state may change significantly upon the opening of a charge gap at the chemical potential
due to the coupling to the Ir 5d electrons, which govern the low-energy physics of iridium



SrlrQy in the two-dimensional limit — electronic and structural

110 degrees of freedom

(b)

—~
QO
-

. Ir 4f 4f 47 d’ d’C d’L
) — S1,Ir0, 572
5 = SrirO, N\ > > ) UHB
o]
©
= / u 9 90 9 CcP
2 H > > 3
|5 ster LIV | ) LHB
E 3l & QI
c o -@- 0 0
] n
| | | I

72 70 68 66 64 62 60
Binding energy (eV)

Figure 6.25: (a) Ir 4f core-level spectra of thick SrIrO5 and SryIrO,. Both spectra exhibit a
multicomponent peak structure due to a screened (gray) and unscreened (red) 4f doublet in
the photoemission final state. (b) Schematic diagrams of the three major final-state valence-
electron configurations in a Mott insulator d', d?C and d?L, where d denotes the impurity level,
C' the coherent peak (CP) and L the lower Hubbard band (LHB) [297]. Figure (b) adapted with
permission from Ref. [297]. Copyright (C) (2004) by the American Physical Society. All rights

reserved.

oxides in general and SrIrO, in particular. Indeed, the Ir 4 f core-level spectra of bulk SrIrO,
and Sr,IrO,'? shown in Fig. 6.25 (a) exhibit a multicomponent peak structure, which has
been interpreted as a manifestation of core-hole screening by conduction electrons [292-296].

Intrinsic final-state effects in iridium core-level spectra

The origin of a similar peak structure found in the Ru 3d core-level spectra of the ruthenate
family of 4d transition metal oxides has been subject of intensive debate. On the one
hand, Kim et al. interpret the relative ratio of screened and unscreened contributions as
measure for the strength of the effective correlations [297]. Using dynamical mean-field
theory (DMFET) to calculate the core-level spectra of a single-band Hubbard model with
a core-hole potential [297], they claim that the screened peak essentially originates from
the screening of the core hole by quasiparticles on the Fermi surface [297]. Figure 6.25 (b)
depicts the three major valence-electron configurations in the XPS final state, which include
the impurity level at the core-hole site in the presence of the core hole [297] and three
energy levels in the conduction band, i.e., the lower Hubbard band (LHB), the coherent
peak (CP) and the upper Hubbard band (UHB) [297]. In this picture, the screened peaks
in the metallic phase originate from the final-state configurations d?L and d?C. In contrast,
in the Mott-insulating phase the configuration d>C is absent in ground and final state and
d?L is energetically located near the unscreened peak [297]. Based on this model, despite
several shortcomings such as the neglect of the d orbital degeneracy and the role of the O 2p
bands, the core-level multipeak structure can be qualitatively understood as manifestation
of satellite structures expected in a Mott-Hubbard system [297].

On the other hand, van Veenendaal interprets the spectral line shape in the framework

128r,1IrO, film growth and XPS measurement performed by Dr. Ozan S. Kirilmaz.
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Figure 6.26: Ir 4f background correction. (a) In the monolayer limit the Ir 4f core level is
superimposed by a significant Ti 3s contribution from the substrate. The lower-lying Ti 3p core
level and its shakeup satellite can be exploited for a careful correction. The photoionization cross
sections of all core levels in the upper panel are taken from Ref. [172]. (b) Alternatively, the Ti 2p
core level can be used to determine the Ti 3s background. (c) Resulting Ti 3s contributions for
SrIrO; thicknesses 1 — 5 uc to the measured (uncorrected) Ir 4f spectra.

of the conventional Kotani model [292], i.e, as a result of the competition between local
screening by electrons from oxygen ligands and nonlocal screening involving neighboring
transition metal sites, independent of the presence of additional quasiparticle excitations
at the Fermi level [298,299]. Numerous experimental studies have investigated the Ru 3d
core-level structure of perovskite [300-302] or pyrochlore [303] ruthenates, some favoring a
certain model, others suggesting the equivalence of screening from coherent states in DMET
and nonlocal screening in multisite calculations [303].

In agreement with Ref. [297], Kawasaki et al. interpret the relative strength of the screened
and unscreened component in the Ir 4f core-level spectra as measure for the effective cor-
relations [296]. Consistent with Fig. 6.25 (a), the screened Ir 4f component of SrIrOy is
found to be significantly stronger than in the Mott insulator Sr,IrO,. This trend continues
to rutile IrO,, a Fermi-liquid system with negligible electronic correlations, where the Ir 4 f
core level is completely dominated by the screened component [294]. The physical mecha-
nism is rationalized by an increase of the Ir t5, band width W and a concurrent decrease of
the screened on-site Coulomb repulsion U due to a larger O 2p—1Ir 5d hybridization, both
driven by the increasing octahedral connectivity when going from two-dimensional Sr,IrO,
to three-dimensional corner-sharing SrlrO, to three-dimensional corner- and edge-sharing
IrO,.

Hence, the investigation of iridium core-level spectra may shed light on the physical na-
ture of the thickness-dependent MIT observed in SrIrO, films and reveal similarities or
differences between the insulating states found in monolayer SrIrO5; and bulk Sr,IrO,. Of
the theoretically available Ir 4s, 4p, 4d, 4f and 5p core levels when using an Al K, x-ray
source, only the 4f and 4d photoionization cross sections are sufficiently large for routine
measurements with acceptable signal-to-noise ratio. Of these, only the 4f core level has
a sufficiently small intrinsic line width to resolve the narrow satellite features of interest.
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Figure 6.27: Background-corrected Ir 4f spectra as function of SrIrOs film thickness for two
series of films grown on Nbg 50,:SrTiO3 and Nbg g59:5rTiO5. In the two-dimensional limit the
Ir 4f line shapes exhibit strong differences (highlighted by striped area).

However, a careful background correction becomes necessary as the SrIrO, film thickness
approaches the two-dimensional limit, since the Ir 4 f7,, low-binding-energy shoulder is in-
creasingly superimposed by the Ti 3s core-level spectrum from the SrTiO, substrate as
shown in Fig. 6.26 (a). The neighboring Ti 3p core level and its shakeup satellite can be
exploited to decompose the spectrum into a SrTiO, and SrlrOs contribution (cf. Eq. 6.19)
and after subtraction of the substrate contribution and a subsequent Shirley background
correction the intrinsic Ir 4f spectrum is obtained. Alternatively, the Ti 2p core level at
higher binding energy can be used to determine the Ti 3s background after a careful nor-
malization to the acquisition time (cf. Fig. 6.26 (b)) and incorporation of the binding energy
shift due to the formation of the Schottky barrier (cf. Sec. 6.2.1). As seen in Fig. 6.26 (c)
the thus-obtained Ti 3s background is significant in the monolayer limit and its subtraction
hence imperative for a correct interpretation of the Ir 4f core-level spectra. Furthermore,
the overlapping Ti 3s core level renders the investigation of the Ir 4f core level of samples
overgrown with a protective Sr'TiO4 capping virtually impossible.

Figure 6.27 shows the Ti 3s background-corrected Ir 4 f spectra of two series of SrIrO,4
films grown on Nbq 5,:Sr'TiO4 and Nby g50,:5rTiO; (cf. Sec. 6.2.1 and 6.2.2). While the Ir 4 f
line shape in the thick films converges to that of the bulk limit shown in Fig. 6.25 (a), a
pronounced change is observed between a thickness of 3 and 1uc, i.e., as the charge gap
opens. Interestingly, the 2uc samples exhibit some differences at the low-energy side of
the spectra, while the monolayer samples display a pronounced single- and double-peak
structure for Nbyg 50,:SrTiO5 and Nbg g59,:51rTiO;, respectively, the latter being reminiscent
of a screened/unscreened doublet peak structure. Theoretically, the electronic screening
within the SrIrO5; monolayer may be influenced by the different Nb-doping and according
charge carrier concentrations of the SrTiO; substrates shown in Fig. 6.27 even despite the
formation of a Schottky barrier at the interface. However, as seen in Fig. 6.26 (a) a third

monolayer sample grown on Nbg 59,:SrTiO4 is found to exhibit a double-peak structure with a
third, intermediate peak ratio. Therefore, the screening effect due to Nb-doping is discarded
as explanation for the different Ir 4 f line shape. As shown in the following, an unintentional
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Spectrum No. At (days) Sample treatment prior to measurement

1 0 Storage in UHV

2 6 Storage in UHV

3 11 Storage in UHV

4 27 Storage in UHV + ez situ storage (10 hours)
5 31 20min at 700°C in 1 - 107! mbar O, atmosphere
6 38 Storage in UHV

7 39 10 min at 350°C in 1-10~® mbar O, atmosphere
8 54 Storage in UHV

9 76 Storage in UHV

10 77 20 min at 400°C in 1 - 10~® mbar O, atmosphere
11 80 20min at 700°C in 1 - 107! mbar O, atmosphere

Table 6.3: History of the SrIrO; monolayer sample used for the long-term study of extrinsic effects
on the electronic structure.

substitution of oxygen by fluorine atoms is found to be responsible for this initially puzzling
finding.

Unintentional charge carrier doping by fluorine substitution — absence of
metallicity

In an effort to understand the origin of the puzzling versatility of the Ir 4f line shapes of
different SrIrO; monolayer samples, it was found that the Ir 4f line shape changes upon
prolonged storage under UHV conditions. Therefore, an unintentional contamination of
the film surface was considered as extrinsic effect that results in spectral changes. For this
reason a long-term study was conducted with one monolayer SrIrO4 sample, in which various
photoemission spectra were obtained after storage under UHV conditions and/or exposure
to a certain oxygen partial pressure at elevated temperatures as summarized in Table 6.3.
Figure 6.28 (a) shows all Ir 4f spectra obtained over the course of 80 days. Intriguingly,
a continuous shift of spectral weight towards the lower binding energy feature (blue) is
observed as the sample is stored (spectra 1-3) and exposure to ambient conditions further
promotes this trend (spectrum 4). In stark contrast, exposure to an oxygen partial pressure
of po, = 1-10" ' mbar at T' = 700 °C for 20 min counteracts this trend and causes an almost
complete reversal, i.e., a shift of spectral weight to the high-binding-energy feature (green,
spectrum 5). A renewed, continuous shift of spectral weight towards the low-energy feature
is observed in the spectra 6-9 , culminating in spectrum 10, where a third feature at even
lower binding energy (yellow) appears. A second exposure to an oxygen-rich atmosphere
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Figure 6.28: Long-term study of the effect of sample treatment as specified in Tab. 6.3 on the
electronic structure of a SrIrO; monolayer sample. (a) Ir 4f core-level and valence-band spectra
of the monolayer sample. The Ir 4f spectra are decomposed into three chemically shifted valence
contributions as described in the text. The valence-band spectra are normalized to acquisition
time and fit by a Gaussian (red). (b) Total Ir 4f spectral weight normalized to the neighboring
Ti 3p spectral weight. Exposure to an oxygen-rich atmosphere at elevated temperatures leads to
formation of volatile IrO4 and iridium loss. (c) Spectral weight of the fitted Ir**, Ir3* and Ir?*
contributions normalized to the total Ir 4f spectral weight. (d) Spectral weight of the valence-
band spectra (Gaussian fit) normalized to the total Ir 4f spectral weight. (e) Spectral weight of
the valence-band spectra vs. electron number from Ir 4 f valence decomposition.

at elevated temperatures results in a reproducible second reversal of the spectral changes
(spectrum 11).

These findings severely cast into doubt the (un)screened final state effect as origin of the
multipeak structure observed in monolayer SrlrO5. In contrast, the spectral changes are
reminiscent of typical binding energy variations due to changes in the chemical environ-
ment or oxidation state, i.e., chemical shifts, which are commonly observed in transition
metal oxides [163]. For example, the formation of oxygen vacancies in SrTiO4 reduces the
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neighboring titanium valence from Ti** to Ti** in SrTiO; [179, 274, 304, 305], while the
incorporation of excess oxygen in LaTiO, overoxidizes the titanium valence from Ti** to
Ti*t [213]. In Eq. 6.22 the corresponding chemical binding energy shift is captured by the
term KAQ, i.e., a change in the number of valence electrons. Accordingly, the low- and
high-energy features in the Ir 4 f monolayer spectra are tentatively ascribed to iridium ions
in the Ir*" and Ir** valence state, respectively, the latter being the formal valence in sto-
ichiometric SrIrO5. From this point of view, the changes in the Ir 4f spectra are due to a
steady reduction under UHV conditions (Ir*" — Ir*") and re-oxidation upon exposure to an
oxygen-rich atmosphere at elevated temperatures (Ir** — Ir*"). Interestingly, as shown in
Fig. 6.28 (b) the re-oxidation is accompanied by a decrease of the total Ir 4 f spectral weight
relative to that of the adjacent Ti 3p core level (Apar/Arisy). Most likely, as discussed
in Chap. 4, the oxidizing conditions result in the formation of volatile IrO3, leading to an
iridium deficiency, i.e., a reduction of the SrlrO, coverage.

For a more quantitative analysis, the Ir 4f core-level spectra are decomposed into three
valence-state contributions Ir**, Ir** and Ir?*. For this purpose each chemically shifted
doublet is described by two Voigt profiles with a certain spin-orbit splitting Ago and
4 f5/9-to-4 f7 2 intensity ratio (equal for all doublets). While the Lorentz line width of each
peak is different, the Gaussian line width is assumed equal for all peaks, as it reflects the
experimental energy resolution. To obtain reliable fit results all Ir 4f spectra were fitted
simultaneously, for each spectrum only allowing different relative intensities of the valence
states. As seen in Fig. 6.28 (a) an excellent agreement between the measured and fit spec-
tra is obtained. The relative spectral weight of the three valence states is summarized in
Fig. 6.28 (c).

From a naive point of view a valence change from Ir** to Ir3* implies a 5d° to 5d° band
filling variation, i.e., from a half-filled to a completely filled Jog = 1/2 band. In the generic
Mott scenario, this is expected to trigger a band filling-controlled Mott transition from a
Mott insulator to a correlated metal and eventually to a band insulator [1]. In contrast,
the valence-band spectra in Fig. 6.28 (a) do not exhibit any significant redistribution of
spectral weight towards the chemical potential nor a sharp quasiparticle peak. However, the
total Ir 5d spectral weight Ayp/Aj4r observed in the band gap of SrTiO, (normalized to
the total Ir 4f spectral weight to account for the observed iridium loss) changes with the
iridium valency as shown in Fig. 6.28 (d).

In Fig. 6.28 (e) the total Ir 5d spectral weight is plotted against the average number of
additional electrons per iridium site

5= Ay +2- Ay
Ay + Asy + Aoy

(6.23)

as deduced from the Ir 4 f core-level fits. Assuming an average band filling 5d"+° the spectral
weight can be described by

— k- (n+90), (6.24)
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Figure 6.29: (a) F 1s core level with variable intensity indicates a fluorine contamination of the
SrIrO5 monolayer. (b) A clear correlation is found between fluorine content and the number of
additional electrons per iridium site § deduced from the Ir 4 f valency. (c) A direct proportionality
between the number of fluorine atoms per iridium and § suggests the doping of exactly one electron
per fluorine atom. (d) Proposed doping mechanism by substitution of an oxygen by a fluorine
anion at the very surface.

where £k is a fitting parameter that is determined by the ratio of the photoionization cross
sections of 5d and 4f states and the analyzer transmission function. Since the data set
exhibits a significant scattering due to inevitably large errors from the curve fitting proce-
dure, a linear regression yields the value n = 1.8, at odds with the theoretically expected
value n = 5 for stoichiometric SrIrO;. However, as shown in Fig. 6.28 (e) (thin gray lines),
the fit uncertainty yields a large margin of error that includes the expected value n = 5.
A more accurate determination would require a more systematic study of the changes of
the electronic structure. In particular, the determination of the Ir 5d spectral weight would
benefit from a better signal-to-noise ratio and data acquisition under several photoemission
angles to disentangle the SrTiO; and SrlrOg contributions of the valence-band spectra at
higher binding energy. Nonetheless, the evident correlation between Ir 5d spectral weight
and Ir 4f valency attests the existence of a doping mechanism for additional charge carriers,
which, however, are localized and do not trigger a Mott transition. In the following, the
nature of the doping mechanism at play is discussed.

For transition metal oxides numerous intentional doping mechanisms such as cation or
anion substitution, alkali-metal deposition, electric-field gating or oxygen vacancy formation
are established [306], the latter also being a common source of unintentional doping. For the
present data set, actually a variable fluorine contamination that is easy to overlook is found
in the XPS overview spectra (cf. Fig. 6.29 (a)). Possible sources of fluorine contamination
in the UHV chamber in Wiirzburg are the introduction of residual fluorine via the HF-



6.2 Disentangling band-bending, Madelung-potential and final-state effects in 117
core-level photoemission spectroscopy

Subshell ~ Photoionization cross section o (kb)  Eyy, (eV)

F1s 19.00 800
Irdfs/ 64.44 1420
Irdf7/ 82.32 1420

Table 6.4: Photoionization cross sections for the F 1s, Ir 45,5 and Ir 47/, subshells taken from
Ref. [308] and [309].

treated SrTiO4 substrates or synthetic fluoropolymers (e.g., Teflon) used in movable UHV
components such as sample transfer arms or wobble sticks. Under such conditions storage
on the time scale of several days may result in sizeable contamination even at extremely low
fluorine partial pressure, in particular with respect to the very high chemical reactivity of
fluorine. For a quantitative estimation of the fluorine content, the number of fluorine atoms
per iridium atom N(F)/N(Ir) is estimated from the photoemission signal Ap/Aj,. by

do
N(F) _ T ( Exin,Ir a) dQn4f Ap (6.25)
N(II‘) T (Ekin,F ls) %F 1s AIr’ .
where
T (Fyin) < Bt (6.26)

is the photoelectron analyzer transmission of the used Omicron EA 125 analyzer [307] as
function of the kinetic energy FEi;, of the photoelectrons and

do o {1_ % Py (cos 9)} (6.27)

dQi  4r

is the differential photoionization cross section as function of the subshell photoionization
cross section o;, the asymmetry parameter § and the angle 6 between the propagation
vectors of the incoming photons and the outgoing photoelectrons. Here, the measurement
geometry is chosen such that 6 ~ 54.7°, where the second-order Legendre polynomial
do o;

Py (cosf) ~0 and —

~ . 2
dQi  4r (6.28)

The Ir 4f cross section is taken as the average of the cross sections of its spin-orbit-split
subshells, weighted by their occupation numbers (25 + 1)

do 1 do do
- = (6. — 8 — ) 6.29
dQuar 14 ( dQraf; * dQIr4f7/2) ( )

The respective literature values in Tab. 6.4 are taken from Ref. [308,309].
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Figure 6.29 (b) shows the resulting fluorine content per iridium ion. The error bars
represent the rather large uncertainty due to the high noise level in the F 1s spectra, resulting
from the small F 1s photoionization cross section and the short data acquisition time.
Intriguingly, a significant amount of up to ~ 1.5 fluorine atoms per iridium atom and
a correlation between the fluorine content and the number of additional electrons 0 (cf.
Eq. 6.23) is found. Indeed, as shown in Fig. 6.29 (c), a direct proportionality between
N(F)/N(Ir) and ¢ exists — if one data point (highlighted with an asterisk) is neglected — with
every fluorine atom seeming to dope exactly one additional electron into the SrIrO, film.
However, from a naive point of view, a surface contamination with fluorine, in particular
the adsorption at an octahedral apex site on a (hypothetical) IrO,-terminated SrlrO4 film
would result in an oxidation of the film (Ir** — Ir°") [231] at odds with experiment. For this
reason, a fluorine substitution of oxygen anions is proposed as explanation for the observed
electron doping behavior. As shown in Fig. 6.29 (d) a substitution of an O?~ ion by a F'~
ion results in a formal reduction of the adjacent iridium ion, similar to the creation of a
neutral oxygen vacancy [118,119]. Indeed, anionic substitution of fluorine for oxygen is a
well-known electron-doping mechanism of high-7T cuprate superconductors [310-312].

Oxygen ions at the surface are stabilized by only five nearest-neighbor bonds rather than
six in the bulk and may hence be more susceptible to fluorine substitution at ambient
conditions. In this scenario, for a SrO-terminated SrIrO; monolayer, only one oxygen site
per iridium site can be substituted by fluorine. Interestingly, the only deviation from the
proportionality between fluorine content and ¢ is observed in spectrum 9, where the number
of fluorine atoms is higher than that of iridium (%EE % > 1). This strong accumulation of
fluorine on the sample surface is due to the extraordinarily long storage in UHV (22 days)
prior to the acquisition of spectrum 9. As seen in spectrum 10, after heating the sample
to T = 400°C in pp, = 1-10"® mbar, N(F)/N(Ir) and ¢ become 1. Hence, it is proposed
that rather than penetrating the deeper layers of the film, excess fluorine remains on top
of a fully fluorinated SrF layer, acts as electron acceptor and counteracts the doping effect
of fluorine substitution as implied by the gray dashed line in Fig. 6.29 (c). Upon heating
in vacuum the excess fluorine evaporates, leaving behind a pristine SrF-terminated SrIrO,
monolayer. This proposed strong confinement to the very first layer naturally explains the
sensitivity of monolayer SrIrO, to spectral changes, whereas thicker films are affected less
due to their higher bulk-to-surface ratio.

Despite significant doping of up to one electron per iridium site, no trace of a Mott
transition, i.e., a redistribution of spectral weight at the chemical potential, is observed in
Fig. 6.28 (a). However, upon closer inspection of the Ir 5d valence-band spectra 5 and 10,
which correspond to the minimum and maximum of additional electrons per iridium site
4 in Figure 6.30 (a), the low-energy shoulder is found to exhibit a small redistribution of
spectral weight towards the chemical potential. Nonetheless, the persistence of the charge
gap independent of the average band filling 5 + § becomes apparent in comparison to the
reference spectrum of a thick, metallic SrIrO, film (red). The absence of a clear Fermi edge
in the metallic spectrum is due to the limited energy resolution of the monochromatized
Al K, x-ray source and, hence, additional UPS valence-band spectra with higher energy
resolution (cf. Fig. 6.1 (a)) might yield further information on the systematic changes of



6.2 Disentangling band-bending, Madelung-potential and final-state effects in
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Figure 6.30: (a) Ir 5d valence-band spectra 5 and 10 from Fig. 6.28 (a) (minimum and maximum
J), in comparison to a reference spectrum of a thick, metallic SrIrO5 film. While some spectral
changes are observed, the charge gap persists independent of the average band filling. (b) One
possible scenario explaining the absence of a band filling-induced MIT is the existence of two
spatially separated electronic phases with a strong disproportionation of charges. (c) In this
scenario the observed photoemission spectra are interpreted as linear superposition of laterally
separated d° patches exhibiting a Mott-insulating spectral function near the chemical potential
(occupied LHB and unoccupied UHB) and band-insulating d° patches.

the electronic structure of the low-energy spectral features.

One possible explanation for the absence of a band filling-induced MIT is the existence of
two spatially separated electronic phases with a strong disproportionation of the electronic
charge, similar to oxygen vacancy-doped SrTiO; surfaces [285]. The formation of such a
domain structure may result from a nucleation process due to a reduced energetic barrier
for fluorine substitution in the vicinity of a pre-existing fluorine site. In this scenario, the
observed photoemission spectra consist of a superposition of the spectral function from
laterally separated patches with 5d° and 5d° electronic configuration. Near the chemical
potential, the Mott-insulating d® configuration exhibits an occupied LHB and an unoccupied
UHB, whereas the band-insulating d® configuration only shows an occupied band below
the Fermi level. The small changes in the shape of the valence-band spectra observed in
Fig 6.30 (a) may originate from a (coincidentally) almost similar energy position of the LHB
and the filled band.

Alternatively, the absence of metallicity in fluorine-doped monolayer SrlrO; may be ex-
plained in analogy to alkali metal-intercalated TiOCI, a prototypical low-dimensional Mott
insulator with a 3d' configuration, where the alkali-metal ion lowers the energy of its adja-
cent transition metal site due to its associated Coulomb potential [313]. The doped electrons
from the alkali metal ions thus occupy sites with modified single-particle energies termed
electrostatically induced alloy sites, resulting in doubly occupied impurity states, which do
not hybridize with the singly occupied pristine transition metal states. In analogy, the ef-
fective positive charge of the fluorine impurity may trap its doped electron resulting in a
local 5d° configuration embedded in a 5d° surrounding. However, in contrast to alkali metal-
doped TiOCI, the concurrent transfer of spectral weight is not observed experimentally in
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the SrIrO, case, possibly due to a degenerate energy position of the corresponding spectral
features.

Summary

In summary, two distinctly different effects on the Ir 4f core-level spectra of SrIrO; films
are identified and disentangled. The intrinsic Ir 4f line shape of stoichiometric SrlrO,
films exhibits a strong variation as function of film thickness below the critical thickness
for the MIT. In agreement with Ref. [293,294,296], the pronounced two-peak structure in
the metallic regime is interpreted in terms of final-state effects during the photoemission
process involving conduction-electron screening of the core hole. Upon approaching the
two-dimensional limit the opening of a charge gap at the chemical potential is accompanied
by a reduction and an almost entire extinction of the screened component in the monolayer
limit. Taking the screened-to-unscreened peak ratio as measure for the effective strength
of correlations in the iridates [296], this finding suggests a stronger prevalence of the on-
site Coulomb interaction U over the hopping term ¢ than in the quasi-two-dimensional
bulk material Sr,IrO,, which exhibits a small screened component despite being in a Mott-
insulating state.

The experimental observation of this core-level effect is complicated by an eztrinsic chem-
ical shift in the Ir 4 f spectrum due to unintentional electron doping as a result of a fluorine
contamination of the UHV chamber, which strongly depends upon the elapsed time between
sample fabrication and data acquisition and the current state (cleanliness) of the UHV sys-
tem. Since the fluorine substitution of oxygen is confined to the very surface, this effect
becomes most evident in the monolayer limit and hence seemingly counteracts the observed
intrinsic final-state effects. Hence, great care has to be exercised to investigate the prop-
erties of pristine SrlrO, thin films by avoiding any surface contaminations prior to data
acquisition.

6.3 Absence of polar discontinuity-induced charge
redistribution in LaAlO;/SrIrO,;/SrTiO4
heterostructures

Based on structural and electronic similarities to La,CuO,, which is a high-T» cuprate
parent material [3], it has been proposed that electron doping of Sr,IrO, may potentially
open an avenue towards unconventional superconductivity [11,12]. Several experimental
studies have spectroscopically reproduced the phenomenology found in cuprates, in par-
ticular the observation of Fermi arcs [13] and the formation of a d-wave gap [14] upon
electron doping by alkali-metal deposition on the pristine Sr,IrO, surface. One alterna-
tive route to electron doping, which avoids the introduction of disorder and/or impurity
states by chemical substitution, is based on the exploitation of a polar discontinuity at
an oxide heterointerface. The most prominent example is the LaAlO,/SrTiO4 heterostruc-
ture, where a metallic two-dimensional electron system (2DES) forms at the interface of the
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Figure 6.31: Model of the polar discontinuity at the LaAlO;/SrIrO5/SrTiO; interface [314]. The
alternating net charges produce an electric field, which causes a diverging electric potential. In
the electronic reconstruction model the electric potential is compensated by a charge transfer of
half an electron per unit cell. (a) Conservation of the perovskite stacking order during growth
results in a situation similar to the LaAlO5/SrTiO4 heterointerface. (b) A termination conversion
results in a potential buildup with opposite sign and hence in a charge transfer in the opposite
direction.

otherwise band-insulating constituent materials, if a critical thickness of four unit cells of
LaAlQOj is reached [179,261,315]. While numerous explanations including oxygen vacancies
in SrTiO; [316,317] or at the LaAlO, surface [318-320], cation off-stoichiometry [321] or
interdiffusion [322], surface adsorbates [323] and antisite defects [324] have been put for-
ward, it has been established that the polar discontinuity between the nonpolar SrTiO,
and polar LaAlO; and the concomitant potential buildup as function of LaAlO; thickness
acts as a generic mechanism that triggers an electron redistribution to the interface (cf.
Fig. 6.31 (a)) [274,314].

Since SrlrO, exhibits several structural and electronic similarities to bulk Sr,IrO, in the
monolayer limit, establishing a homogeneous electron doping mechanism promises the emer-
gence of interesting physical phenomena. However, depending on the microscopic details
of the heterointerface the potential buildup may differ dramatically from the prototypical
LaAlO,/SrTiO4 system. As discussed in Sec. 4.4, the SrIrO; films undergo a conversion
from B- to A-site termination during growth. Hence, when deposited on SrO-terminated
SrIrO, the LaAlO; stacking order and thus polarity is inverse to that in LaAlO,/SrTiOs,
resulting in a negative potential gradient as depicted in Fig. 6.31 (b) [314]. In the oversimpli-
fied electronic reconstruction model this would result in an electron transfer away from the
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Figure 6.32: (a) Specular RHEED intensity oscillations during LaAlO; growth on a SrIrO4 film.
The oxygen partial pressure has to be reduced after the growth of SrIrO; (po, = 8 - 1072 mbar)
to avoid the amorphization of LaAlO5 above the first 1-2unit cells. (b) HAADF-STEM displays
the crystalline-amorphous transition in the LaAlOg film. (c) For moderately thick LaAlO; films a
homogenous coverage with unit-cell steps, indicating layer-by-layer growth, is observed, whereas
the large in-plane strain between LaAlO5 and SrTiO; (via strained SrIrOj) of ~ 3% leads to a
strain relaxation by cracking above a certain thickness [325].

SrIrOy interface. However, in a first approximation doping of either holes or electrons into
the half-filled J.g = 1/2 band is expected to drive a band filling-controlled Mott transition
into a correlated-metal regime.

Hence, the growth of LaAlO5 on SrIrO, films has been established to test for changes
of the electronic structure of SrIrO,, which originate from a polar discontinuity-induced
charge transfer to/from the LaAlO,/SrlrO; interface. As shown in Fig. 6.32 (a) employing
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Figure 6.33: (a) Specular RHEED intensity oscillations during the growth of a 4/3 and a 3/3
LaAlO;/SrIrO4/SrTiO; heterostructure. (b) No significant changes are observed in the valence-
band spectra near the chemical potential. The LaAlO; O 2p valence states lie in the higher
binding energy region and are the reason for the (shaded) extra spectral weight.
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Figure 6.34: (a) Specular RHEED intensity oscillations during the growth of
SrTiO5/LaAlO;3/SrIrO5/SrTiO5  heterostructures for transport measurements, i.e., with
an additional protective capping of 6uc SrTiOs. (b) R wvs. T curves of several
SrTiO5/LaAlO;/SrIrO5/SrTiO5 heterostructures with a constant SrlrO; (3uc) and SrTiOg
(6uc), but variable LaAlOg thicknesses (0-4uc). While all samples are insulating (dR/dT < 0),
the specimens incorporating a LaAlO; layer exhibit an increased electrical resistance by one
order of magnitude.

the rather high oxygen partial pressure necessary to achieve the correct oxidation state
of iridium in SrIrO; (po, = 8 - 1072 mbar) for the growth of LaAlO; results in the rapid
amorphization of LaAlO; after deposition of 1-2unit cells. The transition from crystalline
to amorphous LaAlOj is clearly resolved in a HAADF-STEM image in Fig. 6.32 (b), where
LaAlO4 adopts the perovskite structure for the first layers, but becomes disordered away
from the interface. Aluminium is well-known for being extremely susceptible to oxidation
and can even be exploited as reducing agent for the oxygen depletion of oxide surfaces [326].
For this reason, a reduction of the oxygen partial pressure by two orders of magnitude is
required for persistent layer-by-layer growth on a SrlrO, film as seen in Fig. 6.32 (a) resulting
in well-ordered and atomically flat LaAlO, for moderately thick films as shown by LEED
(inset) and AFM (Fig. 6.32 (c)), respectively. However, despite the observation of more than
18 RHEED intensity oscillations, the significant in-plane strain of ~ 3% between LaAlO,
and SrTiO; (via strained SrIrO;) results in a strain relaxation by cracking above a certain
thickness [325], hence limiting the accessible LaAlO; thickness range.

In the prototypical LaAlO,/SrTiO, system, the critical thickness for the formation of a
2DES at the SrTiO, side of the heterointerface is 4 unit cells (uc) of LaAlO4 [315]. Co-
incidentally, as shown in Fig. 6.1, the threshold thickness of the film thickness-induced
metal-insulator transition in SrlrO, thin films is also 4 uc, although the physical origin is
fundamentally different. For these reasons, two heterostructures with a SrlrO; thickness
of 3uc, i.e., close to the threshold for metallicity, and a LaAlO, thickness of 3 and 4 uc,
i.e., below and above the expected critical thickness for a charge transfer, were grown on
TiO,-terminated SrTiO, (Fig. 6.33 (a)). In contrast to the itinerant Ti 3d states at the
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LaAlO,/SrTiO, interface, the number of Ir 5d electrons per site and the photoionization
cross section of the Ir 5d valence states is sufficiently large for XPS measurements. However,
within the energy resolution of XPS, no spectral changes are observed near the chemical po-
tential as shown in Fig. 6.33 (b). Moreover, the presence of an screened-unscreened doublet
structure impedes the indirect detection of additional charge by looking for a chemically
shifted core-level component.

For these reasons the effect of a variable LaAlO; overlayer thickness on the transport be-
havior of SrIrO4 films is systematically investigated. Since bare SrIrO, films are subject to
degradation in air, a further protective crystalline Sr'TiO4 overlayer is necessary for ex situ
transport measurements [225]. As shown in Fig. 6.34 (a) persistent RHEED oscillations evi-
dence the controlled layer-by-layer deposition of the complex heterostructures, during which
the SrTiO; (6uc) and SrIrO4 (3uc) thickness is kept constant, whereas the LaAlO, thick-
ness ranges from 0 to 4 uc (denoted 6/x/3). Nonetheless, all samples stay in the insulating
regime as characterized by a decreasing resistance with temperature (dR/dT < 0) shown in
Fig. 6.34 (b). Interestingly, upon introduction of a LaAlO4 overlayer and independent of its
thickness the resistance reproducibly increases by an order of magnitude, with no significant
deviation at the critical LaAlO, thickness of 4uc. For these reason, in summary a polar
discontinuity-induced charge transfer and concomitant band filling-induced Mott transition
can be eliminated as driving mechanism for the observed changes in the resistance. Rather,
the introduction of disorder by the a”a~a™ octahedral rotations in bulk LaAlO;, cation
interdiffusion or the creation of oxygen vacancies acting as scattering centers within the
SrIrO4 may induce the observed increase of the resistance.

6.4 Summary

The importance of dimensionality on the electronic properties of iridates has been real-
ized soon after the discovery of a metal-insulator transition in the bulk Ruddlesden-Popper
strontium iridates Sr,,,Ir O ., via n [16] and was further emphasized by the observation of
a metal-insulator and concurrent magnetic transition in artificially synthesized superlattice
structures ([SrIrO,],,,[SrTiO4], ), that mimic the layered perovskites. However, the hitherto-
investigated materials should not be considered as two-dimensional in a strict sense since a
finite interlayer coupling remains across the SrO or SrTiO, blocking layers. For this reason,
the electronic properties of ultrathin SrlrO4 films, deposited in a controlled layer-by-layer
fashion with atomic precision, are investigated in this chapter. The opening of a charge gap
at the chemical potential upon reduction of the film thickness below a threshold thickness
of four unit cells evidences a metal-insulator transition. In a complementary study of the
magnetoconductance properties of samples identical to ours, Groenendijk et al. similarly
observe a metal-insulator transition, accompanied by enhanced spin fluctuations [248].
The energy- and momentum-resolved electronic structure of a thin film at the brink of the
phase transition (3 uc) and in the two-dimensional limit (1 uc) was investigated by soft x-ray
angle-resolved photoemission spectroscopy (SX-ARPES) and compared to the metallic band
structure discussed in Chap. 5. Although the coherent J.g = 1/2 band dispersion at the
chemical potential is absent in the photoemission data of the insulating sample, the lower-
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lying occupied Jog = 3/2 bands continue to exhibit the characteristic dispersion observed
also in the metallic case. Hence, the metal-insulator transition seems to be well-described
by a single-band Mott transition induced by a reduction of the Jog = 1/2 band width as a
result of the reduced dimensionality. However, the expected characteristic transfer of spec-
tral weight into an incoherent lower Hubbard band is not observed unequivocally, due to
the presence of dispersive Joz = 3/2 states in the same energy range. Although a clear dis-
crimination is not possible, a broad non-dispersive peak at ~ —1.5eV is consistently found
throughout the reciprocal space and may be tentatively assigned to the lower Hubbard band.
The faint dispersion discerned in the photoemission data of SrIrO4 in the two-dimensional
limit is in accordance with the band structure from magnetic DET+U supercell calcula-
tions of a monolayer SrIrO;. Since the DET+U ground state in the presence of magnetic
order is insulating irrespective of the SrIrO, thickness, while DE'T4+U calculations with-

out magnetism yield a metal, a magnetic transition is expected to play an important role
in the metal-insulator transition. As the band structure of the SrIrO; monolayer exhibits
a striking similarity to bulk Sr,IrO,, the investigation of its evolution upon charge car-
rier doping promises valuable insights into the physics of Sr,IrO, with respect to potential
unconventional superconductivity.

The pronounced spin-orbit interaction in iridates strongly couples the electronic and struc-
tural degrees of freedom [65]. In the three-dimensional limit SrIrO, films adopt a distorted
GdFeOg-type structure with a a~b*a™/bta~a~ domain structure as discussed in Sec. 4.5.
Of these octahedral tiltings, only rotations about the surface normal prevail in the thin-film
limit as a result of the octahedral connectivity between the SrlrO; film and the cubic per-
ovskite substrate SrTiO,. This structural transition to a a’a’c™ pattern is reflected in a
transition from a 2 x 2 to a v/2 x v/2 periodicity in surface electron diffraction and occurs at
the same threshold thickness as the metal-insulator transition. Interestingly, the nonmetallic
bulk Ruddlesden-Popper iridates Sr,IrO, and Sr;Ir,O, also exclusively exhibit octahedral
rotations about the c-axis [59,88,90,327]. Since the hopping between neighboring iridium
sites is mediated by the oxygen ligands, the transfer integral ¢ is susceptible to changes of
the bonding geometry [132]. Therefore, the structural transition may strongly affect the
effective electronic correlations U/t and play a part in driving the Mott transition.

Since modifications of the lattice structure of crystals with ionic character inevitably
precipitate changes of the electrostatic site potentials in the film, the observed structural
transition was further investigated by introducing a simple lattice model with the tilting
angle of the rigid IrOy octahedra as only degree of freedom. The site-dependent Madelung
potential was found to be highly susceptible to octahedral tilting, with changes of ~ —2eV
for the strontium and ~ 0.5eV for the iridium and oxygen sites. Indeed, this opposite trend
observed for strontium and oxygen sites was found to be reflected in the relative binding
energy shifts of strontium and oxygen core levels in the XPS spectra of bare SrTiO; and
SrIrO4 films with variable thicknesses. However, the simple model exclusively considers a
hypothetical bulk crystal with variable tilting and can therefore not ultimately discriminate
between the effects of the observed structural transition and dimensionality in ultrathin
films. A comprehensive theoretical analysis of a realistic thin-film geometry including the
semi-infinite substrate may serve to disentangle these contributions.
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The multipeak structure in the Ir 4 f core-level photoemission spectra of iridates is com-
monly attributed to the presence of a screened and unscreened final state and can be taken as
measure for the strength of the effective electronic correlations, as evidenced by the intensity
loss of the unscreened component when going from the Mott insulator Sr,IrO, to the corre-
lated metal SrIrO, and the Fermi-liquid system IrO, [296,297]. Similarly, the metal-insulator
transition in SrlrO, thin films is accompanied by a suppression of the screened component
as function of dimensionality. However, in contrast to bulk Sr,IrO,, the screened component
is almost extinct in the two-dimensional thin-film limit. In comparison to monolayer SrlrOs,,
where no perpendicular hopping channels are of avail, the finite hopping amplitude across
the SrO double layers therefore appears to reduce the effective on-site Coulomb repulsion
U/t in the Ruddlesden-Popper iridates.

The Ir 4f core-level spectra of ultrathin SrIrO, films is found to change upon storage
in the UHV chamber on a time scale of several days. In this process oxygen sites in the
SrO surface layer are found to be slowly substituted by fluorine atoms from the residual
gas in the chamber which effectively act as electron dopants. Since the resulting chemically
shifted Ir3* component may be easily mistaken as a screened final state, care must be taken
to measure a pristine SrlrO; surface. Regarding the similarity between monolayer SrIrO,
and the predicted parent material for superconductivity Sr,IrO,, the unintentional fluorine
doping may be utilized as electron-doping mechanism similar to cuprate superconductors
[310]. However, no evidence of a band filling-induced Mott transition is found, although
the observation of an increasing Ir 5d spectral weight attests the addition of electrons into
Ir 5d states. Two possible scenarios for the absence of metallicity despite significant doping
of up to one additional electron per iridium site are discussed. On the one hand, a strong
charge disproportionation due to the presence of two spatially separated electronic phases
with 5d° Mott-insulating and 5d° band-insulating configuration may serve as explanation.
On the other hand, the effective positive charge of the fluorine impurity may lower the
single-particle energy of its adjacent transition metal site and thereby act as charge trap for
the doped electron, resulting in what has been called an alloy Mott-insulating phase.

As an alternative route to chemical substitution, which is not found to release itinerant
charge carriers that trigger a band filling-controlled Mott transition, the thin-film geometry
offers a minimally invasive possibility to achieve charge-carrier doping without the introduc-
tion of significant disorder. Most well-known from the paradigmatic LaAlO,/SrTiOy4 system,
the polar discontinuity at the polar/nonpolar heterointerface may result in a potential gra-
dient in the LaAlO, film, which is canceled by a transfer of charge to the SrTiO; interface if
a critical thickness of four unit cells is reached [261]. In the LaAlO,/SrTiO, system the usu-
ally empty Ti 3d° band becomes filled with electrons that form an itinerant two-dimensional
electron system in the vicinity of the interface. For this reason, the influence of a variable
LaAlO, overlayer thickness on the electronic properties of a SrlrO, film at the brink of
the phase transition (3uc) was investigated. Unfortunately, irrespective of its thickness the
LaAlO, overlayer merely caused an increased resistivity rather than metallic behavior in the
SrIrO, film. Therefore, structural or chemical instead of polar discontinuity-induced effects
are held responsible for the observed minor changes of the transport properties.

In summary, a number of complex effects contribute to the metal-insulator transition
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observed in SrIrO; films as function of dimensionality. In agreement with the general con-
ception of the metal-insulator transition in the strontium iridate bulk layered perovskites,
Mott localization appears to be the driving mechanism. Since the electronic and structural
degrees of freedom are strongly intertwined, the leading factor cannot be ultimately deter-
mined. In the following chapter, the magnetic properties of SrIrO4 thin films are investigated
to test the theoretical predictions of a magnetically ordered phase in the two-dimensional
limit.






Chapter 7

Spectroscopic footprints of magnetic
order in SrlrO,

In the last decade the magnetic properties of iridium oxides have been the subject of intense
research efforts as the entanglement of spin and orbital degrees of freedom due to strong spin-
orbit coupling (SOC) results in unconventional magnetic exchange interactions [6,328]. In
particular, the Jog = 1/2 ground state found in spin-orbit-coupled Mott-Hubbard systems
with a low-spin d’-configuration is a coherent superposition of orbital and spin states of
different symmetries with an inherent quantum phase and hence very different from the spin
S = 1/2 state found in conventional Mott insulators [1,8,9]. These peculiarities result in
multidirectional magnetic exchange interactions and, depending on the lattice geometry, may
lead to a suppression of the isotropic Heisenberg interaction via destructive interference [8].
For example, when realized in a honeycomb lattice structure the Jog = 1/2 low-energy
physics is captured by the Kitaev model, which may host a spin-liquid ground state relevant
for quantum computing [8,329,330].

In the Ruddlesden-Popper family of layered perovskite iridates Sr,  Ir Oz, ,; the IrOg
octahedra form a corner-shared network, in which the isotropic antiferromagnetic exchange
term competes with anisotropic terms driven by Hund’s coupling and Dzyaloshinsky-Moriya
interactions [8,88]. Experimentally, a wide variety of magnetic orders is found in the per-
ovskite iridates, for example, the quasi-two-dimensional Mott insulator Sr,IrO, (n = 1) hosts
a square lattice of antiferromagnetically coupled Jog = 1/2 pseudospins with a weak ferro-
magnetic component due to canting, reminiscent of the high-T superconducting cuprate
parent material La,CuO, [9,65,133]. In contrast, the narrow-gap bilayer system Sr,Ir,O;
(n = 2) hosts a G-type collinear antiferromagnetic structure with an easy c-axis [87,88,91],
while the three-dimensional semimetal SrIrO; displays paramagnetic behavior [99].

In an attempt to mimic the layered Ruddlesden-Popper structure, a magnetic transition
has been observed in artificially tailored ([SrIrO,], ,SrTiO;4) superlattices, where the inter-
calated SrO layers were substituted with SrTiO; monolayers [128]. While for m = 1 — 3
in-plane antiferromagnetism with a weak canted ferromagnetic component reminiscent of
bulk Sr,IrO, is observed, a dimensionality-driven transition to a paramagnetic metallic
state takes place at m = 4. However, the lowered antiferromagnetic transition temperature
observed upon increasing the number k of SrTiO, blocking layers in (SrIrO,,[SrTiO,),) su-
perlattices evidences the persistent magnetic coupling between neighboring [SrIrO,],, blocks
across the SrTiO, blocking layers [130]. Hence, ultrathin SrlrO, films represent a consider-
ably better-defined approach to the two-dimensional limit than superlattices.
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The observation of enhanced spin fluctuations in magnetoconductance measurements near
the thickness-driven metal-insulator transition (MIT) in SrIrO, thin films [248] and the
density functional theory (DET+U) analysis by D. Di Sante (cf. Fig. 6.9) indicate, that
the MIT may also be accompanied by a magnetic transition resulting in a magnetically
ordered ground state similar to bulk Sr,IrO,. However, an experimental investigation of the
magnetic properties using a global magnetometric probe like a superconducting quantum
interference device (SQUID) is impeded by the minute signal strength of a single atomic
layer against the diamagnetic background of the SrTiO, substrate [331]. For this reason
the atomic selectivity intrinsic to x-ray absorption spectroscopy (XAS) is exploited in this
chapter to investigate the microscopic magnetic properties of SrlrO; thin films by means of
x-ray magnetic circular dichroism (XMCD) measurements at the Ir M3- and O K-absorption
edges.

7.1 Data acquisition and correction

X-ray absorption spectroscopy (XAS), x-ray linear dichroism (XLD) and x-ray magnetic
circular dichroism (XMCD) measurements at the O K and Ir Ms-absorption edges were
performed at the soft x-ray beamline BOREAS (BL29) and high-field vector magnet end-
station HECTOR of the Alba synchrotron in Barcelona, Spain, which offer full control
of the light polarization at high photon flux and energy resolution. The O K-edge at
hv =~ 520—560 eV was measured using the 15* undulator harmonic and a 800 lines/mm plane
grating monochromator (MEG1 + SM1), while the Ir Mj-edge at hv ~ 2510 — 2600 eV was
measured using the 7*" harmonic and a 1200 lines/mm grating (HEG + SM2). The Ir M,-
absorption edge at hv ~ 2880 — 2950 eV was not accessible with reasonable statistics due
to the significant reduction of the photon flux in the high-energy limit, hence impeding the
application of sum rules to disentangle the spin and orbital contribution to the magnetic
moment by XMCD [196-198,332]. As measure for the x-ray absorption, the total electron
yield (TEY) and fluorescence yield (EY) were acquired as function of photon energy. Su-
perconducting split-coils were used to generate a maximum magnetic field of £6 T directed
along the incoming photon beam. All measurements were performed within a ultra-high
vacuum (UHV)-compatible cryostat with a base pressure of < 1 x 107! mbar and at a tem-
perature 7' = 25 K if not stated otherwise. After pulsed laser deposition (PLD) growth in
Wiirzburg the samples were shipped to Barcelona in a vacuum vessel at a base pressure of
< 5 x 107 mbar and moved into the cryostat without exposure to ambient conditions.

Following data acquisition, the TEY and FY was normalized to the photocurrent of a
gold mesh to account for synchrotron- or energy-dependent variations of the photon flux.
For XL.D and XMCD measurements, spectra with opposite polarization (a/b) were acquired
consecutively in octets (a-b-b-a-b-a-a-b) or quartets (a-b-b-a) to compensate for potential
time-dependent changes. The linear (LH, LV) or circular (C*, C™) dichroism AI(hv) of two
data sets Iy o+ (hv) and Iy o-(hv) is extracted by calculating

AI(hv) = Ipycr(hv) = (k+m - hv) - Ipge-(hy), (7.1)
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Figure 7.1: (a) Ir M3-edge x-ray absorption spectra of three SrIrO5/SrTiO; heterostructures with
SrIrO; thicknesses 1,2 and 9 unit cells (arbitrarily scaled and offset). Due to an increasing con-
tribution from lower-energy absorption edges the overall spectral line shape changes dramatically
as the SrIrO4 thickness decreases. (b) Peak maximum position (denoted by arrows in (a)) and
peak-to-background ratio (background at hv = 2530eV) of the three spectra.

where the parameters k& and m are chosen such that

/ oo () — (k +m- ) - Iogje- ()] d o (7.2)

in a defined pre- and post-edge region becomes minimized. In all spectra the pre- and
post-edge region is denoted by a yellow line and background color.

7.2 Ir M-edge x-ray absorption spectroscopy

The BOREAS beamline offers access to a photon energy range from hv = 80eV to hv =
4000 eV, but the photon flux drops by more than an order of magnitude above hv ~ 2500 V.
In contrast to the L-edge of 3d transition metal oxides, XAS at the Ir L, s-absorption edge
requires the use of dedicated hard x-ray beamlines as the needed photon energies lie between
hv = 11keV and 13keV. For this reason, rather than using the L, 3-absorption edges
like most previous XMCD experiments on iridate compounds [133,333-337], absorption
experiments were performed at the Ir Ms-edge (Ir 3ps/; — Ir 5d).

Figure 7.1 (a) shows the Ir M3-edge TEY x-ray absorption spectra of three SrIrO;/SrTiO4
heterostructures with film thickness 1, 2 and 9unit cells (uc). The Ir M absorption spectra
are exclusively measured in TEY mode, since the x-ray fluorescence yield at the Ir M-edge
is an order of magnitude smaller than at the Ir L-edge and hardly measurable [338]. The
overall spectral line shape changes drastically with decreasing SrIrO, thickness due to the
increasing contribution of the extended x-ray absorption fine structure from lower-energy
absorption edges, in particular, the Sr L 3-edge at hv = 2000eV and the Ir M, 5-edge at
hv = 2100V [339]. Specifically, the peak-to-background ratio drops from ~ 110 % to below
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Figure 7.2: (a) Ir M3-edge x-ray absorption spectra for linear horizontal (LH) and vertical (LV)
light polarization and linear dichroism of a 9 uc SrIrO5 sample in grazing incidence. The increased
absorption for in-plane polarization (LV) indicates the presence of more holes in the in-plane
orbitals. (c¢) Transition metal 5d splitting for a tetragonal distortion of the oxygen octahedron in
the absence of strong spin-orbit coupling. Elongation along the c-axis lowers the energy of the

out-of-plane orbitals d, . and d2.

~ 102 % in the monolayer limit, where the pre-peak signal at hv = 2530eV (dashed line)
is taken as background. Furthermore, the changing background signal causes a shift of the
peak maximum by ~ 0.4eV across the thickness-induced MIT (cf. Fig. 7.1 (b)).

7.2.1 X-ray linear dichroism at the Ir M-absorption edge

Polarization-dependent near-edge XAS is a powerful method to determine the local elec-
tronic structure of the transition metal ion in an oxide, as it is element specific and the
dipole transition imposes strict selection rules [185]. Figure 7.2 (a) shows the Ir Ms-edge
x-ray absorption spectra and linear dichroism of a 9uc SrIrO4 film in grazing light inci-
dence and zero magnetic field. Since XLD yields information on the empty Ir 5d states,
the larger absorption for in-plane polarization (LV) indicates the presence of more empty
in-plane states [340,341]. This finding is in line with the expected splitting of the ¢, and e,
energy levels in tetragonal C); symmetry due to an elongated octahedral crystal field in the
absence of SOC as depicted in Fig. 7.2 (b). However, as reflected in the large peak width
of ~ 10eV, the short lifetime of the Ir 3p core hole due to the large number of possible
Auger decay channels washes out the multiplet details, thereby impeding the discrimination
of absorption features into the crystal-field-split to, and e, states [25].

In the presence of strong SOC, the ty, orbitals are split into a Jog = 1/2 doublet and
a Jor = 3/2 quartet, but noncubic distortions will lead to a destruction of the spin-orbit
entanglement and a restoration of the ¢y, orbitals if the crystal-field strength is of the same
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Figure 7.3: Ir M3-edge x-ray absorption spectra for linear horizontal (LH) and vertical (LV) light
polarization and linear dichroism of a 9uc SrIrO; sample in normal incidence. Surprisingly, a
sizeable dichroism is observed despite the nominal equivalence of a- and b-axis. Upon introduction
of a photon energy shift between LV and LH the dichroic signal almost vanishes. Here and
hereafter, the size of the dichroic signal is given relative to the difference between the maximum
signal and the background signal, as indicated by an arrow.

order of magnitude as SOC [8,25]. To what extent the Jog = 1/2 state is materialized in
iridate compounds has been the matter of intense debate in the past years [74,133,342-344].
By exploiting the larger Ir 3d core-hole lifetime in core-to-core resonant inelastic x-ray scat-
tering (RIXS), Agrestini et al. showed that the d.» orbital is, as expected for the e, manifold,
indeed about 0.5eV lower in energy than the d,2_,2 orbital [25]. In contrast, the t5, orbitals
are found to be nearly degenerate as the tetragonal splitting is canceled by an imbalance
between ligand hopping for in-plane and out-of-plane ¢y, orbitals resulting from the large
covalency of the 5d orbitals and the layered structure of SryIrO, [25]. Whether or not the
ey and ty, manifolds both exhibit a crystal field splitting due to the tetragonal distortion of
the unit cell remains elusive and may be resolved by core-to-core RIXS measurements.

Intriguingly, as shown in Fig. 7.3 a dichroic signal is also found in normal light incidence,
although the a- and b-axes are equivalent in first approximation. The octahedral pattern
due to IrOg4 rotations discussed in Sec. 4.5 does break the tetragonal symmetry and would in
principle allow for a dichroic signal. However, the approximate domain size of 50 nm observed
in transmission electron microscopy (cf. Fig. 4.10) is several orders of magnitudes smaller
than the beam size (100 x 100 um?) and is expected to result in a vanishing average dichroic
signal. Furthermore, the symmetry breaking by the vicinal steps of the SrTiO4 substrate
cannot account for the dichroic signal of (1.7 £ 0.1) % as the step size of 200 nm exceeds
the lattice parameter by a factor of 500. The derivative-like shape of the dichroic signal,
i.e., a zero-crossing at the maximum amplitude, is an indication that the dichroic signal is a
measurement artifact rather than of physical origin. Indeed, an artificially introduced photon
energy shift (= 80meV) between LH and LV almost completely cancels the dichroism and
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Figure 7.4: (a) Ir M3-edge x-ray absorption spectra for circular right (C*) and left (C™) light
polarization and circular dichroism (CT — C™) of a 9uc SrIrO4 sample in grazing light incidence
for positive and negative magnetic field B = £6'T. The observed dichroic signal does not change
sign with the magnetic field and is hence not (entirely) due to the sample magnetization, but a
measurement artifact caused by an asymmetry between the optical paths of circular right and
left beam. (b) Subtracting the spectra for B = +6T and B = —6 T compensates the spurious
dichroic signal and reveals the true, albeit tiny, magnetic dichroism.

may result from different optical paths of the different polarizations. In contrast, a similar
shift does not result in a complete cancellation for grazing incidence.

7.2.2 X-ray circular magnetic dichroism at the Ir M-absorption
edge

By using photons with defined helicity, i.e., circular polarization, the x-ray absorption pro-
cess becomes spin-dependent and hence sensitive to the sample magnetization. While an-
tiferromagnetic order cannot be detected due to symmetry constraints, it has been shown
that the canted net ferromagnetic moment in Sr,IrO,, which differs from the local moment,
can in principle be measured as function of magnetic field and temperature by XMCD at
the Ir Ls-absorption edge [133].

Figure 7.4 shows the Ir Mj-absorption edge spectra of a 9uc SrIrO; film in grazing in-
cidence for circular right (CT) and left (C™) polarization in a magnetic field B = £6T
and the respective magnetic circular dichroic signal. Interestingly, the dichroic signal does
not change sign with the magnetic field and is hence not (entirely) due to a magnetization
of the sample, but a measurement artifact caused by an asymmetry between the optical
paths of circular right and left beam. Nonetheless, the different amplitude of the dichroic
signal for B = +6 T indicates the presence of a pristine XMCD, which can be extracted by
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Figure 7.5: (a) Ir M3-edge x-ray absorption spectra and circular dichroism of a 2 uc SrIrO5 sample
in grazing and normal light incidence. Subtracting B = £6 T reveals the true magnetic dichroic
signal, which is of similar magnitude for normal and grazing incidence, i.e., in- and out-of-plane
magnetization by the external magnetic field, hence indicating the absence of an easy axis for
the magnetization (within the limited experimental resolution). (b) For the monolayer SrirO,
sample, no magnetic dichroism can be discerned within the rather large noise level due to the
tiny iridium signal (cf. Fig. 7.1 (b)).

subtracting the two light polarizations:
Al = I+ (+6T) + Ic-(—6T) — [Ic- (+6T) + Ic+(—6T)] (7.3)

The resulting signal reveals the true magnetic dichroism of the sample, albeit tiny
((0.08 £ 0.03) % relative to the white line intensity denoted by an arrow in the absorp-
tion spectrum). The observation of a finite film magnetization at B = +6T does not
necessarily imply a persisting magnetic order at zero magnetic field and can be explained by
the alignment of (Pauli) paramagnetic moments within the 9uc thick metallic film [17,99].
Due to the minute signal strength despite a total acquisition time of 12 hours, no efforts
were made to check for a zero-field remanent signal at the Ir M-edge.

Since the thickness threshold for the MIT in SrIrO, films is 3uc, the XMCD was also
checked for SrlrOy films with 1 and 2 uc thickness. Figure 7.5 (a) and (b) show the respective
absorption and extracted XMCD spectra using Eq. 7.3 for B = £6 T at grazing and normal
light incidence. In the bilayer sample (Fig. 7.5 (a)), the dichroic signal is found to be five
times stronger ((0.4+0.1) %) than for the thick, metallic film and independent of the light
incidence, hence indicating the absence of a pronounced easy axis for the magnetization. In
contrast, no significant dichroic signal is observed for the monolayer SrlrO, (Fig. 7.5 (b)).
However, a signal of the same order of magnitude as for the bilayer (0.4 %) would not be
discernible within the noise level and hence, the presence of a paramagnetic response cannot
be ultimately ruled out.

In summary, the presence of an increased (saturation) magnetization at B = 6T in the
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Figure 7.6: (a) Fluorescence yield x-ray absorption spectra of a 2uc and 9uc SrIrO; film on
SrTiO5. (b) Total electron yield x-ray absorption spectra of a 1, 2 and 9uc SrIrO; film on
SrTiO5 and bare SrTiO5. By comparison between the bulk- and surface-sensitive EY and TEY
spectra to the SrTiO; reference, the SrlrO; (yellow triangles) and SrTiO4 (blue triangles) features
are identified. In the pre-peak region of SrTiO5 a pronounced SrIrO; double-feature is observed
which is identified as O 2p—Ir 5d ta, hybridized state.

bilayer film indicates an increased magnetic susceptibility in the insulating limit. However,
the overall small iridium signal strength for thin SrlrO, films in combination with the tiny
magnetic circular dichroic signal necessitates extremely long acquisition times (> 12 hours),
which impede the systematic investigation of the temperature or magnetic field dependence
of the magnetization. Hence, no direct conclusions can be drawn about the magnetic ground
state and whether a long-range order persists in the absence of an external magnetic field.

7.3 O K-edge x-ray absorption spectroscopy

X-ray absorption at the oxygen K-edge takes advantage of the dipole transition from the
O 1s to the O 2p state [184]. In a purely ionic crystal, the electronic configuration of an O~
ion would be 15%225%2p% and hence the absorption into the fully occupied 2p shell would be
forbidden. However, in real materials (e.g., transition metal oxides) the covalency effect due
to orbital hybridization between O 2p and cationic states effectively reduces the number of
filled states with O 2p character, thereby opening the 1s — 2p channel [184,345]. O K-edge
XAS hence selectively measures the unoccupied density of states with O 2p symmetry.
Figure 7.6 shows the O K-edge absorption spectra of three SrlrO5/SrTiO4 heterostruc-
tures (1, 2 and 9uc SrlrO;) in comparison to bare SrTiO,. The fluorescence yield (EY)
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Figure 7.7: X-ray absorption spectra and linear dichroism of a 2uc SrIrO4 film on SrTiO5 as
function of the angle of light incidence ©®. A pronounced linear dichroism is observed, when ©
is tuned away from normal incidence (O = 90°). Interestingly, the two pre-edge peaks exhibit a
linear dichroism of opposite sign.

spectra in Fig. 7.6 (a) are dominated by the absorption of SrTiO;, as the photons created
during the fluorescent decay of the core hole have a mean free path similar to the incoming
x-rays (/= 100nm) [185]. In contrast, the SrlrO, contribution in the TEY spectra shown in
Fig. 7.6 (b) is significant, since TEY probes the drain current of the sample which essen-
tially originates from secondary Auger decay and therefore has a probing depth similar to the
maximum SrlrO, thickness (9uc ~ 36 A) [185]. By comparison of the EY and TEY spectra
to the SrTiO, reference spectrum, the SrTiO; (blue triangles) and SrIrO; (yellow triangles)
contributions are easily identified. Nonetheless, a clear discrimination between substrate
and film contribution is only possible in the pre-edge region of SrTiO, (left panels), where
a pronounced SrlrO4 double-feature is found.

In general, the transition metal oxide O K-edges can be divided into two regions: the
first features near the onset of the edge (hr < 534eV) represent O 2p states hybridized
with the unoccupied transition metal d states, while the features at higher photon energies
originate from hybridization with the higher unoccupied states of the cations, i.e., Sr 4d,
Ir 6s, Ir 6p for SrIrO; and Sr 4d, Ti 4s, Ti 4p for SrTiO, [185]. Hence, the double-feature
in the pre-peak region is identified as an O 2p state hybridized with the lowest unoccupied
Ir 5d state, i.e., the single hole in the Jog = 1/2 (i.e., to,) states [20,343].

In a recent XAS study on SrRu, Ir O, thin films, Seong et al. observe a similar double-
peak structure [346]. Here, the weak low-energy structure is assigned to the coherent quasi-
particle state at the Fermi energy, while the higher-energy peak is interpreted as unoccupied
upper Hubbard band (UHB) of Jeg = 1/2 states.® However, as shown in Fig. 7.6, the low-
energy peak is clearly observed in the bilayer SrIrO, sample despite the total absence of

13The absolute peak energies in Ref. [346] are hv ~ 526 eV and hv ~ 527 eV and differ from ours by ~ 2eV.
This discrepancy may however be due to calibration errors.
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Figure 7.8: Pre-edge x-ray absorption spectra and linear dichroism in grazing and normal light
incidence of (a) a bare SrTiO; substrate, (b) a 1uc SrIrOj film and (c) a 9uc SrIrO4 film on
SrTiO5. While no signal is observed in the pre-edge region of SrTiOg, the two pre-edge features
exhibit a linear dichroism of opposite sign for all film thicknesses. The gray peaks are guides-to-
the-eye.

coherent weight at the Fermi level in photoemission spectroscopy as discussed in detail
in Chap. 6. Furthermore, the intensity of the alleged quasiparticle signal relative to the
alleged UHB signal decreases with increasing film thickness, although the formation of a
quasiparticle peak in photoemission evidences the transition from a Mott-insulating to a
correlated-metal phase. For these reasons, the interpretation in Ref. [346] is questioned. In
the following chapter, the physical origin of the double-peak structure is revealed by means
of XLD measurements and DET+U simulations.

7.3.1 Signatures of surface and bulk oxygen sites — x-ray linear
dichroism at the O K-absorption edge

The polarization and angular dependence of O K-edge XLD is governed by the dipole
matrix elements for the 1s — 2p; (i = x,y, 2) transitions, which are fully determined by the
relative orientation of the dipole vector and the 2p; orbitals due to the isotropy of the 1s
state [184]. Figure 7.7 shows the polarization-dependent O K-edge absorption spectra and
linear dichroism of the 2uc SrIrO4 film as function of the angle of light incidence © relative
to the substrate (see inset). The linear dichroism is zero for normal incidence (© = 90°)
and increases upon changing © to grazing incidence (© =~ 5°). Intriguingly, as shown in
the left panels, the two pre-edge features, which are separated by ~ 0.75eV exhibit a linear
dichroism of opposite sign. In particular, the low-energy peak vanishes for out-of-plane
polarization in grazing incidence. The same applies for the double-peak features in 1 uc and
9uc SrlrO; films shown in Fig. 7.8, whereas the bare Sr'TiO; substrate exhibits neither XAS
nor XLD in this region.

This behavior is reminiscent of the low-energy O K-absorption features in Sr,IrO, [7,20],
Ba,IrO, [343], La, Sr,CuO, [347], Sr,RuO, [348] and Ca,Ru0O, [349,350]. Exemplarily,
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Figure 7.9: (a) O K-edge x-ray absorption spectra of bulk SryIrO, for in- (E|lab) and out-of-
plane (E||c) polarization. A similar energy splitting and polarization dependence as for SrlrO;
thin films is observed. (b) The presence of two inequivalent oxygen sites with different binding
energies in the n = 1 Ruddlesden-Popper structure of SryIrO, explains the double-peak XAS
structure. In contrast, the oxygen sites in bulk SrIrO; are equivalent (in the first approximation).
However, the symmetry breaking at the surface may account for a large difference in O 1s binding
energies. Figure (a) adapted with permission from Ref. [7]. Copyright (C) (2008) by the American
Physical Society. All rights reserved.

the XAS of Sr,IrO, (adopted from Ref. [7]) is shown in Fig. 7.9 (a). For out-of-plane po-
larization (E||c, LH) the low-energy feature is completely suppressed, while for in-plane
polarization (E||a, LV) the two features are of roughly the same intensity. All mentioned
examples have in common the quasi-two-dimensional n = 1 Ruddlesden-Popper structure
shown in Fig. 7.9 (b), which hosts two inequivalent oxygen sites with very different local
chemical environment. The accordingly different binding energies of apical (O,) and planar
(O,) oxygen sites affect the energies of the O 1s core holes created during x-ray absorption
and causes an energy shift between the absorption peaks [351]. Under this premise, the po-
larization dependence is easily understood, as the three t5, orbitals have a strong directional
dependence and therefore form different bonds with planar and apical oxygen 2p; orbitals
as shown in Fig. 7.10. For out-of-plane polarization the apical peak vanishes, because only
1s — 2p, transitions are allowed, while the apical O 2p, orbital does not hybridize with any
tyg orbital due to symmetry constraints and hence is fully occupied [349, 350].

The n = oo member of the Ruddlesden-Popper series, i.e., the three-dimensional per-
ovskite structure, does not host apical oxygen sites. As discussed in Chap. 6 the investi-
gated SrIrO, films adopt a modified perovskite structure, which is tetragonally strained to
the substrate and hosts a complex pattern of octahedral rotations that vary as function of
the film thickness. In the thin-film limit SrIrO; exclusively hosts octahedral rotations about
the c-axis and, as discussed in Sec. 6.2.2, the corresponding a’a’c™ bulk structure hosts two
inequivalent oxygen sites with a Madelung potential difference of less than 0.25eV, which
cannot account for the XAS double-peak structure observed in the 2 uc SrIrO4 film. However,
the Madelung potential calculation in Sec. 6.2.2 does not include the broken translational
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Figure 7.10: Symmetry-allowed O 2p—Ir ¢34, orbital bonding geometries in an IrO4 octahedron
[349, 350].

symmetry at the surface (and interface), which drastically alters the nearest-neighbor chem-
ical environment of the surface oxygen (Oy) in comparison to the subsurface (“bulk”) oxygen
sites (Oyp). For this reason, the site-dependent O 1s core-hole energies for bulk Sr,IrO, and
the 1//4 SrlrO4/SrTiO;4 slab introduced in Sec. 6.1 were compared quantitatively by D.
Di Sante. The DET+U computations were performed using the functional and basis set
described in Sec. 5.1 and the core-hole energy difference between the respective oxygen sites
was extracted from the calculations as described in Refs. [352] and [353]. Indeed, the cal-
culated difference between the O 1s core-hole energy of apical and planar oxygen in Sr,IrO,
amounts to 0.65eV and is hence almost identical to the observed energy difference of 0.75eV
in Fig. 7.9 (a). In accordance, the difference in O 1s core-hole energy of surface and bulk
oxygen in the SrlrO; monolayer is found to be 0.63 eV, in good agreement with bulk Sr,IrO,
and experiment. The lowest-energy peak in the x-ray absorption spectra of SrIrO; is there-
fore identified as O 2p, /2p, orbital of a surface oxygen in the terminating SrO layer which
hybridizes with the adjacent Ir 5d,./5d,, orbitals. The increasing bulk-to-surface ratio for
thicker films naturally explains the increasing intensity ratio between high- and low-energy
peak in Fig. 7.6.

7.3.2 Circular magnetic dichroism at the O K-absorption edge

X-ray absorption spectroscopy at the Lss-edges of transition metal oxides has attracted
much attention due to the strong dependence of the XMCD on the exchange-splitting and
SOC of the initial 2p core levels and the final states of d character. Less effort has been
made to investigate the XMCD at the O K-edge of magnetic oxides, because the SOC of
light elements is typically small due to the weak gradient of the core Coulomb potential.
However, it has been shown that pronounced O K-edge XMCD can be induced by strong p—
d hybridization in CrO, [354,355], LaMnO, and La,_ Sr,MnOs, s [356]. In a comprehensive
theoretical study Koide et al. have shown that the contribution of SOC at the absorbing
oxygen atom is negligible for the O K-edge XMCD of CrO,, whereas the SOC at the nearest-
neighbor Cr site is found to strongly polarize the oxygen spin and orbital degrees of freedom
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Figure 7.11: O K-edge XAS and XMCD of a 2uc SrIrO5 film on SrTiOs in a magnetic field
B = 46T in (a) grazing and (b) normal incidence. The sign change of the dichroic signal upon
reversal of the magnetic field direction evidences its true magnetic origin.

via the O 2p—Cr 3d hybridization [357].

In comparison to 3d transition metal oxides like CrO,, the hybridization between oxygen
ligand and transition metal d states is known to be stronger in the 5d transition metal
oxides due to the larger spatial extent of 5d orbitals [25]. Furthermore, the magnitude of
the SOC is significantly enlarged at the heavy 5d transition metal site [9]. For these reasons
the O K-edge XMCD of SrIrO,/SrTiO; heterostructures was investigated with focus on the
low-energy Ir 5d t9,-derived features.

Figure 7.11 shows the O K-edge XAS and XMCD of a 2uc SrIrO; film grown on SrTiO,
in a magnetic field B = +6T. In grazing incidence the bulk-oxygen feature exhibits a
significant dichroic signal, which changes sign upon reversal of the magnetic-field direction
and is therefore of true magnetic origin. Intriguingly, the dichroism becomes zero in normal
incidence, although no indication of an easy axis for magnetism is found in Ir Mj3-edge
XMCD. However, the Ir Mj-edge does not allow for a discrimination between absorption
into the unoccupied ¢y, and e, states and hence the easy axis may exclusively hold for the
Jer = 1/2 (ie., tyy) magnetic order in bilayer SrIrO5. Interestingly, the surface-oxygen
feature exhibits an inverse behavior, i.e., a finite magnetic dichroic signal in normal and
zero dichroic signal in grazing incidence. However, on the basis of the current data set,
it remains speculative whether the symmetry breaking at the surface results in a localized
out-of-plane magnetization. A more systematic investigation of the O K-edge XMCD as
function of the angle of incidence, SrIrO; thickness, magnetic field strength and temperature
may shed light on this question in future measurements.

The observation of a magnetic circular dichroic signal in an external magnetic field does
not necessarily imply the presence of a magnetically ordered phase, but may originate from
an alignment of paramagnetic moments. Rather, the observation of a magnetic hysteresis as
function of the external magnetic field serves as experimental fingerprint for ferromagnetism.
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Figure 7.12: (a) Sketch of the magnetic hysteresis loop of a ferromagnetic material. When cooled
down in zero external magnetic field (from above the Curie temperature) the net magnetization is
zero due to the random alignment of ferromagnetic domains. After reaching the saturation mag-
netization upon increasing the external magnetic field, a finite remanent magnetization remains at
zero field. The numbered stars along the red path denote the sampling points, where the XMCD
spectra shown in (b) were measured. The dashed signal is superimposed over all XMCD spectra
and is taken as measurement artifact. (c) After subtraction of the artifact the XMCD spectra
are symmetric with respect to the external magnetic field (cf. green dashed curve). The noise
level in spectra 1, 3 and 5, highlighted in gray, determines the upper boundary of the remanent
magnetization to ~ 5% of the saturation magnetization.

Figure 7.12 (a) depicts an oversimplified sketch of a ferromagnetic hysteresis loop. When
cooled down in zero magnetic field (zero-field cooling - ZFC) the ferromagnetic patches will
align randomly and result in a zero net magnetization (1). With increasing magnetic field
the ferromagnetic patches align until the saturation magnetization is reached (2). When
decreasing the external magnetic field to zero, a finite net remanent magnetization Mg
persists (3). In Ir Ls-edge XMCD measurements of bulk Sr,IrO, a remanence magnetization
Mr(0T) ~ 60% - M(0.75T) at T = 6K and a Curie temperature T¢ ~ 240K are found
in agreement with bulk magnetic susceptibility measurements [61,133] and the saturation
magnetization Mg is reached at B ~ 0.5T. For ([SrIrO,],,, Sr'TiO,) superlattices the Curie
temperature is T ~ 140K (m = 1) and T =~ 100K (m = 2) [128].

As the acquisition time necessary to obtain an acceptable signal-to-noise ratio of the
XMCD signal is on the order of 2 hours, the XMCD was only measured at five sampling
points along the red path on the hysteresis loop in Fig. 7.12 (a). As shown in Fig. 7.12 (b) the
dichroic signal in saturation (B = £6T) exhibits a clear sign reversal for opposite external
magnetic field. However, the signal amplitude for 6T is not equal and a reproducible,
small positive dichroic signal is observed in all spectra taken at B = 0T, irrespective of the
sample history (ZFC or not). This residual signal may be a measurement artifact due to
slightly different optical paths of the two circular light polarizations within the beamline,
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Figure 7.13: O K-edge XAS and XMCD measurements of (a) a 1uc and a (b) 9uc thick SrIrO4
film on SrTiO4 at different sampling points along the red path in a ferromagnetic hysteresis loop.

which is also observed for the Ir M3 XMCD. Alternatively, it may be a true magnetic
dichroism originating from magnetic moments pinned to impurities within the film, which
survive the heating to T' = 150K prior to ZFC. In any case, the dashed peak is therefore
subtracted from all spectra, resulting in symmetric curves with respect to the magnetic field
(cf. Fig. 7.12 (c)). Accordingly, an upper boundary of = 5 % of the saturation magnetization
at B = 26T — corresponding to the noise level in Fig. 7.12 (c) — is found for the remanent
magnetization. Hence, no clear manifestation of a magnetically ordered phase is observed.

Figure 7.13 shows similar measurements for the 1uc and 9uc SrlrO; films. However, for
the monolayer the O K-edge XMCD is pushed to the limit of the experimental resolution,
as the dichroic signal amounts to only 0.5 % of the pre-edge XAS signal, which is by itself
overshadowed by the SrTiO; background (see inset). While a sign reversal is observed for
B = 46T (spectra 2 and 5), the B = 0T curves (spectra 3 and 6) do not show a systematic
trend towards a significant remanence magnetization. In case of the 9% SrIrO; film, the
B = +6T XMCD signal exhibits a sign reversal (spectra 2 and 4), but amounts to only
0.1% of the total XAS signal. The B = 0T spectra (3 and 5) show a similarly large

signal with a derivative shape, that is almost nullified by the introduction of a energy shift
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of 1meV (see insets). Accordingly, zero remanence magnetization is found in agreement
with the expected paramagnetic behavior in the metallic phase. The overall quantitative
difference to the rather large XMCD signals observed for the 2uc (1.5%) and 1uc (0.5 %)
films is an indication, that the magnetic susceptibility may be enlarged in the insulating
phase. However, a more systematic study of the thickness and magnetic field dependence is
necessary for a definite answer.

7.4 Summary

The dimensionality-driven metal-insulator transitions found in the Ruddlesden-Popper se-
ries St ,4Ir,Og,., [16] and artificially tailored ([SrIrOs],,,SrTiO4) superlattices [128] are ac-
companied by transitions from paramagnetic [99] to complex antiferromagnetically ordered
phases [9, 88,130, 133]. The enhanced spin fluctuations observed in magnetoconductance
measurements of SrlrO; thin films in proximity to the thickness-driven MIT [248] and the
good agreement between the SX-ARPES band structure and magnetic DET+U calcula-
tions in the monolayer limit (cf. Sec. 6.1.3) advert to the possibility of a similar magnetic
transition in SrIrO4 thin films. In contrast, according to the Mermin-Wagner theorem the
long-range ordering of an antiferromagnetic state is unstable against thermal fluctuations
at arbitrarily low temperatures in a truly two-dimensional system, i.e., in the absence of
interlayer coupling perpendicular to the plane [358]. Therefore, the magnetic properties of
SrIrOg in the thin-film limit are investigated in this chapter.

The magnetic characterization of atomically thin layers is challenging, since conventional
magnetometry using global probes (e.g. SQUID) predominantly picks up the diamagnetic
response of the SrTiO, substrate (or of magnetic impurities therein) rather than the tiny
signal from the SrIrO4 film. For this reason, the inherent elemental selectivity and sur-
face sensitivity of x-ray absorption spectroscopy in TEY mode was exploited to investigate
the magnetic and electronic structure of SrIrO thin films above and below the threshold
thickness. To this end, the linear and magnetic circular dichroism at the Ir M3- and O K-
absorption edge of three films (1, 2 and 9 unit cells) were studied as function of magnetic
field, angle of light incidence and/or temperature.

At the Ir M3-edge the thin, insulating SrIrO; film is found to exhibit a larger magnetic cir-
cular dichroism in an external field B = 6 T than its thick, metallic counterpart. Although
this can be tentatively interpreted as indication for a stronger magnetic susceptibility in the
insulating phase, the minute dichroic signal and photon flux at the Mj-edge necessitate ac-
quisition times exceeding 12 hours and hence impede a systematic investigation as function
of the external magnetic field. Therefore, it is not feasible to confirm the presence of a fer-
romagnetic order by searching for a magnetic hysteresis and/or a remanent magnetization
at zero field.

Despite the presence of oxygen ions in the whole heterostructure, information about the
film can be deduced from the linear and magnetic circular dichroism at the O K-absorption
edge. By exploiting the different depth information inherent to absorption spectra acquired
in fluorescence and total electron yield mode and by comparison to reference spectra of
bare Sr'TiO;, two spectral features in the pre-edge region of Sr'TiO; are clearly identified as
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unoccupied states in the SrIrO, film. They arise from a hybridization of O 2p ligand states
with the lowest unoccupied Ir 5d ¢y, states and exhibit an opposite linear dichroism in grazing
light incidence. This phenomenology is highly reminiscent of the quasi-two-dimensional
Sr,IrO, (and other transition metal oxides with the same Ruddlesden-Popper structure),
where the photon energy offset is commonly explained by the different core-hole energies of
apical and planar oxygen sites in the layered crystal structure. The angular dependence of
the linear dichroism is readily explained by that of the s — p; dipole matrix element and
the symmetry-allowed bonds between the respective O 2p; and Ir ty4 sub-orbitals. Due to
the absence of apical oxygen sites in the cubic SrIrO; structure, the surface oxygen site is
identified as origin of the lower-energy feature as confirmed by oxygen core-hole energies
extracted from DET+U calculations of a SrlrO,//SrTiO, supercell and bulk Sr,IrO,.

Surprisingly, a circular magnetic dichroism is observed at the O K-absorption edge, most
likely induced by a combination of strong spin-orbit coupling at the iridium site and the
strong Ir 5d— O 2p hybridization. Its true magnetic origin is evidenced by its changing sign
upon reversal of the magnetic field. Since, to our knowledge, this is the first documented
XMCD effect observed at the O K-edge of iridium oxides, these findings open a promis-
ing avenue towards a better understanding of the orbital character of the low-energy states
in iridates and the magnetism of the Jog = 1/2 pseudospin state. Interestingly, the mag-
netic dichroism of the bulk and surface oxygen features is found to vanish for normal and
grazing light incidence, respectively. In light of the strong phenomenological similarities
with Sr,IrO,, O K-edge XMCD measurements of bulk Sr,IrO, samples may therefore be
extremely beneficial for a deeper insight into its magnetic properties. However, a correct
interpretation of the experimental data calls for strong theoretical support, e.g., by multiple
scattering theory [357], which captures the complex interplay between 5d—2p hybridization
and on-site SOC at the iridium cation site.

Similar to the Ir M3-edge XMCD, in an external field of B = 46T the thin, insulating
film is found to exhibit a significantly stronger dichroic signal at the O K-edge than the
thick, metallic one. The comparatively strong dichroic signal of the 2 uc thick SrIrO; sample
and the higher photon flux at the O K-edge furthermore allow for XMCD measurements at
zero magnetic field to check for signs of remanence. However, no clear sign of a remanent
magnetization exceeding an upper boundary of &~ 5% of the saturation magnetization at
B = £6T is found in this study. Whether or not this translates into the absence of
magnetic order in the two-dimensional limit, i.e., a confirmation of the Mermin-Wagner
theorem, remains an open question and requires further dedicated XMCD measurements at
the O K-edge with better measurement statistics and a more systematic investigation of
the dependence on the external magnetic field, temperature and photon angle of incidence.






Chapter 8

Summary

In this thesis, the interplay between strong spin-orbit coupling and electron-electron in-
teractions upon transition from the three- to the two-dimensional regime is investigated
by state-of-the-art x-ray spectroscopy techniques. For this purpose, the evolution of the
structural, electronic and magnetic properties of the 5d transition metal oxide SrIrOj; is
studied whilst undergoing a dimensional crossover. SrlrO; is the n = co end member of the
Sr,Ir, O3, 1 Ruddlesden-Popper series, which has attracted substantial attention in the
last decade due to observations of an exotic spin-orbit-entangled ground state. However, in
contrast to its layered counterparts experimental data on SrIrO; has been scarce, since its
perovskite phase is thermodynamically metastable at ambient conditions and only emerges
upon application of high pressure and temperature.

In an alternative approach the cubic phase can be stabilized in a thin-film geometry by
effectively substituting the external pressure by epitaxial strain to an underlying perovskite
substrate. This thesis therefore sets out to establish the synthesis of single-crystalline per-
ovskite SrIrO; films on SrTiO, by pulsed laser deposition (PLD). For this purpose the
appropriate thermodynamic conditions for persistent layer-by-layer growth of high-quality,
stoichiometric SrIrO; films are identified. A recurring theme is the tendency of iridium
to form volatile IrO, at excessive substrate temperature and/or oxygen partial pressure.
The formation and evaporation of IrO, leads to a cation off-stoichiometry and — depend-
ing on its magnitude — either results in the growth of other Ruddlesden-Popper phases
or iridium-deficient SrlrO; with Ruddlesden-Popper-like stacking faults. However, even in
fully stoichiometric films the iridium cations in the topmost IrO, layer remain prone to
over-oxidation and, as a result, a conversion from B- to A-site surface termination is ob-
served during PLD growth in contradiction with the expected conservation of the perovskite
AO-BO, stacking order.

The crystal structure of the thus-optimized thin films exhibits two distinct deviations
from the ideal cubic perovskite structure. On the one hand the cubic symmetry is broken
by a tetragonal out-of-plane distortion due to epitaxial strain to the substrate, while on
the other hand a collective rotational pattern of the IrOg4 octahedra is found to enlarge the
crystalline unit cell by v/2 x v/2 x 2. Of the enlarged unit cell’s three possible orientations,
only two are observed and form orthogonally aligned domains.

Layer-by-layer growth is a prerequisite for the deposition of a predetermined number of
atomic layers and hence for the investigation of the effects of dimensionality. The homogene-
ity and chemical composition of the target material, in particular the presence of SrIrO,
rather than a mix of IrO, and hydroxylated Sr(OH), is found to be crucial for this pur-
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pose. Due to the unavailability of adequate commercial targets a manufacture process for
high-quality SrIrO, targets was established, thereby facilitating reproducible layer-by-layer
growth of phase-pure SrIrO; films.

In a combined experimental and theoretical approach the electronic structure of perovskite
SrIrQy is thereupon investigated by soft x-ray angle-resolved photoelectron spectroscopy and
ab initio density functional theory. Its metallic ground state exhibits coherent quasiparti-
cle peaks with a well-defined Fermi surface and is reasonably well described by density
functional theory in the presence of strong spin-orbit coupling. However, at variance with
experiment the Fermi surface is comprised of Jog = 1/2, Jog = 3/2 and e, states in the
absence of electron-electron interactions. The introduction of a sizeable local Coulomb re-
pulsion removes the latter from the chemical potential and renders a single metallic half-filled
band that is well described by the effective total angular momentum J.g = 1/2. Therefore,
the Coulomb interaction yields an electron system which is susceptible to Mott localization
given a sufficiently small kinetic energy. The tetragonal strain causes a tubular distortion
of the Fermi surface, while backfolded shadow bands reflect the broken symmetry due to
octahedral rotations.

Upon reduction of the film thickness below a threshold of four unit cells the opening of
a charge gap at the chemical potential evidences a metal-insulator transition. Since the
hopping term ¢ is diminished upon transition into the two-dimensional regime the enhanced
effective Coulomb repulsion U/t drives a Mott localization of the Jog = 1/2 conduction
electrons. The observation of the characteristic transfer of spectral weight into a lower
Hubbard band by soft x-ray angle-resolved photoemission spectroscopy is impeded by the
presence of dispersing Jeg = 3/2 bands below the chemical potential. The striking similarity
between the electronic structures of SrO-terminated SrIrOg in the monolayer limit and
the bulk Mott insulator Sr,IrO, underlines the importance of dimensionality. With regard
to predictions of exotic superconductivity in Sr,IrO, upon electron doping, this finding
potentially opens new avenues towards unconventional superconductivity in iridium oxides.

The metal-insulator transition is accompanied by a concurrent structural transition as the
corner-shared octahedral network between substrate and film imposes constraints upon the
octahedral rotations in the thin-film limit. Since the electron hopping in transition metal
oxides is mediated by the oxygen ligands via d—p hybridization, the structural transition
is expected to concomitantly influence the metal-insulator transition by readjusting the
balance between Coulomb repulsion U and hopping ¢.

In an effort to investigate the interfacial band alignment between substrate and film across
the metal-insulator transition the photoemission core-level energies are traced as function
of film thickness. The observed binding energy shifts evidence the formation of a Schottky
barrier within the interfacial region of the SrTiO, substrate. However, as evidenced by
divergent trends for the oxygen and strontium core levels, the concept of a global energy
shift breaks down for the SrIrO, film because the site-dependent electrostatic Madelung
potentials are highly susceptible to structural changes. Indeed, a quantitative estimate
of the Madelung potentials upon introduction of variable octahedral rotations in strained
SrIrO4 yields changes between —0.5 and +2eV.

The iridium 4 f core-level spectra indirectly reflect the metal-insulator transition, because
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the final-state screening of the core hole by itinerant charge carriers becomes eliminated
upon the opening of a charge gap. Since the screened-unscreened peak ratio is commonly
taken as measure for the strength of electronic correlations, the total suppression of the
screened component in the monolayer limit indicates a stronger prevalence of the Coulomb
interaction than in bulk Sr,IrO,. Experimentally, the observation of the intrinsic screening
process is complicated by the presence of an extrinsic surface contamination by fluorine.
Despite the absence of a band filling-induced Mott transition, the correlation between the
total Ir 5d spectral weight, the chemically shifted Ir** core-level component and the observed
fluorine signal strongly suggests a charge carrier doping via chemical substitution of oxygen
for fluorine at the very surface.

Finally, the magnetic properties of SrlrO, are investigated because of experimental and
theoretical indications for a remanent magnetic order in atomically thin SrIrO,. For this
purpose, the elemental selectivity and surface sensitivity of x-ray absorption spectroscopy in
total electron yield mode at the Ir M3- and O K-absorption edge is exploited. Whereas the
former is found to be unsuited for a systematic analysis, surprisingly, a circular magnetic
dichroism is observed at the O K-absorption edge. The two dichroic features in the pre-
edge region of SrTiO, are found to originate from the orbital hybridization of the lowest
unoccupied Ir 5d states with the O 2p ligand states of the surface and bulk oxygen sites,
respectively. Although the magnetic dichroism in an external magnetic field is found to be
larger in the insulating limit, no evidence for a remanent magnetization in zero external
field (exceeding an upper boundary of 5% of the saturation signal) is found in any SrIrO,
thin film.

Bulk Sr,IrO, is known to host a canted antiferromagnetically ordered ground state and
exhibits a similar double-peak feature at the O K-edge as a result of the presence of apical
and planar oxygen sites in its layered perovskite structure. In light of the unprecedented
finding of an x-ray magnetic dichroism at the O K-edge of an iridium oxide and the striking
phenomenological similarities, a comparative study of bulk Sr,IrO, and SrIrO; thin films as
function of external magnetic field, temperature and light incidence promises new insights
into the intricate connection between the Jog = 1/2 pseudospin state, its hybridization with
the oxygen ligand states and the magnetic ordering phenomena in iridates.

In conclusion, the complex interplay between spin-orbit coupling, electronic correlations,
magnetic order and structural degrees of freedom in epitaxially stabilized perovskite SrIrO,
thin films has been investigated upon transition from the three- into the two-dimensional
limit. It is demonstrated that the film thickness can be used as experimental control param-
eter to tune three physical properties, which cooperatively determine the system’s ground
state. First, the effective Coulomb interaction U/t increases upon reduction of the thick-
ness since the coordination of iridium sites becomes smaller, hence providing less hopping
channels (smaller t) and less screening (bigger U). Second, in the two-dimensional limit the
crystalline structure due to the IrO, rotations deviates from the rotational pattern of bulk
SrIrO,, since the octahedral network with the cubic SrTiO,; imposes constraints upon the
in-plane rotations. Finally, the onset of an insulating state may be associated with mag-
netic correlations, although the actual stabilization of a long-range magnetic order remains
a delicate issue.
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Figure 8.1: In conclusion, the film
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The strong cooperative interplay between these degrees of freedom constitutes the com-
plexity of the system. Specifically, octahedral rotations strongly affect the magnetic coupling
in iridates due to pseudodipolar and Dzyaloshinsky-Moriya-exchange interactions. In turn,
the symmetry breaking due to octahedral rotations provides further spin-dependent hop-
ping terms in the J.g basis that will increase the hopping integral ¢. On the other hand,
changes in U/t affect the magnetic ordering by altering the required critical on-site Coulomb
repulsion U for the transition to an antiferromagnetic ground state.

The underlying reason for this extraordinary dimensionality dependence is the spatially
three-dimensional J.g = 1/2 Kramers doublet wave function, which results from the mixing
of orbitals with different symmetries with the spin degrees of freedom due to the strong
spin-orbit coupling in 5Hd systems. With regard to Sr,IrO, as a potential parent material
for exotic superconductivity, the analogy between monolayer SrlrO5 and bulk Sr,IrO, may
open a promising experimental avenue towards electron doping without the introduction of
disorder, thereby possibly pushing the system into a novel, spin-orbit-driven superconducting
phase.



151

Appendix

Madelung potential

In an ionic crystal the electrostatic or Madelung energy due to the long-range Coulomb
interaction is the main contributor to the total lattice energy. The electrostatic potential
¢; at any crystal site ¢, when approximating the ionic charge densities as point charges, is
given by

1 a.
¢i—z¢zj—zm%, (A1)

J# J#

where ¢; = Z;e is the ionic charge at site j and r;; = |r; — 75| is the distance between the ions
¢t and j. The site-dependent electrostatic potential and associated energy is unambiguous,
but dependent on the lattice dimensions, ion positions and charges, and hence unique to
any given crystalline material.

Often a dimensionless geometric factor «, known as Madelung constant is defined by
introducing a characteristic distance R

b; (A.2)

e Z‘7
N 47T€0R Z Tij/R .
J#L

The Madelung constant a has a fixed value for any given crystal structure and is equal
for all materials with identical symmetry. However, the choice of R is somewhat arbitrary
(closest cation-anion distance, a lattice constant, the cube-root of the formula-unit volume,
...), resulting in possible confusion.

The evaluation of the lattice sum is not trivial because it is only conditionally convergent
[359], as already addressed by Madelung in the early 20th century [360]. A prominent
method to calculate the lattice potential based on the Fourier transformation of the crystal
charge distribution was described by Ewald [289]. Here, the total electrostatic potential ¢;
of the referential ion ¢ in the field of all other ions in the crystal is given by

2
0= S 2 )+ 5 ()6 e (5 ) -m ()
l G
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where
2 oo 2
F(z) = _ﬁ/x exp (—5 ) ds, (A.4)

A is the unit cell volume and S (é) is the structure factor. In Ewald’s method, the charge

density of an ion of charge ¢; at point 7; is approximated as Gaussian distribution

p(77) = g0 (n/7)** exp (—nr?) , (A.5)

where 7 describes the width and acts as a parameter, which has to be chosen correctly for
rapid convergence. In Eq. A.3 the first and second term correspond to a summation in
real and reciprocal space, respectively, with the third as correction term. The limit n — 0
corresponds to a direct summation.'*

For the numerical evaluation of the Ewald sum and the associated Madelung potential,
the Python code shown in Listing A.1 was adopted from Ref. [362]. As input it requires a
list » of three-dimensional vectors 7; describing the lattice sites of ion ¢, a list ¢ of scalars
¢; describing the ionic point charges of ion ¢ and two lists cell and invcell of three vectors
describing the real and reciprocal space unit cell, respectively. The output electrostatic
potentials ¢; in the program are expressed in A‘l, since charges are introduced as charge
numbers and distances are expressed in A. Multiplication with a factor 4;60 ~ 14.4VA yields
the electrostatic potential in V.

The code was tested with several benchmark compounds discussed by van Gool & Piken
[363]. As shown in Tab. A.1 the calculated values coincide with the reference values within
a margin of error below 0.02%), independent of the chosen unit cell. Since the main objective
of this study was the interpretation of experimental core-level binding energies, the focus
is put on the site-dependent Madelung potential of specific compounds rather than the
dimensionless Madelung constant of certain crystal structures. However, a can be obtained
from these values by

qipi®i
a= —aZ P (A.6)

where a = R is the length of the unit cell, ¢; is the total charge number of ion ¢, p; the
frequency of occurrence of ion 7 in the unit cell and  the total number of the formula unit
in the unit cell.

4For a detailed derivation of Ewald’s formula see Ref. [361], App. B.
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Material Setting Input 1 Site Gi.cal (A‘l) ®i Lit (A‘l)
CsCl Cubic CsCl_Cubic(i) 0 Cs™ —0.4937 —0.4936
Single unit cell 1 Cl- +0.4937 +0.4936
Orthorhombic CsCl_Ortho(i) 0-2 Cs™ —0.4937 —0.4936
(3 CsCl) 3-6 Cl- +0.4937 +0.4936
NaCl Cubic NaCl(i) 0 Na™ —0.6210 —0.621
1 Cl- +0.6210 +0.621
SrTiO, Cubic SrTi03_single (i) 1 Sr2t —~1.3795 ~1.380
Ix1x1 1 Titt —3.1696 —-3.170
unit cell 2-4 0% +1.6532 +1.653
2% 2x2 SrTi03_double (i) 0-7  Sr?t —1.3796 —1.380
unit cell 815  Titf —3.1696 —3.170
15-39 0% +1.6532 +1.653

Table A.1: Madelung potentials ¢; of the benchmark compounds CsCl, NaCl and SrTiO3. ¢; cal:
calculated with the Python code in Listing A.1 and A.2. ¢;1i: reference values by Van Gool
& Piken in Ref. [363]. For CsCl and SrTiOme Maﬁung potential was calculated using the
primitive and an enlarged unit cell. The deviation between the calculated values and the reference

values is below 0.02%.



154

Appendix

#The MIT License (MIT)

#
#Copyright
#

(c) 2015 Luke Olson

#Permission 1s hereby granted, free of charge, to any person obtaining a copy
#of this software and associated documentation files (the "Software"), to deal
#in the Software without restriction, including without limitation the rights

#to use, copy, modify, merge, publish, distribute, sublicense, and/or sell

#copies of
#furnished
#

#The above
#copies or

the Software, and to permit persons to whom the Software %s
to do so, subject to the following conditions:

copyright notice and this permission notice shall be included in all
substantial portions of the Software.

from numpy
from numpy.
from scipy.

import dot, sqrt
linalg import norm
special import erfc
from scipy import exp, pi
def energy():

pass

def potential(i, r, q, cell, area, invcell, alpha=5, nmax=3, mmax=9) :

nnn

1 : potential location

r : list of radit

q : list of charges

alpha : Ewald parameter

nmazr : real space box cutoff

mmax : Fourier space box cutoff

Vr = potential_realsum(i, r, q, cell, alpha, nmax)

VE = potential_recipsum(i, r, q, invcell, alpha, mmax, area)
Vs = potential_selfsum(i, r, g, cell, alpha)

return Vr+Vf+Vs

def potential_realsum(i, r, g, cell, alpha, nmax):

Vr = 0

for j in range(0, len(qg)):
rij = rli, :1 - r[j, :]
Vrloc = 0

for n2 in range(-nmax, nmax+1):
for nl in range(-nmax, nmax+1):
for n0 in range(-nmax, nmax+1):
if max([abs(n0), abs(nl), abs(n2)]):
nO*xcell [0, :]+nl*cell[1, :]+n2*celll[2,
rn = norm(rij - n)
Vrloc += erfc(alpha*rn)/rn
Vr += q[jl*Vrloc
return Vr

E :]

n
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def potential_recipsum(i, r, q, cell, alpha, mmax, area):
Vf = 0
for j in range(0, len(q)):
rij = rli, :1 - r[j, :]
Vfloc = 0O
for n2 in range(-mmax, mmax+1):
for nl in range(-mmax, mmax+1):
for n0 in range(-mmax, mmax+1):
if max([abs(n0), abs(nl), abs(n2)]):
m = 2*pi*(n0*cell[0, :]+nil*cell[l, :]J+n2*cell[2, :])
Vfloc += exp(l.j * dot(m, rij) - dot(m, m) /
(alphax**2 * 4))/(dot(m, m)/(4*pi**2))

VE += ql[jl/(pi*area) * Vfloc.real
return V£

def potential_selfsum(i, r, q, cell, alpha):

Vs = 0
for j in range(0, len(q)):
if i == j:
Vs -= 2xq[jl*alpha/sqrt(pi)
else:

rn = norm(r([i, :] - r[j, :1)
Vs += ql[jl*erfc(alpha*rn)/rn
return Vs

Listing A.1: Python code for the Ewald summation of the Madelung potential. Adopted from
Ref. [362]. Copyright © (2015) by Luke Olson.
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from pyewald import ewaldsum
from numpy import array, diag, sqrt, concatenate, dot
from numpy.linalg import det, inv

def CsCl_Cubic(i):
a=b=c=4.123
cell = diag((a, b, c))
invcell = inv(cell).T
r = array([[0.1*a, 0.1%b, 0.1%c],
[0.6%a, 0.6%b, 0.6*xc]])
q = array([1, -1])
area = abs(det(cell))
alpha = 5./sqrt((cell**2).sum(1) .max())
return ewaldsum.potential(i, r, q, cell, area, invcell, alpha)

def CsCl_Ortho(i):

a =4.123
b =4.123
c = 12.369

cell = diag((a, b, c
invcell = inv(cell).

r = array([[0.6%*a, .6xb, (4/15)*c],

)

T

0
[0.6%a, 0.6%b, 0.6%c],
[0.6%a, 0.6%b, (14/15)*c],
[0.1%xa, O0.1*%b, 0.1%c],
[0.1%a, 0.1%b, (13/30)*c],
[0.1xa, O0.1*xa, (23/30)x*c]
D

q = array([1, 1, 1, -1, -1, -11)

area = abs(det(cell))

alpha = 5./sqrt((cell**2).sum(1) .max())

return ewaldsum.potential(i, r, q, cell, area, invcell, alpha)

def NaCl(i):
a=b=c=5.62779
cell = diag((a, b, ¢))
invcell = inv(cell).T

r = array([[0, 0, 0],
[0.5%a, 0.5%b, 0],
[0.5%a, O, 0.5%c],
[0, 0.5%b, 0.5%c],
[0.5%a, O, o],
[0, 0.5%b, 0],
[0, 0, 0.5%*c],

[0.5%a, 0.5%b, 0.5%c]])
q = array([1, 1, 1, 1, -1, -1, -1, -11)
area = abs(det(cell))
alpha = 5./sqrt((cell**2).sum(1) .max())
return ewaldsum.potential(i, r, q, cell, area, invcell, alpha)




157

def

def

SrTi03_Single(i):
a = 3.9051
b = 3.9051
c = 3.9051

cell = diag((a, b, c))

invcell = inv(cell).T

r = array([[O, 0, 0],
[0.5%a, 0.5%b, 0.5%c],
[0.5%a, 0.5%b, 0],
[o, 0.5%b, 0.5%c],
[0.5*%a, O, 0.5%c]])

q = array([+2, +4, -2, -2, -2])

area = abs(det(cell))

alpha = 5./sqrt((cell**2).sum(1) .max())

return ewaldsum.potential(i, r, g, cell, area, invcell, alpha)

SrTi03_Double (i) :

a=Db =c = 2%3.905

gA = +2

gB = +4

q0 = -2

Basis = array([[0, 0, O],
[1, o, 0],
[1, 1, 0],
(o, 1, o,
[0, 0, 1],
[1, 0, 1],
[1, 1, 11,
o, 1, 111

A = array([0.0, 0.0, 0.0]1)
B = array([0.5, 0.5, 0.5])

01 = array([0.0, 0.5, 0.5])
02 = array([0.5, 0.0, 0.5])
03 = array([0.5, 0.5, 0.0])

q = array([qA, gA, gA, gA, gA, gA, gA, gA,
gB, 9B, gB, 9B, gB, 9B, qB, 9B,
q0, q0, 90, q0, 90, q0, q0, qO0,
q0, q0, q0, q0, 90, q0, q0, qO0,
q0, q0, q0, 90, q0, q0, g0, q01)
Sites = concatenate((Basis+A, Basis+B, Basis+01, Basis+02, Basis+03))
cell = diag((a, b, <))
invcell = inv(cell).T
area = abs(det(cell))
alpha = 5./sqrt((cell**2).sum(1) .max())
for j, Site in enumerate(Sites):
Sites[j] = 0.5*%dot(cell, Site)
return ewaldsum.potential(i, Sites, q, cell, area, invcell, alpha)
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Appendix

#

H R R

def SrIr03_Bulk(i, delta):

a=5.5909
b=7.8821
c=5.5617

cell = diag((a, b, <))
invcell = inv(cell).T

AtomA = "Sr"
AtomB = "Ir"
Atom0 = "O"

# Positions from original paper by Zhao et al.
# (J. Appl. Physics 103, 103706 (2008))

Sr = Wyckoff_Pnma_4c(0.4901,0.25,0.5085)
Ir = Wyckoff_Pnma_4b(0,0,0.5)

01 = Wyckoff_Pnma_4c(0.073,0.25,0.506)
02 = Wyckoff_Pnma_8d(0.714,0.044,0.292)

# Revised positions from Comment to Zhao et al.
# by Puggioni & Rondinellt (J. Appl. Phys. 119, 086102 (2016))

Sr = Wyckoff_Pnma_4c(0.5085,0.25,0.4901)
Ir = Wyckoff_Pnma_4b(0.5,0,0)

01 Wyckoff_Pnma_4c(0.506,0.25,0.073)
02 Wyckoff_Pnma_8d(0.292,0.044,0.714)

Types = array([AtomA,AtomA,AtomA,AtomA,
AtomB,AtomB,AtomB,AtomB,
Atom0O,Atom0,Atom0,Atom0,
AtomO,Atom0,Atom0,Atom0,
Atom0,Atom0,Atom0,Atom0,])

r = concatenate((Sr, Ir,01,02))

qA = +2
gB = +4 - delta
q0 = -2 + (delta/3)

q = array([qA, qA, gA, qA,
9B, 9B, 9B, @B,
q0, 90, q0, qO0,
q0, q0, q0, q0,
q0, g0, q0, q0 1)

for j,Site in enumerate(r):
r[j] = dot(cell, Site)

area = abs(det(cell))
alpha = 5./sqrt((cell**2).sum(1) .max())

return ewaldsum.potential(i,r,q,cell,area,invcell, alpha)
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# WYCKOFF POSITIONS of potint group Pnma (NO.62)
def Wyckoff_ Pnma_8d(x,y,z):
W8d = array([[x,y,z],
[-x+0.5, -y, z+0.5],
[-x, y+0.5, -z],
[x+0.5, -y+0.5, -z+0.5],
[-x,-y,-=2],
[x+0.5, y, -z+0.5],
[x,-y+0.5,z],
[-x+0.5, y+0.5, z+0.5]
D
return W8d

def Wyckoff_ Pnma_4c(x,y,2z):
W4c = array([[x,0.25,z],
[-x+0.5,0.75,2z+0.5],

[-x,0.75,-z],
[x+0.5, 0.25,-z+0.5]
iD)

return Wic

def Wyckoff_ Pnma_4b(x,y,z)
W4b = array([[0,0,0.5],
[0.5,0,0],
[0,0.5,0.5],
[0.5,0.5,0]
D
return W4b

Listing A.2: Structural definitions for the calculation of the Madelung potential, for details see
Tab. A.1.
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