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Kurzfassung

Ubergangsmetalloxide (TMOs) weisen ein breites Spektrum an elektronischen, mag-
netischen und katalytischen Eigenschaften auf, was sie fiir verschiedene technologis-
che Anwendungen wie Katalyse, Elektronik und fiir Systeme zur Energieumwand-
lung sehr interessant macht. Die Oberflacheneigenschaften eines Materials spie-
len eine entscheidende Rolle fiir seine Leistungsfahigkeit, da die atomare Anord-
nung an der Oberfliche die chemische Reaktivitat und das elektronische Verhal-
ten stark beeinflusst. Niederenergetische Elektronenbeugung (low-energy electron
diffraction, LEED) in Kombination mit Intensitdt—Spannungs—Analyse — LEED
I(V) — ist eine leistungsfahige Technik zur Untersuchung der atomaren Struktur
von Oberflachen.

Die vorliegende Masterarbeit umfasst oberflichenwissenschaftliche Untersuchun-
gen an SrTi03(110), LaggSrg2MnO3(001) (LSMO) und CuyO(111). Verschiedene
Methoden um gut definierte Oberflachenrekonstruktionen zu erhalten und zu charak-
terisieren wurden angewandt. An diesen Oberflachenrekonstruktionen wurden dann
LEED-1(V')-Messungen durchgefiihrt.

Die Préparation von SrTiO3 umfasst die Abscheidung von Sr mittels Moleku-
larstrahlepitaxie (molecular-beam epitaxy, MBE) oder Ar™ Sputtering, jeweils gefolgt
von Heizen in einer Sauerstoffumgebung, wobei der Einfluss dieser Methoden auf
die Struktur der (110)-Oberflache verdeutlicht wird. Die Herausforderungen bei der
LEED-I(V)-Datenerfassung unterstreichen die Relevanz einer genauen Nachbear-
beitung. LSMO(001)-Filme wurden auf einem SrTiO3(001)-Substrat durch Laser-
strahlverdampfen (pulsed-laser deposition, PLD) und Art Sputtering hergestellt.
Durch Heizen bei unterschiedlichen Sauerstoffpartialdriicken und Temperaturen
konnten zwei verschiedene Phasen der CupyO(111)-Oberfléche erzielt werden. Allerd-
ings traten Schwierigkeiten auf, insbesondere eine mangelnde Reproduzierbarkeit,
da die Oberflacheneigenschaften stark von der Vorgeschichte des Kristalls abhangig
waren.

Die LEED-1(V')-Daten fiir diese fiinf Oberfléchenrekonstruktionen, die mit Struk-
tursimulationen verglichen werden, sollen in Zukunft dazu beitragen, das Verstand-

nis der atomaren Anordnungen auf den Oberflachen zu verbessern.
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Abstract

Transition-metal oxides (TMOs) display a wide range of electronic, magnetic, and
catalytic properties, rendering them highly relevant for various technological appli-
cations such as catalysis, electronics, and energy-conversion devices. The surface
properties of a material play a crucial role in determining its performance, as the
atomic arrangement on the surface significantly influences the chemical reactivity
and electronic behavior. Low-energy electron diffraction (LEED) combined with
intensity—voltage analysis — LEED I(V') — is a powerful technique to investigate
the atomic structure of surfaces.

This thesis contains surface-science studies on SrTiO3(110), Lag gSrg2MnO3(001)
(LSMO), and CuyO(111). A variety of surface-science techniques were employed
to prepare and characterize well-defined surface reconstructions. LEED-1(V') mea-
surements were then acquired on such surface reconstructions.

The preparation of SrTiOz involves depositing Sr via moecular-beam epitaxy
(MBE) or Ar™ sputtering, both followed by oxygen annealing, highlighting the im-
pact of these methods on the (110) surface structure. Challenges in the LEED-1(V)
data extraction, such as spot splitting due to antiphase boundaries, emphasize the
importance of accurate postprocessing to ensure reliable comparisons with sim-
ulated models. LSMO(001) films were grown on a SrTiO3(001) substrate using
pulsed-laser deposition and Art sputtering. The comparison of the LEED-1(V)
measurements recorded on the same surface structure differently prepared showed
that they are in perfect agreement to each other. Two different surface phases of
CuyO(111) could be achieved through annealing in varying oxygen partial pressures
and temperatures. The preparation encountered challenges, especially a lack in re-
producibility, as the surface properties were strongly dependent on the annealing
history of the crystal.

The LEED-I1(V') data for these five surface reconstructions, compared with on-
going structural calculations, aim to enhance the understanding of the atomic ar-

rangements of the surfaces in the future.
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1. Introduction

1.1 Metal-oxide surfaces

Metal oxides represent one of the most important material classes in today’s world
and are indispensable in modern technologies. Given that the majority of met-
als undergo oxidation in ambient conditions, they are of significant importance.
Furthermore, they display an extraordinarily broad range of physical and chemical
properties [1].

Of particular interest within the class of metal oxides are transition-metal oxides
(TMOs), which show a remarkable diversity of functionalities. For instance, in the
context of electrical conductivity, both insulators and superconductors fall within
this class [2]. There are TMOs that exhibit piezo-, pyro-, and ferroelectricity and
high dielectric permittivities [3]. By introducing defects, such as oxygen vacancies
or interstitials into the crystal lattice, their physicochemical behavior can change
significantly [4]. Due to their versatility, TMOs are ideal for applications in op-
toelectronic devices, corrosion protection, catalysis, and are widely used in energy
technologies for energy production, conversion, storage, as well as emission control
5, 6].

The interaction between a material and its environment occurs via its surface.
It is therefore crucial to gain an understanding of the atomic structures of surfaces,
as it allows to understand and influence the ongoing processes and reactions. To
this end, the so-called surface-science approach was pursued in this thesis. Here,
single-crystalline materials with distinctive physical properties and precisely de-
fined surfaces are investigated in an ultra-high vacuum (UHV) environment. The
truncation of a crystal results in an interruption of the three-dimensional period-
icity, which in turn gives rise to a rearrangement of the atoms at the surface into
structures known as surface reconstructions. Metal oxides, in particular, exhibit a
variety of complex surface reconstructions, which often depend on their cation or
oxygen composition [7].

The contamination-free UHV environment along with the well-known atomic
positions in single-crystals allow for a meaningful comparison with computational

structure models.
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2 Introduction
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Figure 1.1: Classification of oxide surfaces by Tasker [8] into three types. Type I and
Type II surfaces are stable due to their net dipole moment of 0. For Type III surfaces, a
non-zero net dipole moment exists, rendering them unstable. Adapted from Ref. 9.

1.1.1 Stability of metal-oxide surfaces

Metal oxides are ionic compounds, which can be conceptualized as a structure com-
posed of alternating planes of ions. Surfaces are created by truncating the bulk
crystal along these planes. The atoms at the surface are rearranged to maintain
electrostatic charge neutrality. In order to classify oxide surfaces based on electro-
static criteria alone, Tasker [8] provided a classification method comprising three
types, which differ in their stacking sequence, displayed in Fig. 1.1. The repeat
units are marked by the square brackets. Each layer contains a net charge (). Re-
peat units composed of these layers are charge neutral, but may carry a dipole
moment p depending on the relative arrangement of the layers. Type I surfaces
[Fig. 1.1(a)] are charge neutral in the planes, with no dipole moment perpendicular
to the surface. In Type II and Type III [Figs. 1.1(b) and 1.1(c), respectively], a
non-zero net charge within the layers occurs. The stacking of Type II allows for the
cancellation of the individual dipole moments, resulting in @ = 0. Both Type I and
Type II show stable bulk-truncated surfaces. A cancellation is not the case for Type
ITI, which leads to a summation of the dipole moments and, further, to an infinite
electrostatic energy. These surfaces are generally unstable in their bulk-truncated
form. Nevertheless, they appear in nature through the stabilization of the surface
via various mechanism, including surface reconstructions, adsorption of atoms or

ions, or electron transfer [9].

1.2 Low-energy electron diffraction

Low-energy electron diffraction (LEED) is the most commonly used diffraction
method in the field of surface science. The technique determines the symmetry
of the surface structure by employing low-energy electrons in the 20-500 eV range,

resulting in wavelengths from 1.7 to 0.5 A. These wavelengths are slightly shorter
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Introduction 3

than typical interatomic distances, rendering them well suited for diffraction on
atomic structures. In this energy range, the inelastic mean free path of electrons is
only in the order of a few atomic layers, which makes LEED a very surface-sensitive
method as the diffracted signal comes only from the topmost crystal layers. As
the diffraction pattern produced is a mapping of reciprocal space, it is relatively
straightforward to interpret qualitatively. Additionally, sources and detectors are

readily available, making the technique easy to implement [10].

1.2.1 Periodic structures and diffraction

Diffraction is typically employed to investigate periodic structures. These can be
described through the use of a lattice and a basis. The lattice can be visualized as
a set of points and is defined by three translation vectors a, b, and ¢, also known
as basis vectors. Every point of the lattice can be reached by multiplying the three

translation vectors by integers (u, v, w), resulting in the lattice vector
R = ua + vb+we . (1.1)

The basis can consist of a single atom or a group of atoms and, together with the
lattice, forms the crystal structure.

An incoming plane wave with wave vector k is scattered by a crystal only under
specific conditions. These conditions are defined by the periodic structure of the

crystal and are described by Bragg’s law as

nA = 2dsin(0), (1.2)

which relates the scattering angle 6 to a periodicity d of the crystal lattice, and the

atomic plane ZP e
@ @ L 4 @ @ L 4 L 4

Figure 1.2: Schematic illustration of Bragg-diffraction. The phase difference of the in-
coming k and scattered waves k’ must be a multiple integer of the wavelength \ for
constructive interference. Reproduced from Ref 11.
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4 Introduction

wavelength A of the incoming wave. In order to achieve constructive interference
and, consequently, diffraction, the phase difference between the incoming and scat-
tered beam must be a multiple integer of the wavelength, as seen in Fig. 1.2. Differ-
ent lattice planes diffract waves at distinct angles, producing a diffraction pattern
in which each spot corresponds to a specific family of lattice planes. [12].

The reciprocal space, also referred to as k space, is a mathematical construct in
crystallography to describe diffraction patterns. For each translation vector a there
is a corresponding reciprocal vector a*. Thus, there is a corresponding reciprocal-
lattice vector G with each real-space vector R. Both a* and G have units of
inverse length. This inverse relationship implies that large unit cells in real space
correspond to small unit cells in reciprocal space, and vice versa. The spatial ar-
rangement of the diffracted beams is directly connected to the reciprocal lattice
by the Laue condition. It states that the difference between the incoming and
diffracted wave vectors must be a reciprocal-lattice vector G in order to fulfill the
diffraction law. This condition can also be illustrated graphically via the Ewald
sphere. Figure 1.3 displays the Ewald sphere in 2D, from a 3D structure. The
k space is formed by a point lattice, and diffraction only occurs when the circle
intersects at least two lattice points (bold line). The dashed line shows a case in

which diffraction is not observed, as only one point (red circle) lies on the circle [13].

Figure 1.3: 2D Ewald sphere of a 3D structure. The incoming wave k is only diffracted
by the crystal when k — k' = G. This is the case for circles that intersect at least two
lattice points (solid line) and does not hold for k values with circles that only correlate
with one lattice point (red circle and dashed line).
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Introduction 5

1.2.2 Diffraction on surfaces

For crystal surfaces, the periodicity is broken in the out-of-plane direction. There-
fore, only two translation vectors are present, which are often different from those
of the corresponding 3D structure. For bulk-truncated surface structures that are
energetically less favorable than a change in the atomic positions, a rearrangement
occurs. This is often accompanied by a change in the surface periodicity, which
is known as a surface reconstruction. The unit cells of reconstructed surfaces are
larger than those of the truncated bulk, and described by their relation to the bulk
unit cell. For this, the so-called Wood notation in the form of either (n x m) or
(n x m)Ra® is used. n and m indicate the scaling factor of the unit-cell vectors
of the superlattice compared to those of the bulk cell, and Ra° indicates that the
superlattice is rotated by the angle . It is important to note that a given material
can form several different surface reconstructions, depending on the preparation
conditions employed. Figure 1.4 gives an example for the notation of superstruc-
tures (top row) and their corresponding diffraction patterns (bottom row). The
bulk-truncated surface and its diffraction pattern is depicted in Fig. 1.4(a). In the

diffraction pattern, the superstructure is visible as an additional set of spots, as

(@) Bulk structure (b) c(V2 x 3V2)R+45° (c) c(V2 x 3V2)R-45°
000000 5o £OQ 38'0
000000 b, O 5
OOOOOO (d) Superposition
000000 G d ] ]
,QO0000 & e S
&9 0000 TIELY B O
. (0,1) .(1,1) N (0,1) .(1,1) ° . o o o o
o o (¥3.%3) o o °
o o (3,1/3) o o * ®
(0,0) (1,0)
o ©0 o (37Y3) o o
o o (1737273) o o
[} [} o o [ [

Figure 1.4: Bulk-truncated surface and surface reconstructions (top row) with their
diffraction patterns (bottom row). (a) Bulk structure. (b), (¢) Two rotational domains
of the c(\/§ X 3\/§)R45° reconstruction. In the diffraction pattern, lattice spots are
marked with solid circles, and reconstruction spots with open ones. The unit cell of the
superlattice is v/2 times larger in a; and 3v/2 times larger in ag, with the cell being rotated
by +45°, respectively. The ¢ indicates additional atoms in the center, which results in
a c(v2 x 3v2)R45° structure. (d) Superposition of the individual c(v/2 x 3v/2)R45°
diffraction patterns. Adapted from Ref. 14.
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6 Introduction

seen in the bottom row of Fig. 1.4. As the reconstructed cell is larger than the
bulk one, it appears smaller in reciprocal space. According to the notation with
Miller indices, the spots can have non-integer coefficients. When the unit cell of
the reconstruction differs in symmetry from the bulk structure, the structure forms
domains with different orientations. Figures 1.4(b) and 1.4(c) show two rotational
domains of the c(\/§ X 3\/§)R45° reconstruction, where the ‘c’ indicates additional
atoms in the center of the unit cell. Their unit cell is v/2 times larger in a; and 3v/2
times larger in aq, and is rotated by +45° or — 45°, respectively. If these domains
are smaller than the diameter of the electron beam used in LEED (typically, 0.5—
1 mm), the resulting diffraction pattern is a superposition of the diffraction patterns
from each domain, as seen in Fig. 1.4(d) [15].

The reciprocal space of surfaces is a 2D array of points. In the third direction,
perpendicular to the plane, it becomes an array of lattice rods or crystal-truncation
rods. This means that the Ewald sphere (Fig. 1.5) intersects the rods at every
energy, as long as |k| is large enough, resulting in continuous diffraction patterns
with varying energy. By changing the energy of the incoming electrons, the intensi-
ties along the rods can be measured, providing information about the third spatial

direction (e.g., layer distances) [16].

1~~~
AN
[/ 7\

L
AR
=

Figure 1.5: Ewald sphere for diffraction on surfaces. If |k| is large enough, a diffraction
pattern occurs for each energy. The diffraction geometry is shown in real space on the
right. Reproduced from [14].
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Introduction 7

Quantitative analysis — LEED I(V)

Besides extracting symmetry information from the surface, LEED can also provide
quantitative information such as atomic positions and compositions [17]. To achieve
this, the intensities of the diffracted spots are measured as a function of the energy
of the incoming beam. This results in LEED-1(V') curves. The energy steps in the
measurement are chosen to be small enough to obtain a quasi-continuous function
[18].

In the context of single scattering (i.e., kinematic approximation), the intensity
of the scattered beam is proportional to the square absolute value of the Fourier

transform of a scattering strength f, resulting in

2

I(K) o ’ / fr)el k)T By (1.3)

In case of diffraction using electrons, f is a function of the electrical potential. A

back-transformation however is not possible because the measurement lacks phase
information due to the squared value of the original wave. To determine the struc-
ture, the measured intensities must be compared with simulated models [19].

The intensities in the kinematic approach for a single layer of 2D points are
independent of the energy. However, this approximation is not applicable to a
stack of 2D layers, as the impact of multiple scattering between layers becomes
significant. In a multi-layer structure, electrons can be scattered not only by
atoms in a single layer but also by atoms in adjacent layers, leading to dynamical

scattering effects. These interactions cause the observed intensities to depend on

— E,

Interstitial
potential

Figure 1.6: Muffin-tin potentials used for calculating the scattering intensities. The po-
tential is spherically symmetrical around the atoms and constant in the regions between
them. The shape of the potential step to the vacuum level is usually neglected. Reprinted
from Ref. 14.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

8 Introduction

the electron energy, as the electron wavelength changes with energy, influencing
the constructive and destructive interference between scattered waves from different
layers. A multiple-scattering approach is necessary to account for these interactions.
In order to calculate the scattering intensity, so-called muffin-tin potentials are used
(Fig. 1.6). These potentials are spherically symmetric around the ion cores, with
a common constant potentials assumed in between. In the majority of cases, the
scattering at the occurring potential step to the vacuum level can be neglected.
The constant potential between the atoms allows the calculation to utilize spherical
waves, which are expanded into spherical harmonics after scattering. The scattering
on each atom can then be described as a simple shift of the phase of each spherical-
harmonic component of the electron wave. The atoms are then assembled into
layers and multiple scattering within the layers is taken into account. The solid is
constructed from these layers, taking into consideration multiple scattering between
them.

The calculated I(V') curves are compared to the experimental data. In order to
quantify the agreement between them, the so-called R factor (reliability factor) is
utilized. There are several different factors, whereby the Pendry R factor (Ref. 20)
is most commonly used. It is based on the quadratic deviation of dIn//dE of the

experimental and calculated I(V') curves and is defined as

f(Y:exp - Y;heor)sz
J Y&y + Vi) dE

Rp = (1.4)
with
Y=———— where L = —— (1.5)

and Vp; is a constant. In an optimization procedure, structural parameters (e.g.,
atom positions, their vibration amplitudes, layer distances, etc.) are varied until
the smallest Rp factor is obtained. Eq. (1.4) leads to values of Rp = 0 for perfect
agreement of calculation and experiment, Rp = 1 for no correlation at all, and
Rp = 2 for total anticorrelation. R factors of < 0.1 are considered as an excellent
correlation. For values between 0.2 and 0.3, the structure model may be correct, but
one or more parameters do not fit the experimental data. A similar approach can
be used to compare differently prepared sample structures, whereby LEED-1(V)
can be employed as a 'fingerprint’ technique to ascertain the structural identity.
Typically, an individual R factor is determined for each diffraction spot, and

the overall R factor is calculated by sums over all beams in the numerator and
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Introduction 9

denominator in Eq. (1.4). As the definition of Rp contains a derivative, the calcula-
tion is sensitive to noise in the experimental data. Therefore it is useful to average
the individual (V) curves by either repeating the experiment multiple times or

averaging over symmetry-equivalent spots [18].

1.3 Outline of the thesis

This thesis adresses the preparation and characterization of three different TMO
systems: SrTi0O3(110), LagsSrg2MnO3(001) [LSMO(001)], and CupO(111). These
materials exhibit different surface reconstructions. The structural details of many
of those reconstructions are still unknown. Consequently, LEED-1(V') measure-
ments were conducted on one surface reconstruction of SrTiO3(110), and two sur-
face phases of LSMO(001) and CupyO(111), respectively. In this thesis, experimental
LEED-I(V) curves of these five surfaces are reported. Work on computational struc-
ture models of these systems is currently underway, with which the experimental
data will be compared to further elucidate the structural details of this surfaces.

During the experiments, a variety of techniques typically used in the field of
surface science was employed. A detailed overview of the methods and the UHV
apparatus can be found in Chapter 2. The focus of Chapters 3-5 is on the material
systems under investigation, starting with SrTiO3(110) in Chapter 3. SrTiO3(110)
exhibits a variety of surface reconstructions adjustable by the near-surface composi-
tion. Fine-tuning of the surface stoichiometry was done via molecular-beam epitaxy
(MBE) and Ar™ sputtering, both followed by O annealing, which resulted in the
(4 x 1)-reconstructed surface. Chapter 4 deals with thin-film growth of LSMO on
SrTiO3(001) substrates using pulsed-laser deposition (PLD). The Chapter shows
the sensitivity of thin films to the choice of PLD parameters during the deposi-
tion process. An incommensurate and a (\/§ X \/§)R45°surface were prepared by
PLD growth or MnO deposition, and Ar™ sputtering, respectively. Cup,O(111) in
Chapter 5 showcases the importance of the correct bulk composition in order to
prepare the desired reconstruction. Two surface periodicities — a (1 x 1) and a
(v/3 x v/3)R30° periodicity — were achieved by annealing at different tempera-
tures and oxygen partial pressures. The preparation procedures were accompanied
by scanning tunneling microscopy (STM) measurements. LEED-I(V') measure-
ments on each of the five surfaces were performed. The results are presented and
discussed at the end of the respective Chapters.

Finally, Chapter 6 gives a summary of the work and outlines future directions.
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2. Experimental methods

2.1 UHYV setup

The experiments were performed in the UHV setup shown in Fig. 2.1. The setup
consists of two main systems: the PLD chamber and the surface-science system. A
detailed description of the laboratory is given in Ref. 21.

The PLD chamber consists of py-metal, ensuring the screening of external mag-
netic fields. After bakeout, the base pressure was 1 x 107! mbar. The chamber
is combined with reflection high-energy electron diffraction (RHEED) to monitor
growth rates in real time during deposition. However, the focus of this work is not
on PLD growth, and therefore no RHEED measurements are reported in this thesis.
It is equipped with a ultaviolet (UV) laser (KrF excimer laser) with a wavelength
of 248 nm (Coherent COMPexPro 205F) for target ablation, where the energy
can be adapted with an attenuator. Through an exit window, the laser energy
can be measured for calibration. Up to five targets can be attached to a rotatable
carousel. An infrared (IR) laser (DILAS, 980 nm) is used for heating, which hits the
sample directly in the back through a hole in the sample plate. The temperature is

“=Transferss

Figure 2.1: Picture of the UHV setup. The apparatus innterconnects a PLD chamber
and a surface-science facility in UHV. Reprinted from Ref. 21.
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Experimental methods 11

measured from the front of the sample surface with a pyrometer [Impac IGS5
(MB20)]. Different gases (O, Ny, Ar) can be leaked into the chamber, while the
flow is controlled via mass-flow controllers. Pressures up to 1 mbar can be achieved
at temperatures up to 1200 °C [22].

The surface-science system is connected in UHV through a transfer chamber.
The base pressure in both chambers was below 5 x 107! mbar. In the surface-
science system, samples are prepared and characterized in two different chambers:
a preparation and an analysis chamber. Samples can be cleaned through Art-
sputtering cycles in the preparation chamber. The preparation chamber is also
equipped with a molecular-beam epitaxy (MBE) system to deposit Sr in order
to adjust the surface composition of Sr'TiO3. The deposition is performed from a
low-temperature effusion cell held at 420 °C. Growth rates are calibrated by a home-
built quartz-crystal microbalance (QCM). The analysis chamber is equipped with
LEED, X-ray photoelectron spectroscopy (XPS), low-energy ion scattering (LEIS),
and scanning tunneling microscopy (STM) for a complete characterization of the
materials. Additionally, samples can be annealed with an electron-beam heater in
both chambers.

2.2 PLD

PLD is a process of physical vapor deposition used for growth of thin films. It is
both used for the synthesis of devices and for material studies [23]. Typically, a
UV laser emits short pulses with pulse lengths on the range of nanoseconds, and is
focused on a target. The high energy density of the laser ablates target material.
The material is ejected from the target in a plasma plume and deposited on the
substrate, which can be heated to enhance diffusion and surface mobility. The
process is schematically illustrated in Fig. 2.2.

This method of film growth has several characteristics that make it particularly
attractive for complex materials like TMOs. For example, it enables the transfer of
the target stoichiometry to the substrate, given that the PLD parameters are chosen
correctly. The deposition of multication films can be realised with multiple targets
for each element or with a single stoichiometric target of the required material
system. The targets are polycrystalline and therefore readily produced.

Typically, one laser pulse deposits a sub-monolayer amount of material. This
allows for the precise control of the film thickness by adjusting the number of pulses.
However, the quality and properties of the resulting film are dependent on multiple

parameters throughout the growing procedure.
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\
UV laser
(248 nm)

IR heating

’ . (980 nm)
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target substrate
| 5.5 cm | 0,
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Figure 2.2: Schematic representation of PLD. The UV laser hits the target and ablates
material. A plasma plume is created and ejected forward-directed to the substrate. The
material is deposited on the sample while heated with an IR laser. Adapted from Ref. 21.

An oxygen-gas background both participates actively in the chemistry of the film
and slows down the ejected material. For oxides, multication thin films often need a
reactive species as a component in the plume [24]. By adjusting the oxygen partial
pressure, the kinetic energy of the ablated material species is changed via scattering
processes, which influences directly their mean free path and thus the properties of
the film [25]. This interaction can be divided roughly into three different pressure
regimes. At low pressures, the mean free path of the ejected material is larger
than the distance between the target and the substrate. The composition of the
plume and the one ablated from the target are the same. Within an intermediate
regime, the interaction of the plasma species and the oxygen molecules depends
on their mass: With higher pressures the film is enriched with the heavier plume
species, as they get scattered less than the lighter ones. Very high pressures result
again in a congruent transfer of the ablated material. The regime is called the
shock-wave regime, where all species are slowed down equally [26]. However, the
composition of the plume is not necessarily the same as the one of the target: it
is affected by the energy density (also referred to as fluence) of the ablating laser.
The target-to-substrate distance (55 mm in the used setup) plays a significant role
in the classification of the three regimes [27].

Besides the oxygen background, several other parameters like the laser pulse
energy and duration, the pulse-to-pulse standard deviation, the energy density, the
repetition rate, the beam divergence, the target selection, and the condition of the

surface, have a huge impact on the film properties and homogeneity [24, 28].
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Experimental setup

PLD was used to grow LSMO films on SrTiO3(001) substrates. The experimental
setup was already discussed in Section 2.1. Home-prepared LSMO and MnO targets
were used for PLD [29]. Before film growth, the targets were preablated using
the same parameters as those employed in the growth process, except with higher
repetition rates. Preablation ensures a clean target surface prior to film growth.
During preablation, the substrate was kept in a separate UHV chamber to avoid
deposition of unwanted material [22]. During the ablation procedure with the UV
laser, the targets are moved in a raster pattern. This approach ensures that the
ablated area is sufficiently large to prevent the formation of holes and enabling a

uniform ablation throughout the process.

2.3 Scanning-probe microscopy

2.3.1 STM

In STM, the sample is probed with an atomically sharp metal tip, usually made
out of tungsten or Pt—Ir, to image the surface at an atomically resolved level. This
is achieved by bringing the tip extremely close to the sample (within nanometer
range), until a tunneling current is observed. Consequently, the material selection
is restricted to electrical conductors or semiconductors. The fine adjustment of the
tip movement is achieved by piezoelectric elements. Typical operating parameters
for a STM measurement are 0.1-40 nA in current, and around +1 mV to +5 V

applied voltage [30]. Figure 2.3 shows a schematic setup for STM measurements.

From the time-separated Schrodinger equation applied on a rectangular potential
barrier, an approximation of the dependence of the wave function ¢/ on the distance
d can be derived. The tunneling current is then proportional to the transmission

probability T'; as

Toc Toc |[Ph(d)]? oc e, (2.1)

Since d appears in the exponent of Eq. (2.1), the current drops rapidly with in-

creasing distance. A change in distance of 1 A results in a current change up to an

order of magnitude. This makes resolutions in the picometer range possible.
Imaging can be performed in two different modes: constant-height mode, which

keeps the tip at the same height while scanning over the surface and measuring the
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Figure 2.3: Schematic representation of an STM measurement setup. Reprinted from
Ref. [31].

varying current, and constant-current mode. Usually, the latter is used, as the risk
of crashing the tip at protrusions from the surface is quite high in constant-height
mode. In constant-current mode, the vertical position of the tip is continuously ad-
justed by a feedback loop to maintain a constant current flow. The monitored dis-
placement of the tip results in an image of constant local density of states (LDOS),
which means that the measurement is not necessarily a depiction of the surface
topography but also contains electronic information [32]. In Fig. 2.4(a), the struc-
ture model of TiO, is shown as an example. The O atoms are geometrically higher
than the Ti atoms. The LDOS calculation depicts an opposite behavior, as seen in
Fig. 2.4(b), which leads to an inversion of the contrast in the STM images when a
positive bias voltage is applied between the tip and the sample [Fig. 2.4(c)]. The
Ti atoms and O vacancies appear brighter, as the tunneling current is higher than
that occurring for the O atoms. Consequently, the appearance of the O atoms is
dark.

Experimental setup

STM was utilized for the characterization of surface structures, with positive sample
bias voltage (measuring empty states) in constant-current mode. The employed tip
is made out of tungsten and permanently integrated in the system. Ideally, the
tip consists of a single atom, as blunt tips lead to bad resolution. In the case of

tips consisting of two or more atoms, the surface features are multiplied. A tip
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Figure 2.4: Topography vs electronic structure in STM. (a) Structure model and topog-
raphy of a TiO2(110) surface. The O atoms protrude above the Ti atoms. (b) Graphical
representation of the calculated LDOS of TiO;. (c) The Ti atoms and O vacancies appear
brighter than the O atoms, given that the tunneling current is lower for the O atoms when
a positive bias voltage is applied to the sample. Adapted from Ref. 14.

ARy

replacement in the UHV chamber used is only possible by venting it. To avoid this,
two different methods for tip preparation were applied. Ar* sputtering for about one
hour, with an ion current around 1.5 pA, an Ar partial pressure of 5 x 10~% mbar, and
an acceleration voltage of 3kV. Alternatively, the tip can be reshaped by applying
voltage pulses up to 10V while in tunneling contact. The pulse can either eject

atoms or molecules or deposit them, both resulting in a sharper tip [33].

2.3.2 AFM

Atomic-force microscopy (AFM), like STM, is a scanning-probe microscopy tech-
nique. A sharp tip, positioned on a cantilever, scans the sample in a raster pattern
and interacts with it. The interaction forces are measured by recording the de-
flection of a laser reflected by the cantilever with a position-sensitive photodiode.
The method needs minimal sample preparation and can also be performed on non-
conductive materials.

The measurement with AFM can be carried out in different modes. In tapping
mode, the cantilever is driven to oscillate near its resonance frequency, while the
oscillation amplitude is measured. The interaction between the tip and the sample
alters the resonant frequency depending on the surface topography. A feedback
loop maintains the cantilever at a constant oscillation frequency, transforming the

information into a height profile [34-36].
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Experimental setup

The measurements were performed in an ambient-pressure AFM in tapping mode.
It was used to check the cleanliness of the samples and substrates before introducing
them into the UHV chamber.

2.4 XPS

XPS is a characterization technique in surface science for chemical analysis. It is
based on the photolectric effect. Photons emitted from an x-ray source interact with
the sample, where electrons are excited and subsequently ejected from the surface
with a characteristic energy. The emitted electrons and their kinetic energy, which
is dependent on the source energy, are measured through an analyzer. From the
known photon energy, the original binding energy of the emitted electrons can be
calculated [37]. A drawing of the experimental setup with the interactions between
an atom and the incident photon can be seen in Fig. 2.5.

Since x-ray photons have an absorption length in the micrometer range, the sur-
face sensitivity of the method comes from the scattering behavior of the electrons
with matter. The IMFP of electrons in the measured energy range (0-1400eV) is in
the nanometer range, meaning that the signal originates from a few atomic layers

close to the surface.

Hemispherical analyzer

[ ] X-ray source

Sample

Figure 2.5: Experimental setup of an XPS measurement. The enlarged region shows a
drawing of the interactions between a photon and an electron. An incoming photon can
either create a photoelectron (PE) by knocking an electron out of its initial state or an
Auger—Meitner electron (AM). The latter results from an outer-shell electron filling the
vacancy, with the released energy from this process ejecting a third electron.
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The peak position in a spectrum provides qualitative information about the
chemical composition of the sample. It can vary by a few electronvolts, depending
on the chemical environment in which the elements are located, such as their oxida-
tion state. A quantitative analysis is not straightforward since the peak intensities
are not only a function of the element concentration but also of parameters like
the photoelectric cross section, and photon flux, and the (usually unknown) spa-
tial distribution of the emitting atoms [38]. The incident photons create another
electron species, while interacting with the solid: the Auger—Meitner electrons.
Auger—Meitner electrons are produced when an electron is knocked out of a shell,
and the excited ion relaxes to the ground state. The released energy ejects an-
other electron, which is then detected. The energy of an Auger—Meitner electron
is independent of the incoming radiation energy [39]. In the recorded spectra, the
peaks resulting from photoelectrons are sharp and high in intensity. Conversely, the
Auger—Meitner peaks are typically broader in width, due to the very short lifetime

of the intermediate excited state, and low in intensity [40].

Experimental setup

The XPS used for investigations is equipped with non-monochromated Al K, and
Mg K, sources with excitation energies of 1486.6 eV and 1253.6 eV, respectively.
The spectra were recorded by measuring the photoelectron energies with a hemi-

spherical analyser. Most of the experiments were performed with the Al source.

2.5 LEED

A theoretical description of LEED was already given in Section 1.2 in detail.

A LEED setup consist of the following parts: an electron gun, a retarding grid,
and a detection screen. The retarding grid filters out the incoming electrons that
were scattered inelastically by applying a voltage so that only elastically scattered
electrons with the incident energy can pass and arrive at the detector. For de-
tection, phosphor screens are used, which reproduce the diffraction pattern via
photoluminescence. In Fig. 2.6, a typical LEED setup is shown. After sorting out
the inelastically scattered electrons, the remaining electron signal is amplified. One
common method for this amplification is the use of microchannel plates (MCPs),

where numerous channeltrons are connected in parallel [37].
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Figure 2.6: LEED setup. The camera is positioned outside the UHV chamber and records
the diffraction pattern from the backside of the fluorescent screen (reverse-view LEED).

Experimental setup

Unlike the PLD chamber, the LEED setup in which the data was recorded is not
situated in a UHV chamber consisting of pu-metal. Consequently, magnetic fields
generated by external sources, such as public transportation close to the labora-
tory, are not shielded, which can have a significant impact on the measurements
by deflecting the electrons on their way from and to the screen. To compensate
for this, two coils were installed generating magnetic fields that counteract this
disruption. Additionally, the setup has been upgraded with ViPErLEED (Vienna
Package for Erlangen LEED) electronics [41] to enable fully automated LEED-1(V)
measurements.

While measurements can be conducted in the energy range between 20 eV and
1000 eV, the investigated diffraction patterns were within the range of 25 eV to
150 eV. The diameter of the electron beam is about 0.7 mm. For each image at
a certain energy, a flat-field image acquired by shining the electron beam onto the
polycrystalline sample plate is taken to record a uniform distribution of the intensity
without the spots. In addition, a dark frame at zero screen voltage ensures that the
contribution of the surrounding light sources to the intensity is corrected. These
data were used for background correction [42]. Additionally, a pincushion distortion
correction has been applied. The pincushion distortion arises from the projection
of scattered electrons onto a flat screen, while their scattering geometry is in fact
spherical. This geometric mismatch causes the diffraction spots at larger scattering
angles to appear farther apart than they should, creating a ‘pushed-out’ effect at
the edges of the LEED pattern [37]. All post-processing steps were performed with

ImageJ, a public-domain image-processing program with implemented plugins [43].



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Experimental methods 19

The LEED-I(V') measurement

The LEED-I(V) measurements were implemented with the ViPErLEED package
[43, 44], while the usual LEED setup was used.

For each measurement, an energy calibration was carried out. This ensures that
the energy set by the controller is actually the energy that arrives at the sample,
as almost all LEED optics are affected by an energy offset or a gain miscalibration.
The difference can be corrected by comparing the nominal and the output energies.
The relation provides a linear correction function to compensate for this error.

The measurement procedure follows the same principle as that of the standard
LEED. For each recorded I(V) image stack, corresponding flat-field and a dark-
frame ‘movies’ were recorded. 3-5 measurements at different distances from the
screen were performed. The collected data was averaged afterwards to eliminate
contributions from the grid, and for noise cancellation [43].

In order to obtain good results, it is important to precisely adjust the incidence
angle of the beam relative to the sample surface. This is because the measured (and
calculated) I(V') curves depend strongly on the exact incidence angle of the electron
beam. The manipulator of the analysis chamber only allows for the adjustment of
two of the three spatial angles. Consequently, these two angles need to be adjusted
as precisely as possible, while the third direction needs to be varied during the

calculations. Energy ranges between 20 eV and 720 eV were used.

Figure 2.7: Spot-tracker tool implemented in ImageJ, shown for the LEED measurements
on the (4 x 1)-reconstructed surface of SrTiO3(110). By providing a pattern file which
contains the symmetry information of the measured structure, the tool recognises the
correct diffraction spots and follows them over the entire energy range. The energy is
extracted and the data is converted into an I(V') curve.
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Data was evaluated with the VIiPErLEED analysis package in ImagelJ [43]. A
spot tracker follows the diffraction spots over the measured energy range and ex-
tracts their intensities. This is possible by providing a structure file, which contains
the symmetry information of the examined surface with the occurring diffraction
spots. Figure 2.7 depicts an example tracking the spots of the (4 x 1) reconstruc-
tion of SrTiO3(110) at 225 eV.

2.6 FEzx-situ preparation

The samples were cleaned before introducing them into the UHV chamber, and
were characterized via an ambient-pressure AFM. After that, depending on the
characterization methods needed in UHV, the samples were mounted with two

different strategies, as explained in Section 2.6.2.

2.6.1 Sample cleaning

To remove polishing residues, all samples and substrates were cleaned using the
same procedure. Round-bottom flasks, which were boiled in 20% HNOj3, were
utilized as glassware. The samples were first sonicated in isopropanol and ethanol
for 30 min each. This was followed by sonication in 3% Extran for 30 min, and then
in ultrapure water for 20 min. The last two steps were repeated until the samples
were free of obvious contamination in a 6 x 6 pm? AFM image. After each step,
the samples were rinsed thoroughly with ultrapure water. During the sonication

process, the solvents were additionally warmed (= 60 °C) in the sonication bath.

2.6.2 Sample mounting

All samples were mounted on sample plates that feature a hole for direct heating
with the IR laser and a pocket for securing the sample. The sample is fixed on
the plate with different clip designs via spot welding. Both plate and sample are
made of Nicrofer®, an alloy consisting mainly of nickel, chromium, and iron, with
suitable properties for high temperatures and oxygen pressures. Before use, the
sample plates and clips were cleaned by boiling in 20% HNOj3 and then rinsing with
ultrapure water.

Two different mounting strategies were used during the experiments. A loose
mounting was chosen for samples not intended for STM measurements. In this case,
a 0.17 mm-thick Nicrofer® foil was cut into thin stripes and diagonally spot welded

on two opposing corners of the plate. No direct force is applied from the clips to
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Figure 2.8: Sample mounting used for STM measurements. The clips are made out of a
spacer (indicated by the black arrow) and a stripe composed of Nicrofer®. The red line
marks the area where the clips need to be placed to fit in the STM holder. Adapted from
Ref. 21.

the sample. This limits stress induced by the clips and helps preventing sample
cracking during heating.

Samples for STM measurements require a more rigid mounting to minimize vi-
brations while scanning. Special clips with a spacer in the middle, consisting of
three Nicrofer® stripes spot welded together, were utilized. The spacer is spot
welded onto a stripe and formed with a home-designed tool. The shape and geome-
try of the clips is shown in Fig. 2.8. The red line highlights the requisite placement
to fit the STM holder. As the sample protrudes by 0.25 mm from the sample plate,
the spacer exerts pressure on the sample, potentially elevating the risk of cracking
during the first annealing step. Nevertheless, this mounting approach remains the

best solution for the intended application.
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3. SrTiO3(110): The (4 x 1) re-

construction

3.1 Introduction

For decades now, SrTiO3 has been a highly relevant topic in surface science, with
many surface structures still remaining unsolved [45, 46]. This TMO finds ap-
plication in oxide electronics such as high-density data-storage devices as well as
catalysis and photocatalysis [47, 48]. Tt is a favored substrate material for film
growth of other perovskite oxides due to their good lattice mismatch with each
other [49, 50]. For thin-film growth, well-defined substrate surfaces are required
to control the deposition process, which makes it crucial to understand the surface
structure [51]. The same holds for catalytic and photocatalytic processes, where
the surface morphology plays a major role during the reactions. Sr'TiO3 represents
a prototype perovskite oxide with particularly interesting material properties. For
example, transitions from metallic, to insulating, to even superconducting behavior
can be realized through field effect and chemical doping with oxygen [52, 53]. At
interfaces with other oxides, as well as directly on the SrTiO3 surface, a 2D elec-
tron gas can form, potentially offering an alternative to conventional semiconductor
devices [54].

The focus of this Chapter lies on the (110) surface of the perovskite oxide SrTiOs,
more specifically the (4 x 1) reconstruction of the (110) surface. SrTiO3 exhibits a
large number of surface reconstructions, which can be influenced by slight changes of
the near-surface composition. For that, molecular beam epitaxy (MBE) from a low-
temperature effusion cell and Ar* sputtering, both followed by a high-temperature
O, annealing, were used. The surface stochiometry is extremely sensitive to small
deviations from the ideal preparation conditions, resulting in a coexistence of the
individual reconstructions, a known phenomenon for SrTiOj surfaces. A detailed
overview of the preparation conditions and the following results is provided in Sec-
tions 3.3.2-3.3.4. The postprocessing of the recorded LEED-7(V') measurement on
the (4 x 1) reconstruction of SrTiO3(110) is presented in Section 3.3.5, followed by

a discussion of the results in Section 3.4.
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Figure 3.1: Exemplary cubic ABOgs perovskite structure. Reprinted from Ref. 21.

3.1.1 Perovskite oxides

Perovskite oxides are a class of functional materials generally described by the
formula ABO3. The cations at the A and B sites can be varied and partially sub-
stituted in a multitude of combinations, which significantly impacts the properties
and allows considerable flexibility in material design [55, 56]. The unit cell is cubic
with A-site cations at the corners, and B-site cations in the center, which is six-
fold coordinated by oxygen. The structure is represented in Fig. 3.1. A-site cations
have larger ionic radii than B-site ones and are typically alkaline-earth or rare-earth

metals, whereas the B cations are transition metals [57].

3.2 Structure and surface reconstructions

Figure 3.2(a) displays the cubic-perovskite structure of SrTiO3 with a lattice con-
stant of @ = 3.905 A. In this perovskite, the Sr atoms occupy the corners of the
unit cell (A site), with a Ti atom located in the center (B site), octahedrally coor-
dinated by O atoms. Figure 3.2(b) shows the (110) bulk-truncated surface in side
view. Along the [110] direction, the crystal consists of alternating (SrTiO)** and
(0O2)*~ planes. This stacking results in an infinitely high electrostatic potential of
the (110) bulk-truncated model and thus to an inherently unstable polar surface
(Tasker Type III, see Section 1.1.1). The polarity is compensated by a TiO,-rich-
reconstructed overlayer on a (SrTiO)*" plane [58].

As mentioned above, Sr'TiO3 shows a great diversity of reconstructions depend-
ing on its near-surface stoichiometry. To describe them, a (n X m) notation is
used, where n is the number of bulk unit cells in the [001] direction, and m the
number in the [110] direction of the superstructure. In Fig. 3.3, a phase diagram
of selected occurring structures with varying Sr or Ti content, respectively, can be
seen [21]. The unit cells in the STM images are marked in white and the bulk-

derived diffraction spots of the respective LEED patterns underneath are marked
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Figure 3.2: Structure of SrTiO3. (a) Perspective view of the cubic unit cell with lattice
constant a = 3.905 A. (b) Bulk-truncated model of the (110) surface structure in side
view. Along the [110] direction the crystal has a stacking of alternating (SrTiO)** and
(0O2)*~, resulting in a polar surface, which is unstable.

with red circles. On the Sr-rich side, the surface exhibits (n x 1) reconstructions,
all of them very similar in structure. This can lead to coexisting reconstructions
at the surface, where different (n x 1)-reconstructed lines appear side by side.
The (n x m) terminations are found on the Ti-rich side and are not related in
their structure [59]. However, as the surface is highly sensitive to local deviations,
multiple reconstructions can coexist at the macroscopic scale, for example in the
case of non-uniform deposition. With increasing density of the TiO,-rich overlayer,
a transformation from the (n x 1) series to the (n X m) series takes place, where

the Ti atoms change their coordination from tetrahedral to octahedral [60].

(6><1) 7 (5><1) _ (4x1) (2x4) (6><4) (2><5)

1
Ti dosa (ML)
Sr dose (ML)
( ) ) ) ) )

1
1.9 1.5 1.35 0.6 0.5 0

Figure 3.3: Surface phase diagram of SrTiO3(110) showing selected reconstructions de-
pending on their relative Sr or Ti content, respectively. The (n x 1) series is considered as
more Sr-rich than the (n x m) series. The unit cells are highlighted by white rectangles
in the STM images, and the bulk-derived diffraction spots of the corresponding LEED
patterns by red circles. One monolayer (ML) is defined as the density of cation sites in
a bulk-truncated SrTiO3(110) plane, amounting to 4.64 x 10'* atoms/cm?. Reprinted
from Ref. 21.
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3.2.1 The (4 x 1) reconstruction

The (4 x 1) reconstruction is the most commonly observed surface reconstruction
of SrTiO3(110). It is formed by a network of TiO4 tetrahedra on top of the last
(SrTiO)** layer. By sharing oxygen corners, the structure is built up through rings
consisting of six or ten tetrahedra. From the STM image in Fig. 3.4(a), one can
see that the reconstruction appears as lines following the [110] direction separated
by dark trenches. The unit cell is outlined by the white rectangle. Figure 3.4(b)
represents a DFT model of the six- or ten-membered titania rings on the (110)
surface. Since the mirror symmetry of the reconstructed surface unit cell is lower
than that of the bulk-truncated one, two domains are present at the surface. When
the two domains meet, an antiphase domain boundary develops, which can either
result in a Sr** adatom (orange) or a (TiyO3)?" vacancy (violet), depending on
how they are oriented when combined. The so-called ‘C-type’ is observed when
the wings of the ‘boomerangs’ point away from each other [marked in violet in
Fig. 3.4(a)] and the ‘W-type’ boundary for ‘boomerangs’ pointing towards each
other [marked in orange in Fig. 3.4(b)] [61]. In the DFT model [Fig. 3.4(b)], the
‘W-type’ antiphase domain boundary is shown with a white star representing a
Sr?* adatom. A domain consisting of eight surface unit cells is highlighted in white
(4 x [ with [ = 8). In Fig. 3.4(c), a LEED pattern of the (4 x 1) reconstruction

is shown. As the distribution of the antiphase domain boundaries is not random,
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Figure 3.4: (4 x 1) surface of SrTiO3(110). (a) Atomically resolved STM image with
the unit cell marked in white. A symmetry break from the superstructure referred to
the bulk-truncated surface leads to antiphase domain boundaries, which result in either
Sr?* adatoms (orange) or (TizO3)** vacancies (violet). (b) DFT model of the surface
reconstruction consisting of six- or ten-membered corner-sharing TiO4 tetrahedra. The
white rectangle highlights a domain consisting of eight unit cells. (c¢) LEED pattern
at 90 eV. The antiphase domain boundaries have a certain periodicity, which causes a
splitting of the diffraction spots. Panels (a) and (b) are reprinted from Ref. 21.
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their occurrence gives rise to an additional periodicity on the surface. This results

in a splitting of the diffraction spots.

3.3 Sample preparation and characterization

Each annealing step throughout the in-situ cleaning and preparation was carried
out at 1000 °C and an oxygen partial pressure po, of 6 x 1075 mbar with ramp

rates in the 10-30 °C/min range, with a typical duration of 1 h.

3.3.1 SrTiO3(110) substrates

5 x 5 x 0.5 mm® Nb-doped SrTiO3(110) single crystals, with a miscut of less than
0.2° (CrysTec GmbH) were utilized as substrates. The substrates were cleaned,
analyzed with AFM, and mounted for STM in accordance with the procedures
outlined in Section 2.6.

After introduction into the vacuum chamber, a test annealing was performed
to check the mounting. Samples prepared for STM measurements tend to crack if
the attachment of the clips is too tight. However, annealing at such high temper-
atures can also loosen the clips, making STM measurements challenging or even
impossible due to vibrations. For surviving samples, this step was followed by
sputtering—annealing cycles, with an Ar™ ion dose D in the range of 300 ions/nm?, to
clean the surface. XPS measurements to monitor the cleanliness were performed in

between. An exemplary XPS spectrum of a clean substrate is presented in Fig. 3.5(a).
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Figure 3.5: Characterization of the SrTiO3(110) substrate after three sputtering—
annealing cycles. (a) XPS spectrum (Al K, ) of a clean substrate with labelled character-
istic peaks. (b) LEED pattern of the mixed (2 x 4)- and (6 x 4)-reconstructed surface
at 90 eV. The unit cells of the bulk-derived (1 x 1) (dashed rectangle), the (2 x 4) (solid
rectangle), and the (6 x 4) (white rectangle) are highlighted.
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The characteristic peaks are labelled. After three sputtering—annealing cycles, the
surface was clean and exhibited a mixed (2 x 4) and (6 x 4) termination, which
is shown in the LEED pattern in Fig. 3.5(b). The bulk-derived (1 x 1) unit cell is
indicated by the dashed rectangle, the (2 x 4) unit cell by the solid rectangle, and

the unit cell of the (6 x 4) reconstruction is outlined in white.

3.3.2 (4 x 1) preparation

The preparation procedure aimed for a fully (4 x 1)-reconstructed surface and is
based on previous studies [21]. MBE using a low-temperature effusion cell was
employed for Sr deposition. Sr was evaporated at 420 °C and subsequently deposited
onto the substrate surface, which was kept at room temperature. A calibration
of the deposition rate with a home-designed QCM allowed precise control of the
growth process. Depositing Sr was only reasonable for structures richer in Ti than

the (4 x 1) reconstruction. In the other case, the samples were Ar*-sputtered with

(@

(c) (d)

Ar* sputtering

+
0.6 A sr

Figure 3.6: LEED patterns after Sr deposition and Ar™ sputtering. (a) Initial state show-
ing a mixed (4 x 1) and (2 x 4) reconstruction. The diffraction spots belonging to the
(2 x 4) reconstruction are marked with black circles. (b) After deposition of 0.1 A Sr. The
(2 x 4) spots are barely recognisable (black arrows). (c) (4 x 1)/(5 x 1)-reconstructed
surface before Art sputtering. The coexistence results in smeared out spots (black ar-
row). (d) Surface after Art sputtering followed by the deposition of 0.6 A Sr, showing a
mostly (4 x 1) reconstruction.
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a sputter current of I, = 1.6 pA and sputtering times ranging from 5 to 7 min.
Both the deposition and sputtering steps were accompanied by a subsequent Og
annealing. Figure 3.6 illustrates the sensitivity of the reconstruction to slight com-
positional changes. The LEED pattern in Fig. 3.6(a) shows a mixed (2 x 4)- and
(4 x 1)-reconstructed surface. Selected (2 x 4) diffraction spots are highlighted
by black circles. After depositing 0.1 A of Sr, the diffraction spots belonging to
the (2 x 4) were nearly undetectable, as seen in Fig. 3.6(b) (black arrows). Fig-
ures 3.6(c) and 3.6(d) provide an example of the impact of the Ar" sputtering
followed by the deposition of 0.6 A Sr. Prior to the Ar* bombardment, the surface
displayed a (4 x 1)/(5 x 1) reconstruction visible due to the blurring of the spot
indicated by the black arrow in Fig. 3.6(c). The surface underwent a transformation
into a predominantly (4 x 1)-terminated structure as a result of the treatment [no
blurring in Fig. 3.6(d), see the black arrow|. Moreover, regardless of the prepara-
tion conditions, the recorded (4 x 1) and (5 x 1) diffraction patterns displayed a
splitting of the spots.

3.3.3 Non-uniformity of the sample surface

After Art sputtering, the samples often displayed a non-uniformity in the LEED
patterns depending on the position on which the measurement was performed,
as seen in Fig. 3.7. The LEED pattern at 90 eV shows that the (4 x 1) recon-
struction, along with a bit of the (2 x 4) reconstruction, appears in the center
[Fig. 3.7(b)]. 2mm above and 1 mm to the right of the center [Figs. 3.7(a) and 3.7(c),

respectively], some spots indicated by the black arrows are smeared out, indicative of

(@) Top-2mmt (b) Center (c) Right-1mm -

Figure 3.7: Diffraction patterns from LEED at 90 eV after Ar™ sputtering. The sample
shows different reconstructions depending on the location on which the electron beam
hits the surface. (a) Top (2 mm above), and (c) right side (1 mm to the right) relative
to the center, with smeared out diffraction spots outlined with black arrows. (b) Center
of the sample mostly with (4 x 1) reconstruction.
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the presence of a mixed (4 x 1)/(5 x 1) structure in those regions. Through sput-
tering, and a subsequent long annealing step in O, for a few hours, it was possible

to reduce this non-uniformity.

3.3.4 Coexistence of reconstructions

Another observed phenomenon was the coexistence of the (4 x 1), and the (5 x 1)
or (2 x 4) reconstructions, respectively, on the microscopic scale.

In Fig. 3.8(a), an STM image of a prepared SrTiO3 sample after the deposition
of Sr (0.6 A) followed by Oy annealing on a mixed (4 x 1)/(2 x 4)-reconstructed
surface is depicted. The terraces are flat and the surface looks homogeneous. In the
diffraction pattern from LEED at 90 eV [Fig.3.8(b)], a blurring of the spots occurs
once more (black arrows). Figure 3.8(c) shows an atomically resolved STM image
of the surface. Lines with different appearance are observable. The (4 x 1) lines
with their characteristic defined bright dots are partly substituted with lines that
exhibit hole-like features, a characteristic of the (5 x 1) reconstruction, indicated by
the white rectangles. Additionally, the (5 x 1) lines jump along the [001] direction

(white arrows).

5

Figure 3.8: Coexistence of the (4 x 1) and (5 x 1) reconstructions on the SrTiO3(110)
surface. (a) Overview STM image of a surface after Sr deposition on a (2 x 4) reconstruc-
tion. (b) LEED pattern at 90 eV showing smeared-out spots (black arrows). (c) Atomi-
cally resolved STM image of the reconstructed surface. (4 x 1) lines occur together with
(5 x 1) lines. The latter are outlined with white rectangles. The (5 x 1) lines jump
along the [001] direction (white arrows). (a) Uy, = 2.4 V, I; = 0.10 nA, 134 x 140nm?;
() Uy =31V, I; = 0.10 nA, 48 x 16 nm?
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Figure 3.9: Coexistence of the (4 x 1) and (2 x 4) reconstructions on the SrTiO3(110)
surface. (a) Overview STM image after Ar" sputtering of a mixed (2 x 4) and (6 x 4)
surface, followed by deposition of Sr (1.5 A) and Oy annealing. The surfaces exhibits
(4 x 1)-reconstructed areas (black arrows) and (2 x 4)-reconstructed ones (outlined in
black). (b) LEED pattern at 90 eV showing a mixed (4 x 1)/(2 x 4) reconstruction.
Some of the (2 x 4) spots are outlined with black circles. (a) U, = 1.9 V, Iy = 0.59 nA,
200 x 74 nm?

Figure 3.9 illustrates the coexistence of the (4 x 1) and (2 x 4) reconstructions on
the surface. The STM image in panel (a) depicts distinct areas with the (4 x 1)
reconstruction, identified by the characteristic white dots, indicated by the black
arrows. The (2 x 4) reconstruction is outlined in black. In Fig. 3.9(b), the LEED
pattern (90 eV) also reveals a mixed (4 x 1)/(2 x 4) reconstruction, with a selection

of (2 x 4) diffraction spots marked by black circles.

3.3.5 LEED-I(V) measurements

Three I(V') curves at different sample-screen distances from 25 to 720 eV were
recorded, with an interval of 1 mm between each subsequent measurement. The
three measurements will be averaged before comparing them with structure simula-
tions to eliminate the grid contributions, as described in Section 2.5. Given that the
simulations for comparing the experimental data with structure models are still in
progress, the presentation of R factors of a comparison with models is not possible
at this time. Instead, the curves recorded at different distances from the LEED
screen throughout the same data acquisition are examined more closely.

The I(V) curves of the three distinct distances were compared to each other,
and overall R factors between 0.07 and 0.13 were obtained. From the comparison of
individual spots — same diffraction spots but different measuring distances — some
R factors are clearly larger than others. In Fig. 3.10(a), the three intensities of the
(—3/4|1) spot are shown, with the green curve representing the closest position to
the LEED screen (front), the blue curve the position in the middle (center) and the

red curve the measurement furthest away (back). It is evident that the red and blue
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Figure 3.10: LEED-I(V') curves of SrTiO3-(4 x 1) measured at different distances be-
tween the sample and the LEED screen. The shortest distance is represented in green,
the middle distance in blue, and the largest distance in red. (a) Intensities of the (—3/4|1)
spot recorded at different screen distances. The blue and red curve are very similar in
shape. Both curves compared to the green curve result in Rp factors of 0.31 and 0.36,
respectively. (b) Intensities of the (3/4]1) spot acquired at the same measurements as in
panel (a). The curves agree well with each other and result in Rp factors of less than 0.1.

curves are very similar in shape (Rp = 0.064), yet they diverge significantly from
the green curve. This disparity results in R factors of 0.36 and 0.31, for the red
and green and for the blue and green curves, respectively. Figure 3.10(b) instead
illustrates the data of the (3/4]|1) spot compared in the same way, exemplifying a
high degree of correlation between the data sets. R factors of less than 0.1 were
obtained.

The LEED-I(V') data was extracted using the spot-tracking tool implemented in
ImageJ [43]. During spot tracking across the energy range, the program encountered
difficulties in correctly identifying the spots due to the spot splitting in the diffrac-
tion patterns. Figure 3.11 shows the tracked spots at energies between 115.5 eV
and 137.5 eV. From the images, it can be seen that the spot tracker jumps from the
correct spot [Fig. 2.7(a)], to the satellite on the top [Fig. 2.7(b)], and to the satel-
lite at the bottom [Fig. 2.7(c)], with varying energies, as outlined by the red arrows.

(a) 115.5eV (b) 137.0 eV (c) 137.5eV

Figure 3.11: Spot-tracking of the (—3/4|1) spot at different energies. The tracker jumps
(red arrows) between the spots of the superstructure.
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3.4 Discussion

The experimental data presented in this Chapter aligns with findings of previous
studies [21]. In case of slight deviations from the ideal near-surface composition
for the fully reconstructed (4 x 1) surface, a coexistence of different structures ap-
peared. Additionally, the already familiar splitting of the spots due to the period-
icity of the antiphase domain boundaries was observed in every diffraction pattern
of the (4 x 1) and (5 x 1) structures.

The results confirmed that the surface exhibits a (4 x 1) or (5 x 1) reconstruc-
tion for Sr depositions on an initial structure at the Ti-rich side of the phase dia-
gram. Ar" sputtering followed by Oy annealing enabled movement in the opposite
direction along the phase diagram (Fig. 3.3), leading to structures richer in Ti. This
can be attributed to the preferential removal of Sr during a sputtering-annealing
cycle. After the sputtering process, the remaining O atoms at the surface are under-
coordinated and can easily desorb. This leaves undercoordinated Sr and Ti atoms
behind, which then evaporate during the postannealing [7]. Sr has a higher vapor
pressure than Ti [62]) and is therefore more volatile. The result is a Ti enrichment
of the surface.

The non-uniformity observed on the sample surface can be attributed to the
annealing process. The circular shape of the IR laser spot results in higher temper-
atures in the central regions of the sample, while the outer areas, in direct contact
with the sample plate, remain cooler. This temperature gradient causes enhanced
Sr evaporation in the center, leading to a higher Ti concentration compared to the
outer regions, and consequently to a non-uniformity on the surface. In addition,
the sputtering process is carried out in a manner that ensures the Ar™ ion beam
does not raster over the clips, to prevent contamination with Ni, Cr, or Fe. The
parameters like scan area and speed, and position offset if needed, are set while the
sputter process already started. If this procedure takes too long, it may also impact
the surface homogeneity, as some areas are possibly sputtered more (preferential
removal of Sr). Large-scale non-uniformity is not an issue for LEED-I(V') mea-
surements, as long as the sample is homogeneous within the approximately 1 mm
diameter of the electron beam and that the same spot is consistently targeted for
all measurements conducted at varying distances. The recorded I(V') data satisfied
this requirement.

Throughout the investigation of the (4 x 1) reconstruction, the LEED patterns

exhibited a blurring of the spots along with the occurrence of coexisting (4 x 1)-
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and (5 X 1)-reconstructed lines at the microscopic scale. This can be explained by
the fact that the (4 x 1) and (5 x 1) lines are not randomly distributed, but the
minority lines have a certain degree of ordering in their distance. This results in a
superperiodicity along the [001] direction with coherence lengths in the same order
of magnitude as the electron beam, which causes a splitting of the diffraction spots
often apparent as blurring [Fig. 3.8]. Moreover, the SrTiO3(110) surface showed a
coexistence of the (4 x 1) and (2 x 4) reconstruction, which was apparent in STM
through distinct areas.

The spots associated with antiphase domain boundaries sometimes appear brighter
than the actual (4 x 1) spots in the LEED diffraction pattern, leading to jumps of
the spot tracker and further to errors in the extracted intensities. Given that there is
a high correlation in the majority of other instances with values below 0.1, it seems
unlikely that the occurring discrepancy is due to the experimental setup. Instead, it
is more likely related to the issues with post-processing. However, overall R factors
in the 0.07-0.13 range between different data acquisitions still suggest a very good

agreement and demonstrate the reproducibility of the LEED-I(V') measurements.

3.5 Conclusion

This Chapter provided an overview of the preparation and characterization of
the (4 x 1) reconstruction of SrTiO3(110). Furthermore, a comparison of the
LEED-I(V) measurements at different positions during the data acquisition em-
phasized the impact of postprocessing on the quality of the data.

The near-surface composition was adjusted by depositing Sr and Art sputtering
with subsequent O annealing. SrTiO3(110) displays a variety of surface reconstruc-
tions depending on the relative Sr or Ti content in the near-surface region. The
results confirmed that Sr deposition results in (4 x 1)-or (5 x 1)-reconstructed sur-
face structures. Phases richer in Ti could be achieved with Ar™ sputtering, which
is attributed to a preferential removal of Sr relative to Ti during the subsequent
annealing.

Several phenomena occurred during the preparation: Local temperature vari-
ations caused by the circular IR laser spot led to increased Sr evaporation at the
center, resulting in a non-uniform Sr-to-Ti stoichiometry across the sample surface.
This led to the appearance of regions exhibiting a mixture of different reconstruc-
tions on the macroscopic scale. On the microscopic scale, a coexistence of (4 x 1)
and either (5 x 1) or (2 x 4) reconstructions, respectively, was observed, which is

attributed to the sensitivity of the near-surface stoichiometry to local variations.
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The splitting of diffraction spots in the LEED patterns was attributed to the pres-
ence of periodic antiphase boundaries.

A challenge encountered while extracting the LEED-1(V') data underscores the
importance of postprocessing and possible pitfalls. The process of spot tracking
is rendered more challenging by the occurrence of split spots, which the program
sometimes identifies incorrectly. This leads to errors in the extracted intensities
and needs to be addressed prior to comparing the data with the simulated structure
models. A temporary solution would a extraction of the intensities in two steps: At
lower energies, where splitting of the diffraction spots is evident but with spots that
are further apart, one could use a large, circular integration area that encompass
both the primary and the satellite spots. At larger energies, where the spots become
closer and the splitting of the spots is less problematic, the use of smaller integration
areas is possible to prevent their overlap. Subsequently, the two extractions are

stitched together over a narrow common energy range.
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4. LaOOSSI'O.zMIlO:; films on
SrTi03(001)

4.1 Introduction

Lanthanum-strontium manganite (La;_,Sr,MnO3,s, LSMO) is an ABOj3 perovskite
oxide with numerous interesting properties and resulting application possibilities.
Due to its high electrochemical stability, high electrical conductivity, and high ther-
mal stability, it is one of the most studied and used cathode materials in solid-oxide
fuel cells [63, 64]. In thin films, strong lattice—charge—spin coupling allows for the
manipulation of magnetic and electronic-transport properties, which is utilized in
spintronic devices [65]. It exhibits different electronic ground states, which can lead
to either an antiferromagnetic insulating phase or a ferromagnetic metallic phase de-
pending on the doping level, which makes it also subject of research in fundamental
physics [66].

This chapter addresses the preparation and characterization of LaggSrgoMnOs
thin films grown on Nb-doped SrTiO3(001) substrates by PLD. The films exhibit
two distinct surface terminations: a Mn-rich surface after growth, and a (La/Sr)-
rich surface obtained through Ar™ sputtering followed by oxygen annealing. Mn
deposition from an MnO target recovered the MnO,-terminated phase. The growth
and sputtering processes were monitored using STM, LEED and XPS. A detailed
overview of the preparation and characterization is given in Sections 4.3.1-4.3.5. Af-
ter successfully preparing the two different surface terminations, LEED-1(V') mea-
surements were conducted on both. The results are presented in Section 4.3.6. All

the results are discussed in Section 4.4.

4.2 Structure and surface terminations

In La;_,Sr,MnO31s, La is partially substituted with Sr (A site), where x repre-
sents the Sr content. The B site is occupied by Mn. The system undergoes a
structural transformation from a orthorhombic to a rhombohedral lattice for Sr

contents above 15%, and becomes tetragonal at Sr contents around 50% [67]. For
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(a) LSMO unit cell (b) LSMO(001) bulk-truncated surface
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Figure 4.1: Bulk-truncated structure of LaggSrgoMnOgs. (a) Perspective view. The
dashed cube indicates the (1 x 1) perovskite unit cell. (b) Top view with the LSMO
primitive unit cell of the surface marked by the solid line. It has a (v/2 x v/2)R45°
superperiodicty with respect to the cubic-perovskite cell (dashed).

LaggSrgoMnOj3 (La:Sr = 80:20), the structure adopts a rhombohedral unit cell with
a lattice constant ag = 5.4732(2) A and an angle ag = 60.5120(2)° between the
basis vectors [68]. It can be considered as pseudocubic — a deviation of the ideal
cubic structure — with the parameters apc = 7.7998(2) A and apc = 90.503°
[69]. The crystal lattice is constructed by building blocks of face-sharing perovskite
cubes (a = apc/2 = 3.8999 A), where La or Sr occupy the corners and Mn the
centers. Mn is sixfold coordinated by oxygen, with the octahedra rotated and tilted
in alternating directions. This results in a (\/§ X \/§)R45° unit cell with respect to
the cubic-perovskite lattice, such as the one of SrTiOs, as seen in Fig. 4.1(b). The
crystallographic directions used in this Chapter follow the cubic-perovskite lattice.

The structure model of Fig. 4.1(a) shows that when cutting the crystal along
(001) planes, either the AO layer or the MnO, layer stays at the surface. There is
no possibility of an existing bulk-truncated structure, as this would create a polar
surface for both terminations [8]. Previous research [70] showed that LSMO(001) re-
veals two different surface reconstructions: a (\/§ X \/§)R45° an incommensurately
modulated structure. The bulk-truncated model indeed exhibits a (\/§ X \/§)R45°
periodicity for the AO plane. However, the AO, termination is unlikely to repre-
sent a bulk-like stoichiometric AO surface, as such a configuration would not be
stable. Instead, it is believed that the surface is stabilized through Sr segregation
[71]. The incommensurate surface is typically present on stoichiometric as-grown
films. STM studies showed that the surface consists of an aperiodic arrangement of
features which lack translational symmetry in real space, yet exhibit sharp diffrac-
tion spots in reciprocal space. Four translation vectors are required to describe the
diffraction pattern. The AO, structure is attributed to the (\/§ X \/§)R45° sur-
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face, as XPS and LEIS experiments indicated that the as-grown (aperiodic) films
are Mn-rich relative to the (v/2 x v/2)R45° surface [70]. Therefore, the two surfaces
will be referred to as MnO, (as-grown, aperiodic) and AO, (v/2 x v/2)R45° in the

following.

4.3 Sample preparation and results

4.3.1 SrTiO3(001) substrates

For LSMO film growth, single-crystalline 5 x 5 x 0.5 mm? Nb-doped (for con-
ductivity) SrTiO3(001) substrates with a miscut of less than 0.2° from CrysTec
CmbH were used. SrTiOs crystallizes in a perovskite structure (a = 3.905 A) with
alternating SrO and TiOs layers along the (001) direction, see Fig. 3.2. The mis-
cut of the substrate leads to SrO- or TiOs- terminated terraces, which get smaller
with increasing miscut. As PLD requires well-defined surfaces, the samples were
prepared to only exhibit TiOs-terminated surfaces. However, the idea of perfectly
SrO- or TiO,- terminated terraces remains unrealistic, as the SrTiO3(001) surfaces
are never bulk-truncated.

Before introducing the substrate into the UHV chamber, it was cleaned as dis-
cussed in Section 2.6.1 and subsequently annealed at 1000 °C for 12 h in air. This led
to smooth terraces observed in ambient AFM. To remove excess SrO on the surface,
the substrate was boiled in deionized ultrapure water [72, 73] for approximately 5

min and mounted as described in Section 2.6.2.

In-situ preparation

Once the sample was inserted in the UHV chamber, a test annealing at 1000 °C
with an oxygen partial pressure po, = 6 x 10~% mbar was done to check the mount-
ing. Afterwards, the substrates were sputtered with Ar* ions at a sputter current
of I, = 1.6 pA and an argon partial pressure ps, = 5 X 107% mbar for 10-15 min.
The area for sputtering was chosen to be 4.5 x 4.5 mm?, the emission current set to
Ior, = 10 mA. The sputtering was followed by O, annealing at the same conditions
as the test annealing. For STM-mounted samples, a characterization with STM was
performed. A large-area STM image of the surface of the Sr'TiO3(001) substrate is
depicted in Fig. 4.2(a). Two different domains perpendicular to each other indicated
by the black arrows are visible, and can be seen in detail in Fig. 4.2(c), where the
unit cell is marked by a white rectangle. The LEED pattern in Fig. 4.2(b) shows
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Figure 4.2: Characterization of the surface of the SrTiO3(001) substrate after one
sputtering—annealing cycle. (a) Large-area STM image of substrate surface. The
black arrows indicate the two rotational domains present, seen in detail in panel (c).
(b) (6 x 2) LEED with the two domains at 100 eV. The unit cells are marked in black.
(a) Uy, = +1.7 V, I; = 0.53 nA, 300 x 260 nm?; (c) U, = +2.0 V, I; = 0.11 nA,
43 x 25 nm?.

a (6 x 2) reconstruction with two rotational domains. The (6 x 2) unit cells are
indicated by the black rectangles. XPS analysis was performed to ensure the clean-

liness. All substrates were clean after one sputtering—annealing cycle.

4.3.2 Surface structures

Detailed STM images of the MnO,-rich and AO,-rich surfaces are illustrated in
Figs. 4.3(a;) and 4.3(by), respectively. The surfaces can easily be distinguished
based on their coverage of adsorbates. No adsorbates are discernible on the MnO,-
rich phase, and the structure appears to have no translational symmetry. In con-
trast, the AO,-rich structure is covered with a considerable number of adsorbates
and exhibits a (1 x 1) periodicity in STM. Figures 4.3(a3) (MnO,) and 4.3(bs)
(AO,,) depict their resulting LEED patterns generated by a fast Fourier transforma-
tion (FFT) of the images using ImageJ. Figures 4.3(a3) and 4.3(bs) show the corre-
sponding diffraction patterns, together with the basis vectors of the (v/2 x v/2)R45°
structure (black) and the two additional vectors needed for the aperiodic surface
(red). Since the scanning direction of the STM is rotated by 60°, the FFT-patterns
are similarly rotated. The diffraction spots visible in both LEED patterns exhibit

a cross-like shape.
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(as)
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Figure 4.3: Characterization of the two distinct surfaces of LSMO(001). (a;) STM im-
age of the MnO, surface. No adsorbates are visible, and the surface appears aperiodic.
(a2) Resulting diffraction pattern generated by the FFT of panel (a;). (b;) AO, ter-
mination covered with adsorbates. The surface exhibits a (1 x 1) periodicity in STM.
(b2) Generated diffraction pattern of the AO, surface by FFT. (a3), (bs) Corresponding
LEED diffraction patterns at 90 eV, with cross-like diffraction spots. The (v/2 x v/2)R45°
unit-cell vectors are indicated by the black arrows, and the two additional vectors to de-
scribe the MnO,-rich surface are highlighted in red in panel (a3). (a;) Uy = +1.4 V,
It = 0.17 nA, 10 x 6 nm?; (by) U, = +2.1 V, I; = 0.13 nA, 15 x 9 nm?.

4.3.3 LSMO film growth

Before growing LSMO films, the LSMO target was preablated at the same conditions
as during the actual growth, as discussed in Section 2.2. The parameters for LSMO
film growth were: repetition rate f = 1 Hz, laser fluence F' = 1.87 J/cm?, and
substrate temperature 7" = 800 °C, followed by an Oy postannealing, based on the
recipe by Franceschi et al. [69].

In total, three LSMO depositions were performed. The first deposition was
performed at po, = 5.7 x 1072 mbar. Another deposition followed at a lower pres-
sure of po, = 3.8 x 1072 mbar, with characterization measurements conducted in
between. Both depositions led to the diffraction pattern of the aperiodic struc-
ture in LEED [Fig. 4.4(b)]. Fig. 4.4(a) shows an STM image of an as-grown
LSMO film (po, = 5.7 x 1072 mbar, 1800 pulses, one unit cell corresponding to
66 pulses). The surface exhibits a second phase preferentially located at the step
edges (black arrows) and a long-range modulation of the height. Detailed STM
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images in Figs. 4.4(cq) and 4.4(cy) present the different appearing phases, where
the enlarged image shows that the small islands and ‘half-step’ phases correspond
to the periodic AO, termination and the larger areas to the aperiodic MnO, ter-
mination. The height profiles of the corresponding steps can be seen in Fig. 4.4(d),
where the AO, phase (along the black line) has a step height approximately half
the height of an MnO,-MnO,, step (along the red line).
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Figure 4.4: Detailed view on the surface after LSMO film growth (po, = 5.7 x 1072 mbar,
1800 pulses , corresponding to ~ 11 nm). (a) Large-area STM image. Two phases are
present. The phase with the smaller surface coverage is preferentially located at the
step edges (black arrows). (b) LEED measurement of the surface at 100 eV, showing
the diffraction pattern of the MnO, termination. (c1), (c2) Detailed STM images of the
two phases. In panel (c;), the island exhibits a periodic structure, which corresponds
to the AO, phase; the neighboring terraces, instead, have the aperiodic MnQO, structure.
(d) Height profiles along the red and black lines in panel (c2). The AO, phase has approx-
imately half the height of a cubic-perovskite unit cell with respect to the MnO, phase.
(a) Uy = +2.2 V, I; = 0.19 nA, 300 x 300 nm?; (c1), (c2) Uy, = +1.8 V, Iy = +0.12 nA,
20 x 14 nm? and 53 x 41 nm?, respectively.
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4.3.4 Ar" sputtering

Cycles of Art sputtering, followed by annealing at the growth conditions were con-
ducted on the grown LSMO films to prepare the AO, phase. The emission current
I, was set to 5 mA, the energy to 3 keV, the area sputtered to 4 x 4 mm?
par = 5 X 1078 mbar, I, = 0.46 pA, and sputtering times in the range of 4-8 min.
After sputtering and postannealing, the surface exhibited the (v/2 x v/2)R45° peri-
odicity, as observed in LEED at 100 eV [Fig. 4.5(a1)]. A small contribution from the
aperiodic phase was visible in the LEED pattern at low energies (30 eV), as seen in
Fig. 4.5(ag) (black arrows). This decreased with increasing sputtering time and was
fully eliminated after a total sputtering time of 24 min [Figs. 4.5(b;) and 4.5(bsy)].
STM imaging revealed that a small fraction of a disordered phase with a half-unit-
cell high step relative to the ordered AO, phase was present [Figs. 4.5(c) and 4.5(d)].
The white arrows point out the disordered phase. A surface that exhibits only a
single phase, attributed to the (v/2 x v/2)R45° periodicity in LEED, could not be
prepared. Because that phase is disordered, it should not contribute to the diffrac-

tion pattern. Thus, LEED-1(V') measurements were performed.

(b1)

_—"Ar" sputtering )
8 min e 24 min

(b2)

Figure 4.5: LEED patterns and STM images of the surface after Ar™ sputtering.
(a1) LEED pattern after 8 min sputtering recorded at 100 eV. (b;) LEED pattern at
100 eV after 24 min of sputtering. Both surfaces exhibit the (v/2 x v/2)R45° periodicity.
(a2) LEED pattern after 8 min of Art sputtering at 30 eV; diffraction spots from the
aperiodic phase (black arrows) are visible. (by) After 24 min sputtering, the diffraction
spots of the aperiodic phase disappeared; at 30 eV only (\/5 X \/§)R45° diffraction spots
are visible. (c) Overview STM image after 20 min of Ar™ sputtering. The surface exhibits
an additional phase located at the step edges which is disordered. (d) Detailed view on
the disordered phase (white arrows). (c) U, = +2.1 V, I; = +0.34 nA, 300 x 210 nm?;
U, = 4+2.1V, I; = 4+0.26 nA, 150 x 110 nm?.
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Figure 4.6: STM images of the surfaces after film growth. (a) After MnO deposition
(po, = 0.1 mbar, 195 pulses, room temperature) on the (v/2 x v/2)R45° phase. The sur-
face is free of the ‘half-step’ phase. (b) After LSMO deposition (po, = 4.5 x 1072 mbar,
364 pulses) on top. Still no half steps visible. (a) U, = +1.9 V, I} = 0.22 nA,
300 x 215 nm?; (b) U, = +1.9 V, I; = 0.33 nA, 300 x 215 nm?.

4.3.5 MnO deposition and subsequent LSMO film growth

An MnO deposition (195 pulses) was performed at room temperature on top of the
(V2 x v/2)R45° phase at f = 2 Hz, po, = 0.1 mbar, and F = 1.5 J/em?. This was
followed by annealing at 800 °C and po, = 5.7 x 1072 mbar. The LEED pattern
revealed the diffraction pattern of the MnO, termination, and STM images showed a
surface without the ‘half-step’ phase [Fig. 4.6(a)]. An LSMO deposition (364 pulses,
corresponding to an additional ~ 2 nm) on top was done at po, = 4.5 x 1072 mbar,
resulting again in a surface free of the ‘half-step’ phase in STM [Fig. 4.6(b)]. LEED-

I(V') measurements were conducted, on both MnO,-terminated surfaces.

4.3.6 LEED-I(V) measurements

LEED-I(V) curves were recorded for distinct preparations: the (\/5 X \/§)R45°
structure achieved through Ar™ sputtering, and two aperiodic surface structures
resulting from LSMO and MnO deposition, respectively. Figure 4.7 illustrates the
comparison of a selected set of I(V') curves acquired on the differently prepared
MnQO,-rich surfaces. Their corresponding agreement, using the Pendry R factor
(Rp) is shown, with one small [Fig. 4.7(a;)] and one somewhat larger [Fig. 4.7(as)]
Rp. The MnO, termination prepared via LSMO film growth is represented in
yellow, the one prepared through MnO deposition in red. A maximum Rp of 0.2
was obtained for the comparison of individual diffraction spots. It exhibits small Rp
factors for both high-index spots, exemplified with the (1]5) spot in Fig. 4.7(c;), and
low-index spots as the LEED-I(V) measurements of the (0|1) spot in Fig. 4.7(cs).

The overall Rp amounts to 0.08.
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Figure 4.7: Selected LEED-1(V) curves and resulting Rp factors of the two differently
prepared MnO, surfaces. The MnO, termination obtained from LSMO film growth is
presented in yellow, and the MnO, termination obtained from MnO deposition in red.
One small and one large Rp factor is presented in panels (a;) and panels (ag), respectively.
The comparison results in small Rp factors for both high-index spots [panel (a;)] and low-
index ones [panel (ag)].

4.4 Discussion

The presented data of the LSMO surface preparations correlates with results ob-
served in previous studies [70]. Surfaces of as-grown films reconstructed to a large
extent in the aperiodic, Mn-rich structure. Since the first LSMO deposition resulted
in a surface with coexisitng surface terminations, the oxygen partial pressure was
adjusted to eliminate the small amount of the AO, phase. Changing the pressure
to lower values enriches the plasma plume with the lighter species [25], which is Mn
in the case of LSMO. The resulting film still showed a ‘half-step’ phase, attributed
to an AO, phase, which indicates that the PLD parameters for the deposition were
slightly off from those needed to obtain a monophase MnQO, reconstruction.

Removing the MnO,, phase with Ar™ sputtering is possible, due to a preferential
oxygen sputtering. Additionally, the caused beam damage creates undercoordinated
O atoms, resulting in weakly bound O atoms at the surface that can easily desorb [1].
Both processes leave undercoordinated cations behind, which are removed during
the postannealing step. The vapor pressure for Mn is higher than that of La [62]
and is therefore preferentially evaporated during annealing.

The pseudocubic LSMO lattice deviates by 0.503° from the cubic SrTiOj3 lattice,
which causes LSMO to grow in domains. The surfaces of these domains are slightly
tilted, giving rise to the cross-like shape of the LEED spots. This tilt also accounts
for the undulations observed in the STM images [70].
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4.4.1 Influence of the bulk structure on the I(V) curves

For the compared aperiodic structures, an overall Rp of 0.08 indicates a per-
fect agreement between the two surfaces, meaning they are identical at the sub-
picometer level. In addition to the comparison of the MnO, surfaces, the LEED-
I(V') measurement conducted on the AO, phase was compared to both the aperiodic
structure obtained via LSMO growth and the one resulting from MnO deposition.
The Rp values obtained from this are obviously very large (> 0.35), as different
structures were compared. However, the Rp factors are only used for quantifica-
tion of their agreement in order to asses the effect of the bulk structure on the

LEED-I(V') measurements. Figure 4.8(a;) illustrates a stepwise limitation of the
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Figure 4.8: (a;) Energy dependence of the overall Rp factors obtained from the LSMO
structure comparisons. The restriction to higher energy limits results in decreasing Rp
factors. (ag) Rp factors of the (1|3) spot obtained from the comparison of the AO,- and
MnO,-terminated surface (via LSMO film growth) with increasing energy limits. The
Rp factors increase with increasing energy limit. (by) I(V') curves of the (1|3) spot from
the AO, and MnO, termination. (by) Enlarged view of the data for the (1]|3) beam
above 500 eV. As the energy interval taken into account for the Rp calculations becomes
very small, the sensitivity to deviations in the I(V') curves becomes high, and Rp factors
increase accordingly.
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energies included in the calculation of Rp factors towards higher energy values.
Rp factors of the aperiodic structure comparison (black) remain constant within
+0.02, while the overall Rp factors for the AO,- and the MnO,-terminated recon-
structions (different preparation) decrease (yellow and red). Electrons with higher
energies penetrate deeper into the bulk, generating a signal that increasingly repre-
sents the bulk structure. As they all exhibit the same bulk structure, the values do
not change for the same surface structures, but decrease by approximately 0.2 for
the comparison of the MnO, with the AO, terminations. At very large values of the
lower-energy limit (500 eV), the Rp factors start to increase again (black arrow).
In Fig. 4.8(ag), the dependency of Rp for one representative beam is shown. Inter-
estingly the Rp for curves measured on the AO, and MnQO, terminations steadily
increases as the lower limit of the energy range considered increases above 350 eV.
It reaches values of almost one when Rp is calculated keeping only the range be-
tween 500 and 600 eV. This is somewhat unexpected, as the higher energies should
contain primarily information from the bulk, and should thus cause the Rp to de-
crease, as is the case for the Rp calculated for all beams in Fig. 4.8(a;). The curves
in Fig. 4.8(b;) present experimental data from the (1|3) spot of the two surface
terminations with an enlarged view above 500 eV in Fig. 4.8(by). The energy range
in which the comparison of the data takes place becomes smaller as the lower limit
increases, making the Rp more sensitive to deviations. From the plots it is visible
that the common range for the (1|3) spot becomes very small (down to 36 eV),

resulting in an increasing Rp with a strong influence on the overall value.

4.5 Conclusion

The focus of this Chapter was the preparation of LSMO(001) films on Nb-doped
SrTiO3(001) substrates with the PLD technique in order to perform LEED-I(V)
measurements on its surfaces.

The prepared LSMO films exhibited two different surface structures, which
were clearly distinguishable by their diffraction patterns as well as their appear-
ance in STM. Two fully MnO,-terminated surfaces could be prepared by MnO
deposition and a following LSMO deposition on top. This surface is character-
ized by an aperiodic structure in STM, yet showing sharp diffraction spots in the
LEED patterns. Repeated cycles of Ar™ sputtering on the grown films resulted
in the (\/5 X \/§)R45° periodicity with a small share of diffration spots from the
aperiodic phase. Increasing sputtering times led to decreasing contributions from

the MnO,, phase to the LEED signal and finally to a surface exhibiting only the
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(V2 x /2)R45° periodicity. STM imaging revealed that the surface still retained
a small amount of a disordered phase preferentially located at the step edges.
LEED-I1(V') measurements were performed on the (\/§ X \/§)R45° and on the
two achieved aperiodic structures. The comparison of the aperiodic structures
yielded an overall Rp factor of 0.08, meaning perfect agreement at the sub-picometer
level of the surface structures prepared via different routes. Moreover, the two
MnQO,-terminated surfaces were compared to the AO,-terminated surface in order
to asses the influence of the bulk structure on the I(V') curves. For this, the Rp was
employed solely for the quantification of their agreement. By restricting the energy
ranges included in the Rp calculations to higher values, the Rp factors decreased
with increasing energy limits. As both phases exhibit the same bulk structure, this
improvement is because, at high energies, the signal originates more from the bulk.
The experimental data will be compared with structural simulations in the fu-
ture to enhance the understanding of the chemical nature of the surfaces. Since
the LEED-1(V') code only supports simulations of periodic structures, calculat-
ing the aperiodic phase presents challenges. Several approaches could address this
issue: one option is to simulate the surface using the integer-order spots of the
(V2 x /2)R45° structure, incorporating chemical variability in the occupied sites
(atoms or vacancies). This could be achieved by applying a weighting factor, which
would then be optimized to obtain the best-fit result. The features of the aperiodic
structure are always separated by a v/5 distance. Therefore, another possibility
is to simulate a (v/5 x +/5) unit cell as an approximant to see if the aperiodic
LSMO(001) surface has similar features in the (V') curves to such a structure. The
final and by far the most complex option would be to modify the code to generally

enable the treatment of aperiodic structures.
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5. CugO(111)

5.1 Introduction

The material investigated in this chapter is CuyO, one of the most extensively stud-
ied inorganic materials due to its exceptional properties [74, 75]. CusO finds appli-
cations in microelectronics, optics, photocatalysis, and photovoltaics [76]. From an
electronic perspective, Cu,O is a semiconductor with p-type conductivity. This is
rather unusual for binary oxides, as oxygen vacancies — one of the most common
defects in oxides — typically act as electron donors, resulting in n-type conductiv-
ity. However, the low formation energy of copper vacancies facilitates this p-type
conductivity, making Cu,O a promising candidate for p-n junctions in oxide elec-
tronics [77, 78]. Copper provides catalytically active Cu™ centers, effective in redox
reactions. Its relative low cost compared to noble metals, renders it attractive for
catalysis [79]. Given that CuyO is one of the most abundant products of the ini-
tial corrosion of copper, an understanding of the surface structure is of particular
interest [80]. Copper-based catalysts are already widely used in the water—gas-shift
reaction to purify hydrogen gas for fuel cells, and in the synthesis of methanol from
syngas (CO, COq, and H) [81]. Moreover, CuyO serves as an effective photocatalyst,
capable of splitting water for hydrogen generation under visible-light illumination
[82].

In this thesis, the (111) surface of Cuy,O was studied with the aim of prepar-
ing the two known surface terminations, which are the (1 x 1) and (v/3 x v/3)R30°
phases [83]. To achieve this, various annealing procedures at different oxygen partial
pressures and temperatures were performed. The resulting surfaces were charac-
terized using STM, XPS, and LEED measurements. Throughout the preparation
process, several phenomena were observed, including surface artifacts at high oxy-
gen pressures, and a disorder induced by fast cooling rates. These phenomena,
along with the surface reconstructions and the challenges encountered during the
preparation process, are detailed in Sections 5.3.1-5.3.2. Section 5.3.3 presents the
LEED-I(V') measurements recorded on the two surface structures, followed by a

discussion of the results in Section 5.4.
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(a) Cu,0 unit cell (b) Cu,0(111) bulk-truncated surface

side view 0 top view
CUICUS Clilcsa wcus

Figure 5.1: Structure model of CuzO. (a) Unit cell in perspective view. The O atoms
are surrounded by four Cu atoms (Ogg,), and the Cu atoms have two O atoms as nearest
neighbours (Cugsa). (b) CuaO(111) bulk-truncated surface in side and top view. Along
the [111] direction the bulk shows a stacking of O-4Cu-O trilayers. The (111) surface is
formed by coordinatetively saturated and unsaturated Cu and O atoms (labeled as ‘csa’
and ‘cus’, respectively), resulting in CugOg rings, where the O atoms are located in the
corners of the rings (dashed line). The (1 x 1) unit cell is marked with the solid line.

5.2 Bulk structure and surface terminations

Cus0 adopts a cubic structure in which each Cu atom is coordinatively saturated
by two O atoms, and each O atom by four Cu atoms. These will be referred
to as Cue and O, respectively. The structure can be visualized as a body-
centered cubic lattice formed by O ions, with each O ion surrounded by four Cu
ions. An illustration of the bulk structure is provided in Fig. 5.1(a). Along the [111]
direction, the stacking reveals a repeating sequence of neutral and dipole-free O—
4Cu-O trilayers. The (111) surface includes Cugg, and Ocg,, and undecoordinated
Cu (Cueys) and O (Ogys) atoms (each missing one nearest neighbor), indicated by
the black arrows in Fig. 5.1(b). On the bulk-truncated surface, shown in top view
on right side of Fig. 5.1(b), there is an equal number of Oy and Cucys ions. The
surface exhibits CugOg rings (dashed line), with O ions occupying the corners, and
Cu ions located at the centers. These Cu ions are bonded to an O ion in the sublayer
[84].

CuyO(111) is known to exhibit two different surface structures, with (1 x 1)
and (v/3 x v/3)R30° periodicities [85]. Figure 5.2 presents different models of both
terminations. The bulk-truncated surface of Fig. 5.2(a) is labelled as ST (stoichio-
metric). In Fig. 5.2(b), one can see that removal of each Cu.,s atom also results in
a (1 x 1) periodicity (CuD), which leads to a copper-deficient termination. Given

that hexagonal symmetry of the surface is consistent with both the ST and CuD sur-
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(a) ST (b) CuD (c) ST-O0,  (d) CuD-O,

Figure 5.2: Models for the (1 x 1) periodicity and vacancy models for the (v/3 x /3)R30°
reconstruction of CupO(111), with unit cells outlined in black. (a) Stoichimetric (1 x 1)
termination (ST). (b) Copper-deficient termination (CuD) also displaying a (1 x 1) peri-
odicity, where each Cuc,s atom is removed from the surface. (c) and (d) (v/3 x v/3)R30°
reconstruction formed by removing one-third of the Oy atoms from the ST or CuD sur-
face, respectively. Reproduced from Ref. 84.

faces, it is not possible to discriminate between them based on qualitative diffraction
methods. The (v/3 x v/3)R30° reconstruction is attributed to an oxygen-deficient
surface. This was interpreted as a structure where one-third of the surface Oy
atoms are removed. This is possible for both the ST (ST-Og) and the CuD (CuD-
Og) terminations. The resulting structures are depicted in Figs. 5.1(c) and 5.1(d),
respectively. However, Gloystein et al. [83] have provided a model that matches
the experimentally observed STM features found on the surface in previous studies.
Herein, the (\/g X \/g)RSOO—reconstructed surface is characterized by nanopyra-
mids, each consisting of three copper adatoms positioned at the center of every
third CugOg ring. These Cu atoms are located above a Cucys atom, with an O ion
on top. Figure 5.3(a) illustrates this surface reconstruction (unit cell in black), with

the structure of the nanopyramids depicted in side view in Fig. 5.3(b) [84].

(b)

Figure 5.3: Model of the (v/3 x v/3)R30° reconstruction of CupO(111) formed by nanopy-
ramids. (a) Top view of the surface. The unit cell is marked in black. The pyramids
are located on top of a Cugys in the center of every third CugOg ring, capped with an O
atom. (b) Side view of the nanopyramids. Adapted from Ref. 84.
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5.3 Sample preparation and results

The experiments were conducted on a 6 x 6 x 1 mm?® natural single crystal from
SPL. As the crystal had already been used for investigations in another UHV cham-
ber, no ex-situ cleaning to remove polishing residues was necessary, as confirmed by
AFM. The sample was mounted for STM measurements as described in Section 2.6.2
and inserted into the UHV chamber.

In-situ preparations aimed to produce homogenous (1 x 1) and (v/3 x v/3)R30°
surfaces. To this end, a series of annealing procedures with varying oxygen partial
pressures and temperatures were performed. Additionally, some annealing pro-
cedures were carried out with an electron-beam heater in the analysis chamber,
instead of annealing in the PLD chamber via an IR laser. Moreover, Ar" sputter-
ing was performed in some cases. A recipe implemented in the software used for
annealing enabled to control the preparation conditions while the temperature was
ramped up and down. The oxygen chemical potential was kept approximately con-
stant by alternately adjusting the pressure and temperature. For the temperature
adjustment, a step size of 40 °C was used.

Prior to cleaning through Ar' sputtering and subsequent O, annealing, the
sample was test-annealed to check the mounting. XPS was employed to verify the
absence of contaminations on the sample surface. This was followed by an anneal-
ing study, in which the resulting surface structures were examined by STM. On
occasion, XPS and LEED measurements were used for additional characterization.
The preparation and characterization procedures revealed a number of different
phenomena observed in STM, which are presented in the following sections.

Figure 5.4 illustrates the phase diagram of copper oxide [86]. It was taken as a
reference for establishing suitable preparation conditions. Each sample preparation
performed in this work is marked in the diagram with a black dot. The area shaded
in black outlines the region in which CuyO is presumed to be free of defects. Note
that during annealing procedures via electron-beam heating only the pressure was
measured; the temperature was not monitored. Instead, the filament current was
utilized as a guideline. Previous studies showed that sample temperatures of 300 °C
correspond to a current of roughly 1 A. This rough calibration was assumed to pro-
vide temperatures for the annealing via electron beam in this diagram. Therefore,
the quoted temperatures are only approximations (dependent on the material, and
linear correlation assumed, which may not be accurate), and should be treated with

caution.
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Figure 5.4: Phase diagram of copper oxide. The area shaded in black indicates the
conditions in which the CuoO bulk is supposed to be free of defects. Several annealing
procedures were carried out, marked by the black dots. In order to prepare the (1 x 1)
reconstruction, the areas highlighted in red were used. The initial preparations of the
(v/3 x v/3)R30° termination were based on the conditions in the green-hatched area.
However, this also resulted in a (1 x 1) termination. The remaining dots present the
annealing steps carried out after unsuccessful attempts to obtain the (v/3 x v/3)R30° re-
construction. Areas highlighted in yellow led to the (v/3 x v/3)R30° surface, with a num-
ber of additional surface artifacts occurring. The blue area marks the conditions outside
of the CusO phase field, which caused a surface damage through the formation of holes.
Conditions not backed with a color resulted in an unchanged structure of the surface.
LEED-I(V) measurements were conducted on the (1 x 1) (red dot) and (v/3 x v/3)R30°
(green dot) surfaces. The phase-stability regions are adapted from Ref. 86.

The (1 x 1) termination is found to be stable under more oxidizing conditions
relative to the (\/§ X \/g)REBOO reconstruction, and is observed to exhibit two defect
species on the surface: small pyramids and triangular depressions. The pyramids
are attributed to the (v/3 x v/3)R30°-reconstructed surface [83, 85]. As the PLD
chamber allows pressures of up to 1 mbar, a first goal was to find conditions that
would produce terraces free of nanopyramids. Accordingly, each annealing step
was performed in oxygen, with a po, higher than 1 x 1075 mbar, indicated by the
red-shaded area in Fig. 5.4.

Previous work [85] on the (\/3 X \/§)R30°—reconstructed surface stated that this

termination occurs at low oxygen partial pressures or after Ar*-ion bombardment.
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Consequently, the initial preparations were performed within the designated green-
hatched area. After struggling to achieve the (\/3 X \/§)R30° structure [the surface
always showed a (1 x 1) periodicity], the other conditions in the diagram were used.
Each data point in the yellow-shaded area resulted in the (\/5 X \/§)R3OO surface
reconstruction. However, a number of different surface artifacts occurred (see Sec-
tion 5.3.2). Annealing conditions outside of the CuyO phase field, highlighted in
blue, led to a damage of the surface structure visible through irregular holes. For an-
nealing procedures that are not backed with a color, the surface structure remained
unchanged. In between the various preparation procedures, an annealing step in
the ‘equilibrium’-region (black) was occasionally performed to restore a defect-free
bulk. To this end, temperatures between 720 and 780 °C were employed, with oxy-
gen partial pressures in the 1.1-3.3 x 107% mbar range. These conditions generally
led to a (1 x 1)-terminated surface, and often to a different phase preferentially
appearing at the step edges, as reported in Section 5.3.2. Overall, the preparation
proved to be challenging, as the results were not reproducible or predictable in most
of the cases.

Nevertheless, LEED-I(V') measurements were performed on both the (1 x 1)
and (v/3 x v/3)R30° surfaces, obtained by the preparation conditions marked by
red and green dots in Fig. 5.4, respectively.

5.3.1 Characterization of the (1 x 1) and (v/3 X +v/3)R30°

surfaces

(1 x 1) surface

A representative LEED pattern of a (1 x 1)-structured surface at 100 eV is shown
in Fig. 5.5(a), with the unit cell outlined in black. Figure 5.5(b) depicts an overview
STM image of the sample exhibiting the (1 x 1) termination. The terraces appear
large and flat, with apparent step heights of approximately 2.5 A. Two distinct
species of defects, highlighted in white, were observed on the surface, as seen in the
high-resolution STM image of Fig. 5.5(c). The defects include bright protrusions —
the pyramids (dashed triangle) — suggested to correspond to three copper atoms
with an oxygen atom on top [84]. The dark triangular depressions (solid triangles),
are suggested to originate from copper vacancies [87]. These triangular holes some-
times showed an additional, triangular bright feature inside them (white arrow),
dependent on the tip resolution. The appearance of the holes was found to de-

pend on the bias voltage applied to the sample. Figures 5.5(d) and 5.5(e) illustrate
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Figure 5.5: Characterization of the (1 x 1)-ordered CupO(111) surface. (a) LEED pattern
at 100 eV, showing the (1 x 1) diffraction pattern. The unit cell is marked in black.
(b) Overview STM image, with large flat terraces. (c¢) High-resolution STM image with
defects on the surface. Bright protrusions, which are referred to as pyramids (dashed
triangle), and dark holes with and without a bright feature inside (solid triangle) are
visible. The pyramids are attributed to three copper adatoms and one oxygen atom [see
Fig. 5.3], and the depressions to copper vacancies. (d),(e) Detailed STM images of the
same scanning location on the sample scanned with different sample bias voltages. The
holes from panel (c) (white circles) appear as depressions for voltages lower than +1 V,
and as bright protrusions for voltages larger than +1 V. (b) Uy, = +1.7 V, I} = 0.34 nA,
200 x 110 nm?; (¢) U, = +1.0 V, I; = 0.20 nA, 13 x 10 nm?; (d) U, = +0.8 V,
I, = 0.25 nA, 27 x 30 nm?; (e) Uy = +2.2 V, I; = 0.19 nA, 27 x 29 nm?.

the same location on the surface scanned at different voltages. At voltages ap-
proximately lower than +1 V. the holes (white circles) appeared dark [Fig. 5.5(d)].
However, when higher voltages, such as 1.68 V., were applied, the holes became
bright [Fig. 5.5(e)].

During the preparation procedure of the (1 x 1) periodicity, the aim was to
prepare a pristine (1 x 1) surface (free of pyramids), as the pyramids are assumed
to form the (v/3 x v/3)R30° reconstruction. However, even at very high po, of
5 x 1072 mbar (T' = 900°C), a small percentage of 2.9 4+ 0.4% of the unit cells
remained covered with pyramids. As the LEED patterns did not show any addi-
tional spots of the (v/3 x v/3)R30° reconstruction, LEED-I(V) was conducted (for

the preparation conditions see red dot in Fig. 5.4).
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(v/3 x v3)R30° reconstruction

The characteristic LEED pattern (100 eV) of the (v/3 x v/3)R30° reconstruction
is illustrated in Fig. 5.6(a). The unit cell of the (v/3 x v/3)R30° reconstruction is
outlined by the solid line, and that of the (1 x 1) termination by the dashed line.
Figure 5.6(b) depicts a large-area STM image of the (v/3 x v/3)R30°-reconstructed
surface, with flat and large terraces. Similarly to the (1 x 1)-structured surfaces
(Section 5.5), the terraces are separated by steps with a height of 2.5 A. During the
investigation of the surface, defects shown in Fig. 5.6(c) occurred. Holes resulting

from missing pyramids (white arrow), and disordered regions (white oval) could be

Figure 5.6: Characterization of the (v/3 x v/3)R30° reconstruction of CupO(111).
(a) LEED pattern at 100 eV with the (v/3 x v/3)R30° (solid line) and the (1 x 1) (dashed
line) unit cells outlined. (b) Overview STM image of the surface. The terraces are flat and
large. (c) Detailed STM image of the surface and occurring defects. The surface is cov-
ered with pyramids, which have been observed as defects on the (1 x 1) termination (see
Fig. 5.5). Bright features (red circles) explained by a closer packing of the pyramids, disor-
dered regions (white oval), and holes resulting from missing pyramids occurred. (d) Same
features as the bright adsorbate-like features in panel (c), both marked with red circles,
but with a different appearance, due to a different tip. (b) U, = 4+2.6 V, I; = 0.71 nA,
290 x 195 nm?; (c) Uy, = +2.1 V, I; = 0.20 nA, 35 x 25 nm?; (d) U, = +2.8 V,
I; = 0.10 nA, 20 x 20 nm?.
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observed. Additionally, the surface exhibited bright features (red circle), sometimes
appearing as adsorbate-like features [Fig. 5.6(c)|, and sometimes appearing in a
distinct shape, as seen in Fig. 5.6(d), where they are also highlighted by red circles.
Their appearance was dependent on the tip reolution. These features have been
attributed to pyramids having a closer packing [85]. In general, STM measurements
performed on the (\/§ X \/§)R30° reconstruction turned out to be considerably
more challenging than those performed on the (1 x 1) termination, due to the
presence of more defects.

The preparation of the (\/§ X \/§)R30° reconstruction was carried out in a wide
range of temperatures and pressures. This resulted in surfaces exhibiting partially
reconstructed (v/3 x v/3)R30° areas observed in STM, such as the one shown in
the overview STM image of Fig. 5.7(a). Figure 5.7(b) depicts a detailed image of
an area with missing pyramids; the (1 x 1) surface can be seen in the holes. Each
(\/3 X \/g)RSOO—reconstructed surface occurred at temperatures below 500 °C, ex-
cept for two preparation conditions at pressures below 1 x 107? mbar. Moreover,
for prepared surfaces that underwent re-oxidation during the preceding stage, the
formation of the (v/3 x v/3)R30° reconstruction was not observed. LEED-I(V)
measurements on the (\/3 X \/§)R30° reconstruction were performed on a surface
almost fully covered with pyramids (for the preparation conditions see green dot in
Fig. 5.4).

Figure 5.7: Mostly (v/3 x v/3)R30°-reconstructed surface (po, = 2 x 107% mbar,
T = 480 °C). (a) Overview STM image with dark areas not covered by pyramids. (b) De-
tailed STM image of the areas with missing pyramids (white arrow). The (1 x 1) surface
can be seen underneath. (a) Uy, = +2.4 V, I; = 0.17 nA, 300 x 157 nm?; (b) Uy, = +2.5 V,
I; = 0.28 nA, 47 x 47 nm?
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5.3.2 Other effects observed during sample preparation

Different phase occurring in STM under high po,

For annealing procedures with high oxygen pressures (> 1 x 107% mbar), a dif-
ferent phase was observed in STM. This only occurred for (1 x 1) surfaces, with
annealing temperatures above 680°C (but not for every annealing procedure at these
conditions). Figure 5.8 depicts a series of STM images of surface preparations un-
der conditions in the aforementioned region. The non-(1 x 1) phase is occasionally
located on the terraces, and sometimes located at the step edges. In most of the
cases, only a very small fraction of the surface (< 1.5%) assumed this phase. In
Fig. 5.8(a1), an overview STM image of an area at the surface exhibiting a large cov-
erage with this additional phase can be seen (po, = 1.2 x 1072 mbar, T' = 680°C).
The non-(1 x 1) phase appears in the form of equidistant ‘rods’ with a periodicity
of ~ 3.83 nm along the height variation. Additionally, a defined single ‘rod’ at the
step edge (white arrow) located along the [110] direction, and another non-(1 x 1)
phase, indicated by the black arrow, occur. The periodic arrangement of the rods in
panel (a;) is seen in detail in the STM image of Fig. 5.8(ay). The rods do not seem to
have a certain width. In between them, patches with the (1 x 1) structure and holes
with a depth of up to 0.25 nm are visible. A similarly appearing phase was observed
at another surface preparation illustrated in Fig. 5.8(b) (po, = 9.8 x 107° mbar,
T = 680°C). Here, the non-(1 x 1) phase is located at the step edge with a period-
icity along the height variation of ~ 3.31 nm. A closer look at the (1 x 1) surface
in the vicinity of the phase shows that it exhibits an undulation of the height with
a periodicity of 4.56 nm, indicated by the white arrows. Figure 5.4(c) gives an
example of the phase appearing as a single ‘rod’ in the middle of a terrace (white
arrow) (po, = 1.2 x 1072 mbar, T' = 680°C). It is evident that the edges of the ar-
tifact match with the low-index directions of the pristine (1 x 1) surface. Further,
a height modulation (white arrows) with a smaller periodicity of 1.18 nm as the
one determined in Fig.5.8(b) can be seen. The periodicity is 2.15 times larger than
the lattice vectors of the CuyO(111) surface, and exhibits a rotation by 24° with
respect to the low-index direction. Data analysis showed that it is commensurate
with the CuyO lattice at least in one direction. Finally, in Fig. 5.8(d), the most-
often observed case is shown (po, = 9.7 X 107° mbar, T' = 680°C). The step edges
are covered by a little amount of the different phase indicated by the white arrows.
This was observed for po, higher than 1 x 107% mbar (but not always). Moreover,

the non-(1 x 1) phases can either appear as a depression, as seen in Fig. 5.8(a;),
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or as protruding phase, as seen in Fig. 5.8(b). Generally, a larger amount of the
phase appeared for higher po,, and the differently appearing non-(1 x 1) phases

can coexist on the same surface.
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Figure 5.8: STM images of a different phase appearing on the (1 x 1) surface after anneal-
ing in po, higher than 1 x 1075 mbar. (a;) Overview STM image of a surface exhibiting
a large-area coverage with the non-(1 x 1) phase (po, = 1.2 x 1073 mbar, T = 680°C).
Additionally, a single ‘rod’ along the [011] direction (white arrow) and a less defined phase
(black arrow) at the step edge are present. (ag) Detailed view of the same location as in
panel (aj). The phase consists of ‘rods’ separated by ~ 3.84 nm. (b) Phase occurring
for a differently prepared surface at the step edge (po, = 9.8 x 10~° mbar, T = 680°C).
For clearer display, the image is processed with a high-pass filter to enhance the contrast.
It shows again a similar periodicity of 3.31 nm as the phase in panel (ag). The white
arrows indicate an undulation of the (1 x 1) surface in the vicinity of the surface artifact
(white arrows) with a periodicity of 4.56 nm. (c) Single ‘rod’ located at a terrace. The
phase exhibits sharp edges, which match the lattice directions of the (1 x 1) structure
(po, = 1.2 x 1073 mbar, T' = 680°C). The surface shows again undulations (white arrows)
with a smaller periodicity of 1.18 nm as the one observed in panel (b). The periodicity
of the undulations is 2.15 times larger than the lattice constant of the CupO(111) sur-
face, with a rotation of 24° to the low-index direction. (d) Most common case, where
the phase covers only small parts of the step edges, as indicated by the white arrows
(po, = 9.7 x 107° mbar, T = 680°C). (a;) Uy, = +1.4 V, I; = 0.30 nA, 113 x 105 nm?;
(ag) U, = +1.3V, I; = 0.16 nA, 33 x 33 nm?; (b) Up, = +1.2 V, I; = 0.12nA, 50 x 47 nm?;
(¢) Uy = +1.1 V, Iy = 0.19 nA, 50 x 25 nm?; (d) Up, = +2.2 V, I; = 0.12 nA, 47 x 30 nm?
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Disorder induced by fast cooling rates

As already mentioned in Section 5.3, in addition to utilizing the IR laser for an-
nealing in the PLD chamber, an electron-beam heating in the analysis chamber was
employed, which allowed annealing in UHV with a base pressure of 4 x 10~ mbar.
This annealing method was only used to prepare the (\/§ X \/§)R30° reconstruc-
tion. The temperature regulation of the annealing procedures was performed man-
ually, by direct control of the current of the heating filament, based on a pre-
determined approximate calibration (different from the PID control of the PLD
chamber). Samples annealed via this method showed large regions with disorder
in the pyramid arrangement. The typical cooling rates used while annealing in the
PLD were 40 °C/min. In the case of heating via electron beam, ramp rates at
least three times as large (=~ 120 °C/min) were applied. Figure 5.9(a;) depicts an
STM image after annealing with the electron-beam heater (po, = 1.1 x 10~ mbar,

I =2 A T = 600 °C). It shows some ordered regions, but also areas with a

(ay) FFT (V3 x V3)R30°

Figure 5.9: Comparison of STM images of the (v/3 x v/3)R30° surface structure ob-
tained by different cooling rates. (a;) High-resolution STM image of the (v/3 x v/3)R30°-
reconstructed surface with a fast cooling rate of ~ 120 °C/min (po, = 1.1 x 107! mbar,
I = 2 A corresponding to =~ 600 °C). The structure exhibits large areas with disorder.
(ag) Corresponding Fourier transform of the image in panel (a;). The first-order spots
are blurred. (by) Detailed STM image of the (\/§ X \/§)R30° reconstruction with a slow
cooling rate (40 °C/min, po, = 5 x 1072 mbar, T = 350 °C). A highly ordered sur-
face can be seen. (bg) Fourier transform of the image in panel (b;), with sharp spots.
The reciprocal-lattice vectors of the (v/3 x v/3)R30° unit cell are outlined by black ar-
rows. (a1) Uy = +2.6 V, Iy = 0.09 nA, 50 x 30 nm?; (by) U}, = +2.1 V, I; = 0.41 nA,
50 x 30 nm?.
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non-periodic pyramid arrangement. Figure 5.9(ay) depicts the corresponding Fourier
transform. The reciprocal-lattice vectors of the (\/5 X \/§)R30° reconstruction are
outlined by the black arrows. It is visible that the fractional-order spots (black
circles) are blurred. The integer-order spots are sharp. In Fig. 5.9(b;), a detailed
STM image of the (v/3 x v/3)R30° surface achieved through PLD annealing can be
seen (po, = 5 x 1072 mbar, T' = 380°C). The surface displays some defects, yet the
pyramid structure is highly ordered. The Fourier transform of this STM image in
Fig. 5.9(bs) illustrates distinct, sharp spots for both integer and fractional orders.

Significant changes in the preparation conditions

During the preparation procedures of the (v/3 x v/3)R30° reconstruction, the an-
nealing conditions were changed between oxidizing or reducing conditions. The

chemical potential of oxygen (1) is defined as

1 1 PO,
#O(Ta pOz) - 5 MOz(Ta poz) = 5 ILLOOQ(T) + kBT In ( pOO ) ) (51)

where kg is Boltzman’s constant, po = 1 mbar, and 71" the absolute temperature in
Kelvin [88]. Abrupt changes between two subsequent annealing steps commonly re-
sulted in depressions on the terraces, shown in a large-area STM image of a (1 x 1)
surface in Fig. 5.10(a) (Auo = 0.16 ¢V [89]). The STM image in Fig. 5.10(b) il-
lustrates such a depression in more detail. Figure 5.10(c) shows the height profile
along the black line in Fig. 5.10(c). The step height of such layers is approximately
2.8 A, which aligns with the typical height of a single step observed on the sample.
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Figure 5.10: One-layer-deep vacancy islands after abrupt changes in the chemical po-
tential of oxygen between two subsequent annealing steps. (a) Overview STM image
showing the depressions located on a flat terrace. (b) Detailed STM image of one de-
pression. (c¢) Height profile of the step along the black line in panel (b). The step height
of the depression is 2.8 A, which is of the same order of magnitude as the typical step
heights between neighboring terraces. (a) Uy = +3.2 V, I; = 0.8 nA, 300 x 235 nm?;
(b) Uy, = +1.2 V, I; = 0.06 nA, 50 x 40 nm?.
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Inside the vacancy islands, the structure is identical to that of the terraces.

5.3.3 LEED-I(V) measurements

The investigations through LEED revealed that the diffraction spots disappear for
energies above 240 eV. Therefore, reasonable LEED-1(V') measurements could only
be performed in an energy range of 20-300 eV. For both the (1 x 1) structure
and the (v/3 x v/3)R30° reconstruction, LEED-I(V) curves were recorded. As the
structural calculations are still in progress, no model can be presented at present.
Instead, the quality of the acquired data, particularly concerning sample align-
ment, was assessed. For this, the I(V') curves of symmetry-equivalent spots were
compared. As outlined in Section 2.5, three measurements were conducted at dif-
ferent sample—screen distances for each surface structure. The used manipulator
in the UHV chamber only allows for the adjustment of two of the three spatial
angles. Consequently, some diffraction spots that are supposed to be symmetry-
equivalent are not equivalent, due to a non-perpendicular incidence of the electron
beam on the sample. Figure 5.11 shows the diffraction patterns and the (V') curves
of selected equivalent diffraction spots for both the (1 x 1) (left column) and the
(v/3 x v/3)R30° surface (right column). In the diffraction patterns of Figs. 5.11(a;)
and (by), the spots for which the subsequent plots display the I(V) curves are
marked with green (low energies) and yellow (high energies) circles. Furthermore,
some mirror planes are indicated by black dashed lines, for a better understand-
ing of the symmetry properties. The arrows between the patterns demonstrate the
adjustable directions in the experimental setup. The LEED-I(V) measurements
illustrated in Figs. 5.11(ag)—(bs) represent the data acquired closest to the LEED
screen in red (front), the one in the middle in blue, and the data recorded furthest
away in black (back). Additionally, one curve from a diffraction spot that should
be equivalent in terms of a perpendicular incidence of the electron beam is added
(outlined by the black dotted lines). The displayed diffraction spots are labeled in
each plot. Figures. 5.11(ay) and 5.11(bs) represent the I(V) curves for both surfaces
at low energies. In Figs. 5.11(a3) and 5.11(bs), symmetry-equivalent spots of the
two surfaces at higher energies are shown. Each plot demonstrates that the in-
tensity maxima of the symmetry-equivalent diffraction spots are closely aligned, as
indicated by the vertical lines. Additionally, the curves show a strong resemblance
to one another. The intensity maxima of the dotted curves (representing the spots
that are expected to be symmetry-equivalent for perpendicular incidence) clearly

deviate from the corresponding other curves in the respective panels.
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Figure 5.11: Diffraction patterns and comparison of selected symmetry-equivalent diffrac-
tion spots obtained from the LEED-I(V') curves recorded on the prepared CusO(111)
surfaces. The (1 x 1) surface is shown in the panels of the left column and the
(v/3 x v/3)R30° reconstruction in the panels of the right column. (a;), (b;) Diffrac-
tion patterns of the two surfaces, with the used symmetry-equivalent spots represenative
for low and high energies, marked with green and yellow circles, respectively. Some of the
mirror planes are indicated by black dashed lines. (ag)-(bs) I(V') curves of two symmetry-
equivalent spots each recorded at three different sample—screen distances. The smallest
distance (front) is represented in red, the middle in blue, and the largest distance in
black (back). A third diffraction spot is added, to demonstrate the non-perpendicular
incidence of the electron beam (outlined with the dotted black lines). (ag), (b2) I(V)
curves of two symmetry-equivalent spots of the (1 x 1) and the (v/3 x v/3)R30° surface,
respectively, at low energies. (a3), (bs) Measurements of symmetry-equivalent spots of
the two surfaces representative for higher energies. Each of the four plots illustrates
symmetry-equivalent diffraction spots, with positions of the intensity maxima very simi-
lar (vertical black lines), and curves that resemble one another. The dotted curves cor-
responding to the non-equivalent spots (due to an incidence angle of the electron beam
different from 90°) clearly deviate in their positions of the intensity maxima.
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5.4 Discussion

The results presented in this chapter on the preparation of the CuyO(111) surface
partially align with findings from previous studies, particularly in terms of the ob-
served defects, such as the pyramids and the Cu vacancies, and their appearance
(83, 85, 87]. Additionally, the varying contrast of Cu vacancies while maintaining
the contrast of the pyramids under different sample-bias voltages has also been ob-
served. Ly et al. [90] suggest that Cu vacancies are negatively charged, which would
explain their appearance as dark when tunneling into empty states and bright when
tunneling into filled states. The pyramids are not charged and thus remain unal-
tered [90]. Given that all STM measurements presented in this work were acquired
with positive sample-bias voltage, only empty states were probed. According to the
interpretation from Ref. 90, a change in contrast should not have been visible. A
detailed analysis of the energy-dependent density of states is probably needed to
explain the bias-dependent contrast observed.

In this work, a fully (1 x 1)-structured surface without nanopyramids associated
with the (v/3 x v/3)R30° reconstruction could not be obtained. Even at very high
oxygen partial pressures (1 x107® mbar) ~ 3% of the surface unit cells were occu-
pied by nanopyramids. A possible explanation for this may be charged, extrinsic
dopants (relative to Cu) in the vicinity of the surface that reduce the surface. The
pyramids could be related to the dopants and are therefore always present on the
(1 x 1) surface. Normal-emission XPS measurements did not detect any contami-
nants. However, this does not rule out the presence of a small amount of extrinsic
dopants, as such coverage could be achieved with minimal quantities. STM mea-
surements revealed the formation of a distinct phase after annealing at high oxygen
pressures [Fig. 5.8]. This non-(1 x 1) phase appears as rod-like structures, with a
modulation of the apparent height with periodicity in the 3.2-3.8 nm range. More-
over, a height modulation on the otherwise pristine (1 x 1) surface was observed.
An explanation could be that the high oxygen pressures resulted in a defective and
distorted bulk structure, which causes the surface layers to adapt the bulk structure
under undulation. A distortion of the bulk structure could also be the reason for
the vanishing intensity of the LEED diffraction spots at energies above 240 eV,
given that higher-energy electrons generate a signal coming from deeper layers [17].
However, this needs further investigation for a correct interpretation.

Throughout the preparation, the surface exhibited one-layer-deep vacancy is-

lands after significant changes in the preparation conditions between two subse-
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quent annealing steps. This results from Cu atoms migrating to or from the bulk
to adapt to the annealing conditions. Given that the structure within the vacancy
islands is identical to the overall surface structure, these did not affect the LEED
measurements.

The (\/g X \/§)R30° reconstruction has proven to be more challenging to pre-
pare than first assumed. Despite repeated attempts to prepare a surface which
is (V3 x v/3)R30°reconstructed, this could not be achieved using annealing pro-
cedures under pressures in the order of 10~® mbar, and temperatures exceeding
600 °C. Gloystein et al. [83] reported a remaining (v/3 x v/3)R30° LEED pattern
for conditions of up to 10~* mbar of Oy but at a temperature of 530 °C, lower
than the one employed in this work. Such high oxygen pressures always resulted in
a (1 x 1) structure throughout this work. A successful preparation was obtained
after performing annealing under UHV conditions (5 x 1072 mbar) and drastically
reducing the temperature to 350 °C. The following annealing procedures always
displayed a (\/§ X \/§)R30° periodicity in STM, as long as the temperature was
below 500 °C and no previous reoxidation step at pressures in the 10~ mbar range
(and T" > 680 °C) was performed. This behavior gives rise to the conclusion that
the focus was initially misplaced, with greater attention paid to lower pressures
than to lower temperatures, relative to the (1 x 1) preparation. An instability of
the (v/3 x v/3)R30° reconstruction at higher temperatures has already been ob-
served [85], which probably indicates that this surface reconstruction is metastable.
Moreover, the failure to prepare the (\/§ X \/E)RSOO reconstruction after oxidation
indicates that the condition of the bulk structure, along with the annealing history
of the sample, plays a crucial role in determining the surface reconstruction one
aims to achieve.

A disorder in the pyramid arrangement of the (\/§ X \/§)R30° reconstruction
has previously been observed [83, 85]. Within the investigations in this thesis, a
correlation between the cooling rate and the disorder could be shown. Annealing
procedures with fast cooling rates (= 120 °C/min) exhibited more areas with dis-
order than with slow cooling rates of 40 °C/min, suggesting that the nanopyramid
constituents are mobile during cooling and preferentially form ordered arrange-
ments given a slow enough tempering. When cooling is too fast, the migration of
the pyramids is impeded, which quenches the arrangement and results in a dis-
order. The Fourier transform of the disordered structure in Fig. 5.9(ay) depicts
fractional-order maxima which are faded. This is a known phenomenon, where

short coherence lengths in the structure lead to a broadening of the spots. Integer-
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order spots, however, remain sharp. This is because the structure underneath is a
well-ordered (1 x 1) surface, and each nanopyramid occupies a (1 x 1) site, still
resulting in sharp integer-order maxima.

The LEED-I(V) curves recorded on the (1 x 1) and on the (v/3 x v/3)R30°
surfaces were evaluated to asses the quality of the data. For both low and high en-
ergies the data sets exhibit correlating positions of intensity maxima for symmetry-
equivalent spots [Fig. 5.11]. Moreover, all curves exhibit very similar shape. This
agreement demonstrates a precise sample alignment and confirms high-quality data.
The third beam that was added to the plots demonstrates the impact of a non-
perpendicular electron-beam incidence. Since the positions of the intensity maxima
do not align with those of the other curves, this deviation needs to be accounted

for during the calculations.

5.5 Conclusion

The objective of this chapter was to prepare and characterize the Cu,O(111) surface.
A variety of annealing procedures were performed at different oxygen partial pres-
sures and temperatures. As a result, (1 x 1) and (v/3 x v/3)R30° surfaces could
be achieved, occasionally accompanied by surface artifacts. LEED-7(V) measure-
ments were conducted on both the (1 x 1)-ordered surface and the (v/3 x v/3)R30°
reconstruction.

During the preparation procedure of the (1 x 1)-ordered surface, the aim was
to prepare a surface without nanopyramid defects, which are attributed to the
(v/3 x v/3)R30° reconstruction. However, this was not fully achieved, as approxi-
mately 3% of the pristine surface remained covered with pyramids, with any chosen
preparation method. Additionally, STM revealed the presence of a different phase
on the surface appearing at high oxygen partial pressures, accompanied by surface
undulations that may be indicative of a defective bulk structure. LEED investi-
gations showed the disappearance of diffraction spots above 240 eV, possibly due
to these bulk defects, as the signal at higher energies originates from deeper lay-
ers within the material. To corroborate this assumption, further investigation is
necessary.

Although the preparation of the (v/3 x v/3)R30°-reconstructed surface is gener-
ally considered straightforward, it proved difficult to achieve a homogenous sample
in this work. Several unsuccessful attempts were made at low oxygen partial pres-
sures and high annealing temperatures (i.e., under strongly reducing conditions).

Consequently, the preparation conditions were adjusted to lower temperatures and
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UHV annealing, which typically resulted in a (v/3 x v/3)R30° reconstruction, al-
though with some areas not covered by pyramids. Moreover, when employing a
high cooling rate, a ‘quenched’ pyramid formation was observed, resulting in a
more disorganized arrangement of the features.

Overall, preparing both the (1 x 1)-ordered structure and on the (v/3 x v/3)R30°
reconstruction was strongly dependent on the annealing history of the sample, which
resulted in a lack of reproducibility in the preparation of the surface structure.

An examination of the LEED-7(V') data regarding sample alignment confirmed
that all measurements were precisely adjusted, yielding high-quality data. The on-
going structural calculations will be compared with the provided data in this thesis,

aiming to enhance our understanding of the atomic structures of these surfaces.
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6. Summary and outlook

In this thesis, surface-science studies on SrTiOsz, LaggSrgoMnOs, and Cuy,O were
conducted. The objective was to prepare the (4 x 1) reconstruction of SrTiO3(110),
the (v/2 x v/2)R45° and aperiodic phases of LSMO(001), and both the (1 x 1) and
the (v/3 x v/3)R30° surface phases of Cup,O(111). All surface structures were suc-
cessfully achieved, and LEED-1(V') measurements using the ViPErLEED package
[41, 43, 44] were performed.

The investigation of SrTiO3(110) aligns with previous studies [21], which demon-
strate that the near-surface stoichiometry can be adjusted by either the deposition
of Sr, or Ar™ sputtering followed by O annealing. This resulted in the formation of
different Sr- or Ti-rich surface reconstructions, respectively, with the possibility of
microscopic coexistence, and macroscopic non-uniformity. The data analysis of the
LEED-I(V') measurements on the (4 x 1)-reconstructed surface revealed challenges
in the post-processing stage, as the (4 x 1) reconstruction exhibits a splitting of
the diffraction spots that introduces an error in the calculation while the intensities
of the spots are extracted.

LSMO films were grown on SrTiO3(001) substrates via PLD using an LSMO tar-
get. The film growth provides an insight into the sensitivity of the film homogeneity
to the employed PLD parameters. As-grown films exhibited an MnO,-terminated
surface, attributed to the aperiodic surface, while AO,-terminated films, attributed
to the (v/2 x v/2)R45° periodicity, could be achieved by Art sputtering followed
by annealing in Oy of the MnO, surface. MnO deposition on the (v/2 x /2)R45°
surface restored the aperiodic reconstruction, and a following LSMO deposition
also yielded the aperiodic structure. From the comparison of the LEED-I(V') mea-
surements performed on the aperiodic structures, which were prepared in different
ways, an R factor of 0.08 was obtained. This suggests that the structures are in
perfect agreement with each other. Analyzing the energy dependence of the I(V)
curves allowed to distinguish energy ranges where bulk contributions dominate over
surface ones.

In the course of preparing the (1 x 1)-ordered surface and the (v/3 x v/3)R30°
reconstruction of CuyO(111), several phenomena were observed. These include the

appearance of a different phase, possibly related to surface undulations observed
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after treating the sample at high oxygen partial pressures. Moreover a disorder
in the pyramid arrangement of the (v/3 x v/3)R30° reconstruction was observed,
which can be explained by too fast cooling rates. This impedes the migration of the
pyramids and quenches their arrangement, resulting in disorder and a broadening of
the diffraction spots. In general, the preparation of the CuyO(111) surface exhibited
a strong dependence on the annealing history, resulting in poor reproducibility
during the surface preparation.

Across all studies, surface reconstructions were highly sensitive to prepara-
tion conditions, including deposition techniques, sputtering, annealing, and cooling
rates. The parameters influenced the homogeneity of the surfaces. Despite these
challenges, the high-quality experimental LEED-7(V') data obtained in this work
serves as a foundation for future model validation and structural analysis of the
SrTiO3(110), LSMO(001), and CuyO(111) surface.
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