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Abstract

Topotactic phase transitions induced by changes in oxygen vacancy concentration can sig-
nificantly alter the physical properties of complex oxides, including electronic and magnetic
properties. Such tunable properties are critical for developing novel electronic and spintronic

devices, where control of magnetic and electronic functionalities is essential.

This thesis investigates an oxygen-vacancy-induced topotactic phase transition from perovskite
(PV) to brownmillerite (BM) in epitaxial Lag ¢Srg4CoO3-s (LSCO) thin films. Depth-sensitive
polarized neutron reflectometry (PNR) enable quantitative analysis of magnetization and oxy-
gen content, revealing a continuous transition from LagSrg4CoOs.97 to LaggSrg4Co0Os5. BM
formation occurs at an oxygen content of 2.67, while the electronic metal-to-insulator transition
(MIT) and magnetic ferromagnet-to-non-ferromagnet (FM-to-non-FM) transition occur above
an oxygen content of 2.77, without a BM signature. These findings demonstrate that the MIT,
FM-to-non-FM, and PV-to-BM transitions are interrelated but distinct processes.

To further understand the phase transition, the reversibility between PV and BM was studied
over 20 cycles. XRD showed that, although the PV and BM structures were maintained, the
intensities of both peaks decreased by half, suggesting lattice incoherence or decomposition.
Magnetometry indicated no change in magnetic properties, while electronic transport measure-
ments showed partially reversible behaviour. X-ray Photoelectron Spectroscopy (XPS) showed
that the Co core-level spectra remained unchanged for both the as-grown and redox-treated
PV phases. However, the BM-to-PV transition introduced new features in the A-site core-level

spectrum, indicating surface chemical changes during this process.

The activation energy for the phase transition was found to be between 0.72 and 0.9 €V by in-situ
XRD measurements, which is consistent with that of oxygen surface exchange in LSCO. Using
platinum to accelerate the surface exchange process further enhanced the phase transition.

These suggest that surface exchange is likely the rate-limiting step.

Finally, the study was extended to a free-standing LSCO + SrTiO3 membrane. It exhibited
similar structural and magnetic transitions from the PV to BM phase and from a ferromagnetic

to non-ferromagnetic state, indicating that the membrane has similar functionalities as the thin
film.

These findings highlight the potential of oxygen defect engineering to enable control of topotac-

tic phase transitions, paving the way for perovskite-based devices with tailored functionalities.



Zusammenfassung

Topotaktische Phaseniiberginge, die durch Anderungen in der Sauerstoffleerstellen-
konzentration induziert werden, konnen die physikalischen Eigenschaften komplexer Oxide,
einschlieBlich elektronischer und magnetischer Eigenschaften, erheblich verandern. Solche ab-
stimmbaren Eigenschaften sind entscheidend fiir die Entwicklung neuartiger elektronischer und
spintronischer Systeme, bei denen die Kontrolle magnetischer und elektronischer Funktional-

itaten essenziell ist.

Diese Arbeit untersucht einen durch Sauerstoffleerstellen induzierten topotaktischen
Phasentibergang von der Perowskit- (PV) zur Brownmillerit- (BM) Phase in epitaktischen
LagSrg.4Co03_5- (LSCO) Dunnfilmen. Tiefenaufgeloste polarisierte Neutronenreflektometrie
(PNR) erméglichen eine quantitative Analyse von Magnetisierung und Sauerstoffgehalt, wobei
ein kontinuierlicher Ubergang von Lag ¢Srg4C0O4.97 zu Lag¢Sro4CoOy5 nachgewiesen wurde.
Die BM-Bildung tritt bei einem Sauerstoffgehalt von 2,67 auf, wiahrend der elektronische Metall-
Isolator-Ubergang (MIT) und der ferromagnetisch-nicht-ferromagnetische Ubergang (FM-zu-
nicht-FM) oberhalb eines Sauerstoffgehalts von 2,77 erfolgen, ohne dass ein BM-Signal vorliegt.
Diese Ergebnisse zeigen, dass MIT-, FM-zu-nicht-FM- und PV-zu-BM-Ubergénge miteinander

verbunden, jedoch unterschiedliche Prozesse sind.

Um den Phaseniibergang weiter zu verstehen, wurde die Reversibilitat zwischen PV und BM
iiber 20 Zyklen untersucht. Rontgendiffraktion (XRD) zeigte, dass, obwohl die PV- und BM-
Strukturen erhalten blieben, die Intensitdten beider Peaks um die Halfte abnahmen, was
auf Gitterinkohérenz oder Zersetzung hinweist. Magnetometrie deutete auf keine Anderung
der magnetischen Eigenschaften hin, wahrend elektronische Transportmessungen teilweise re-
versible Eigenschaften zeigten. Rontgenphotoelektronenspektroskopie (XPS) zeigte, dass die
Co-Sprektren fiir die gewachsene PV und redox-behandelten PV-Phasen unveréndert blieben.
Jedoch wurden beim BM-zu-PV-Ubergang neue Merkmale in den Elektronenspektren der in-
neren Schalen an den A-Stellen beobachtet, die auf chemische Oberflichendnderungen wéihrend

dieses Prozesses hinweisen.

Die Aktivierungsenergie fiir den Phasentibergang wurde durch in-situ XRD-Messungen auf
0,72 bis 0,9 eV bestimmt, was mit derjenigen des Sauerstoff-Oberflichenaustauschs in LSCO
iibereinstimmt. Der Einsatz von Platin zur Beschleunigung des Oberflichenaustauschprozesses
verstirkte den Phaseniibergang weiter. Dies deutet darauf hin, dass der Oberflichenaustausch

wahrscheinlich der ratenlimitierende Schritt ist.
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Abschliefend wurde die Studie auf eine freistehende LSCO + SrTiOs-Membranen ausgeweitet.
Diese zeigte ahnliche strukturelle und magnetische Ubergénge von der PV- zur BM-Phase und
von einem ferromagnetischen zu einem nicht-ferromagnetischen Zustand, was darauf hinweist,

dass die Membran dhnliche Funktionalitdten wie der Dunnfilm besitzt.

Diese Ergebnisse unterstreichen das Potenzial der Defekt-Engineering-Strategie, topotaktis-
che Phasentibergénge zu steuern, und ebnen den Weg fiir Perowskit-basierte Systeme mit

maBgeschneiderten Funktionalitiaten.
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1. Introduction

Oxygen defects play a crucial role in determining the physical properties of complex oxides and
their potential applications. Controlling the oxygen vacancies in complex oxides can tune their
electronic, magnetic and ionic properties. Such tunability is important for various applications,
from memristive devices [1-7] to field-effect and tunnelling devices, [8-10] and from solid oxide
fuel cells [11, 12] and gas separation membranes [13, 14] to water splitting catalysts [15-17] and

oxygen sensors [18, 19].

In the limit of a high oxygen vacancy concentration, a layered oxygen-vacancy-ordered Brown-
millerite (BM) structure can be realized from the Perovskite (PV) framework, with significant
oxygen removal from the lattice [20-24]. This transition typically occurs in oxides, such as
cobaltites, manganites, and ferrites, which favour low transition metal valence states [22, 25—
38]. The topotactic nature of this phase transition allows the controlled incorporation of oxygen
vacancies without introducing additional structural defects, thereby maintaining the integrity
of the material’s mechanical and morphological properties during the transition [26]. Further-
more, the distribution and dynamics of oxygen vacancies are directly related to magnetic and
electronic properties, opening avenues for controlling these properties through ionic exchange
[39-43].

While this physics has been extensively studied, several key questions remain unclear. First,
the impact of vacancy ordering on the magnetic and electronic properties is still not fully un-
derstood. While it is generally considered that the PV phase is metallic and ferromagnetic,
while the BM phase is insulating and non-ferromagnetic, often showing antiferromagnetic be-
haviour [44], it is unclear whether the metal-insulator transition and the ferromagnetic-to-non-
ferromagnetic transition occur simultaneously with the structural phase transition. Secondly,
much of the previous work has focused on single-cycle phase transitions, but the reversibility of
these transitions—particularly in terms of structural, chemical, electronic and magnetic prop-
erties—remains underexplored. Furthermore, the exact ionic mechanisms driving these phase
transitions are not fully established. While previous studies have speculated on these mech-
anisms, the rate-limiting steps are not yet fully understood [45]. Finally, applying the phase
transition in oxide materials to practical uses, such as flexible electronics and sensors, remains
challenging due to substrate-induced constraints affecting the phase behaviour. This raises the
question of whether free-standing membranes, free from substrate effects, can undergo phase

transitions and exhibit comparable functionality to thin-film samples.

To address these open questions, this thesis presents a systematic study of the oxygen-vacancy-

1



1. Introduction

induced phase transition in LaggSrg4CoO3_5 (LSCO) epitaxial thin films under reducing con-
ditions. The main goal is to explore the interplay between structural, electronic, and magnetic
transitions as a function of oxygen content using techniques, including X-ray diffraction (XRD)
and Polarized Neutron Reflectometry (PNR). By performing in-situ XRD measurements, the
kinetics between the PV and BM phase transition are investigated. The reversibility of the
phase transitions is studied over 20 cycles to understand the structural, electronic and mag-
netic properties of the LSCO under repeated phase changes, and the surface chemistry changes
are determined through surface-sensitive techniques such as photoelectron spectroscopy (XPS).
Furthermore, the ionic mechanisms driving the phase transition are investigated, and the ac-
tivation energy is determined, revealing the rate-limiting step of the phase transition. Lastly,
the study extends to free-standing LSCO + SrTiO3; membranes, investigating their potential to
exhibit phase transitions without substrate-induced constraints, thereby offering insights into

their applicability in flexible electronics and sensors.

In summary, this thesis aims to provide deeper insights into the nature of the phase transition
between PV and BM in complex oxides and its effects on the material properties. Addressing
these key questions can improve our understanding of the role of oxygen vacancies in tuning the
properties of oxides, thus advancing the development of functional materials for a wide range

of applications.
Thesis Outline

Chapter 2 provides an introduction to the theoretical background of complex oxide properties.
It covers various types of magnetic interactions and orders, followed by the structural properties
of PV and BM oxides. It also covers oxygen diffusion and surface exchange processes. As X-
ray and neutron scattering methods are extensively used to investigate LSCO samples, the

theoretical foundations of scattering theory are also detailed.

Chapter 3 describes the experimental methods and instruments used for characterizing the
LSCO thin films. Chapter 4 presents the results of this thesis, including the control of the
topotactic phase transition through thermal annealing, the coupling between the structural,
electronic, and magnetic properties, the reversibility and dynamics of the phase transition, and

the study of free-standing LSCO+SrTiO3 membranes during the phase transition.

Finally, Chapter 5 summarizes and discusses the main findings, while Chapter 6 provides an

outlook for future research and Chapter 7 presents the conclusions of the thesis.



2. Theoretical background

In this chapter, the theoretical background on cobalt-based transition metal oxides is discussed.
The chapter begins with an introduction to the fundamentals of condensed matter magnetism,
exchange interactions, and collective behaviors in these materials. Subsequently, I discuss
the perovskite and brownmillerite structures. The following sections cover oxygen diffusion
and surface exchange kinetics. The chapter concludes with an overview on scattering theory,

including diffractometry, reflectometry, and polarized neutron reflectivity techniques.

2.1. Physical properties of transition metal oxides

Transition metal oxides (TMOs) [46-48] exhibit a diverse array of physical properties due to
the presence of transition metal ions with partially filled d-orbitals, which facilitate complex
electron interactions. These interactions are key to their magnetic behavior and lead to ex-
change interactions and collective behaviors. Thus, it is necessary to explore the basic concepts
of magnetism in this section, including the magnetic moment, types of collective behaviors, and

exchange interactions.

2.1.1. An atom in a magnetic field

The interaction of an atom in a magnetic field plays a crucial role in understanding the mag-
netic phenomena discussed in this chapter. The energy associated with an electron’s spin in a

magnetic field aligned along the z-axis can be expressed as:
E = gupBmy (2.1)

where g » 2 is the electron’s g-factor, upg is the Bohr magneton, and m, = :I:% is the magnetic
spin quantum number. This interaction results in two energy levels, F » +upB, reflecting the

spin’s alignment or anti-alignment with the field.

In addition to spin, electrons exhibit an orbital angular momentum. For an electron located at

r; with momentum p;, the total orbital angular momentum AL of the atom is given by [49]:

hL = Zri X Pi (2.2)

3



2. Theoretical background

where the summation is taken over all the electrons in the atom.

The unperturbed atomic Hamiltonian, Hy, incorporates the kinetic and potential energy con-

tributions of the Z electrons in the atom:

ﬂozi(p—?n/i), (2.3)

2
pie denotes the kinetic energy, and V; is the

Here, m, represents the mass of the electron, 5

potential energy of the i-th electron.

When a magnetic field B is applied, represented as B = V x A through the vector potential A,

the kinetic energy of electrons must be modified. Using the gauge

Bxr

A(r) = (2.4)

The kinetic energy becomes:
[p: +eA(r;)]?

T (2.5)

The resulting modified Hamiltonian then becomes:

. Z 1 eA (1)1
%=Z([p’+§m(”)] +v;)+guBB~s
1 e

.
1l

p? o2
(—Z+V;)+,uB(L+gS)-B+
8m

. S (Bxr;) (2.6)

e 1

R 2
=Ho+up(L+gS)-B+ ¢
8m

Z (B x ri)2

e

The main contribution to the modified Hamiltonian is typically the second term pp(L+¢S)-B,
which arises from the atom’s magnetic moment and leads to paramagnetism. However, this term
can sometimes vanish under certain conditions. In such cases, the third term, % Yi(Bxr;)?
becomes relevant, representing the atom’s diamagnetic response to the applied magnetic field.
These terms will be further explained in the sections on diamagnetism (Section 2.1.2) and

paramagnetism (Section 2.1.3). [49]

2.1.2. Diamagnetism

All material shows some degree of diamagnetism, characterized by a weak, negative magnetic
susceptibility. In diamagnetic substances, an applied magnetic field induces a magnetic moment
that opposes the field. Although this effect is often described through classical arguments—such
as the generation of a back electromotive force (e.m.f.) by the action of the magnetic field on
the orbital motion of electrons, as described by Lenz’s law. However, the Bohr-van Leeuwen

theorem highlights the limitations of classical explanations for magnetic phenomena. Instead,

4



2.1. Physical properties of transition metal oxides

diamagnetism must be understood as an entirely quantum mechanical effect and should be

treated as such.

To illustrate the quantum mechanical origin of diamagnetism, consider an atom with completely
filled electronic shells, where the paramagnetic term in the Hamiltonian (Equation 2.6) can be

neglected. If B is parallel to the z-axis, then B x r; = B(-y;,z;,0), and

(B xr;)’ = B (xf+y$) (2.7)
The first-order shift in the ground-state energy is then expressed as:

7 22001 (a ) 0}, (2.8)

Me =1

AFEy =

|0) is the ground state wave function. If we assume that the atom is spherically symmetric,
(22) = (y?) = 3(r?). then we have

6232 Z

AE, = Z (0]r2|0). (2.9)
=1

For a solid consisting of IV ions, each with Z electrons of mass m., in a volume V with all
shelf filled, the magnetization at zero temperature is derived from the Helmholtz free energy

F, given by:

OF = NOAE, Ne*B 4

M=-— = ‘). 2.10
9B~V 0B 6rme ;(n) (2.10)
Thus, the diamagnetic susceptibility (y4) can be obtained as
M M
Xa =55 ¥ ’uOB , assuming g < 1. (2.11)
By following this procedure, one arrives at the expression:
N 2o Z
Xa= ——= 2SN (2, (2.12)

V 6m. o

This expression, derived from first-order perturbation theory, indicates that the diamagnetic
susceptibility is temperature-independent. While elevated temperatures may enhance the in-
fluence of excited states, their contribution to yy4 remains negligible. This property makes
diamagnetic substrates ideal for studying the magnetic properties of thin film systems, as they
provide a stable background that does not interfere with the magnetic measurements of the

thin film. For instance, in this thesis, we utilized diamagnetic substrates such as SrTiO3 to

5



2. Theoretical background

study the magnetic properties of the thin film system. [49]

2.1.3. Paramagnetism

Paramagnetism corresponds to a positive magnetic susceptibility so that an applied magnetic
field induces a magnetization that aligns parallel to the field. The previous section discusses
materials with no unpaired electrons, where the atoms or molecules did not exhibit a magnetic
moment unless influenced by an external field. In contrast, this section focuses on atoms that
have a non-zero magnetic moment due to the presence of unpaired electrons. Without an
external magnetic field, these magnetic moments point in random directions due to thermal
fluctuations, as the interactions between neighboring moments are weak and can generally be
considered independent. However, when an external magnetic field is applied, the magnetic

moments tend to align with the field.

The magnetic moment of an atom is related to its total angular momentum J, which is the
sum of its orbital angular momentum L and spin angular momentum S. Therefore, the total

angular momentum is expressed as:

J=L+S (2.13)

Each of these angular momenta has a corresponding quantum number, [ for orbital angular
momentum and s for spin angular momentum. The quantum number J, which represents the

total angular momentum, is related to [ and s through the vector sum of the two:

J=l+sl+s-1,....|l-¢ (2.14)

Thus, the total angular momentum quantum number J depends on both the orbital angular
momentum quantum number [ and the spin quantum number s. In the case of an electron

(where s = 1), J can take values from |l - s| to [ + s, with integer steps.

Here, the general case of paramagnetism is considered, where the total angular momentum
quantum number J can take any integer or half-integer value. The total angular momentum is

related to the Brillouin function B;(y), which is given by:

2J +1 2J+1 1
B,(y) = 57 coth( 57 y)—ﬂcoth(i) (2.15)

where y is a parameter related to the ratio of the applied magnetic field B to the temperature

grsB
kT >

magnetic field, kg is the Boltzmann constant, and 7T is the temperature.

T, typically defined as y = where ¢ is the g-factor, up is the Bohr magneton, B is the

The Brillouin function has various limiting cases. For example, when J — oo, it reduces to a

Langevin function (L(y) = cothy — i)
6



2.1. Physical properties of transition metal oxides

B (y) = L(y), (2.16)

and when J = %, it reduces to a tanh function:

Bi)2(y) = tanh(y). (2.17)

A typical value of y can be estimated as follows: for J = %, gy =2, with B =1T, the value of y
at room temperature is approximately 2 x 1073. Thus, except at very low temperatures and/or
in extremely large magnetic fields, the experimental situation will correspond to y «< 1 (and
hence the paramagnetic susceptibility y, << 1). For small y, we can derive the following result

by using the Maclaurin expansion [50] of cothy:
J+1
B,(y) = (+ Ly 37 .0 (v*) (2.18)

Here, O(y?) denotes the remainder term that includes all higher-order terms in the expansion,
starting from y3. This term represents the error in the approximation, which becomes negligible

as y becomes small.
To connect this with the susceptibility:

The magnetization M is related to the applied magnetic field H via the susceptibility x, as:

M = x,H (2.19)

For small y,, the magnetization also depends on the field strength and the properties of the

material. The magnetization can be expressed as:

M =npuaB,(y) (2.20)

where n is the number of magnetic ions per unit volume, and peg is the effective magnetic

moment.

For low magnetic fields, we can approximate the magnetization as:

2
nflofey
M~ -2t 2.21
3ksT ( )

where kg is the Boltzmann constant, 7" is the temperature, and g is the permeability of free

space. This leads to the susceptibility expression:
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MM o2

- 9.22
X =g Y TR T BT (2.22)

Here, the approximation assumes that x, << 1 and that the material exhibits classical param-
agnetic behavior (classical Curie law). This dependence of the susceptibility leads to x,, o< 7,

so that a graph of Xl—p against 7' is a straight line, and a graph of x,,T" is constant against 7.

2.1.4. Types of collective behaviors

Collective behaviors in magnetic systems arise from the interactions between individual mag-
netic moments, leading to the emergence of macroscopic magnetic properties. In this section,

we will discuss two types of collective behaviors relevant to this thesis.

2.1.4.1. Ferromagnetism

Ferromagnetism is an often encountered magnetic behavior where materials exhibit a spon-
taneous magnetization, i.e., they can maintain a net magnetic moment in the absence of an
external magnetic field, see Fig. 2.1. This property arises from the quantum mechanical ex-
change interaction, which aligns the magnetic moments of individual atoms or ions parallel to
each other within a domain. The key to understanding ferromagnetism lies in the interplay

between the quantum mechanical spin of electrons and the Pauli exclusion principle [51-53].

According to the Pauli exclusion principle, two electrons in the same atom cannot have the
same set of quantum numbers; therefore, electrons in the same orbital must have opposite

spins, resulting in paired spins with no net magnetic moment.

[ N
R

Figure 2.1.: lustration of the magnetic moment alignment in a ferromagnetic material.

In ferromagnetic materials, unpaired electrons in partially filled d or f orbitals lead to the
magnetic moment for each atom. The exchange interaction aligns these unpaired spins paral-
lel to each other. This interaction can be understood by considering the overlap of electron
wavefunctions. When the wavefunctions of neighboring atoms overlap, the spatial part of the

wavefunction must be antisymmetric if the spins are parallel due to the Pauli exclusion prin-

8



2.1. Physical properties of transition metal oxides

ciple. This antisymmetry reduces the electron-electron repulsion and lowers the system’s total

energy, making the parallel alignment of spins energetically favorable. [49]

The value of the Curie temperature (7¢) depends on the magnitude of the exchange
interactions and the electronic structure of the constituent atoms. The T represents the
critical temperature at which the system undergoes a second-order phase transition from a
ferromagnetic to a paramagnetic state. Below T, the free energy of the system is minimized
when the magnetic moments are spontaneously aligned, resulting in long-range magnetic order
and a net magnetization, as shown in Fig. 2.2 (a). As the temperature approaches T¢, thermal
fluctuations increase, weakening the exchange interactions that maintain the alignment of spins.
At temperatures above T, the thermal energy overcomes these exchange interactions, causing
the magnetic moments to become randomly oriented [54]. This results in a paramagnetic state

where the material is magnetized only in the presence of an external magnetic field.
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Figure 2.2.: Temperature dependence of the field-cooled (FC) magnetic moment. (a) Simulated
FC curve showing a clear paramagnetic-to-ferromagnetic transition. The Curie temperature (T¢) is
identified as the temperature where the magnetic moment starts to increase sharply upon cooling. (b)
Experimental FC curve of a 15 nm Lag gSrg 4CoO3_s thin film on a SrTiO3 substrate. T¢ is estimated
using the dashed line as a guide to the eye. Note that the paramagnetic contribution in the measured
curve appears comparatively exaggerated relative to the ferromagnetic component, which may affect
the clarity of the transition.

In magnetometry measurements, a small external magnetic field, typically around 50 mT in
this thesis, is applied to record the temperature dependence of the magnetic moment, resulting
in the field-cooled (FC) curve. The measured FC curve (Fig. 2.2 (b)) is typically less ideal than
the theoretical FC curve (Fig. 2.2 (a)), which shows a clear transition from the paramagnetic
(PM) to the ferromagnetic (FM) state, as indicated by the dashed line in Fig. 2.2 (a). This
discrepancy arises from various factors such as material imperfections (e.g., defects, impuri-

ties, grain boundaries), multi-phase compositions, and instrumental limitations, all of which

9



2. Theoretical background

contribute to a more gradual and less distinct transition. Moreover, the applied magnetic field
itself plays a key role in rounding the transition: in the presence of an external field, the second-
order PM-FM phase transition becomes smeared due to the field-induced magnetization. As a
result, the magnetic moment does not vanish completely above T, making the transition ap-
pear broader. The Curie temperature (7¢) is therefore often determined visually as the point
of inflection in the FC curve. For more accurate values, fitting to a mean-field model can be

employed.

The hysteresis curve serves as a typical tool to characterize the magnetic behavior of mate-
rials in response to external magnetic fields. When subjected to a cyclic quasi-static magnetic
field, ferromagnetic materials exhibit a characteristic looped curve in the plot of magnetization
(M) versus the applied magnetic field (H), as depicted in Fig. 2.3 (a). This hysteresis loop

reveals key parameters such as saturation magnetization (Ms) and coercivity (H.).

a b

i 20K 5K
151 @ ML @
1.0 1 A
o 057 )
8 8
£00 £ 0
= X 2
= s/ ‘ |
1.0 -1 ; :
Lo |
-1.54 Magnetic subsystems|!1 12 13
3 =2 4 o 1 2 3 2 H,H, H, 2
noH (T) uoH (T)

Figure 2.3.: Illustration of hysteresis loop. a) Single ferromagnetic system hysteresis, which does not
exhibit a "step-like" shape. b) Hysteresis with three magnetic subsystems, where the subsystems can
be determined by their corresponding coercivities (Hc1, Hea, and Hes).

M represents the maximum magnetization attained by a material when all magnetic moments
align with the applied magnetic field. In this thesis, we have normalized the saturation magne-
tization to pup/Co. This normalization involves several steps: first, measuring the net magnetic
moment of the thin film. Next, determining the total volume of the thin film by multiplying
its thickness by the area, with the volume per unit cell obtained from X-ray measurements.
Dividing the total volume of the thin film by the volume per unit cell yields the number of unit
cells in the sample. Subsequently, dividing the net magnetic moment by the number of unit
cells provides the magnetic moment per unit cell, assuming perfect crystalline order. As the
magnetic moment of the Lag ¢Srg4CoQO3_s sample arises solely from the Co ions, we express the

normalized magnetization in units of ug/Co.

H. denotes the field required to reduce the magnetization to zero after the sample has been

10



2.1. Physical properties of transition metal oxides

saturated, as shown in Fig. 2.3 (a). Each magnetic subsystem within the material has its own
unique H.. When the sample contains multiple magnetic subsystems, this introduces complex-
ity into the hysteresis loop, resulting often in a "step-like" structure, as shown in Fig. 2.3 (b).
These steps occur because each magnetic subsystem responds differently to the applied mag-
netic field. Then each step in the hysteresis curve corresponds to the coercivity of a different
magnetic subsystem. By analyzing these steps and their respective H, values, we can infer the

number and nature of the magnetic subsystems within the sample.

2.1.4.2. Antiferromagnetism

Antiferromagnetic materials exhibit an alternating alignment of magnetic moments (as in
Fig. 2.4), resulting in a zero net macroscopic magnetization when no external magnetic field is
applied [55].

EARRERRREAE
Pratititit i

Figure 2.4.: Representation of the magnetic moments in an antiferromagnetic system. Adjacent
magnetic moments point in opposite directions, leading to zero net magnetization in absence of a
magnetic field.

This behavior occurs below the Néel temperature (7x) which is the phase transition temperature

for long-range ordering. The magnetic susceptibility (,,) is then:

e
T+ Ty

Xm (2.23)

where C' is the material-specific Curie constant and 7" is the temperature.

To determine the Ty of an antiferromagnetic system, one can analyze the magnetic susceptibility
as a function of temperature and the orientation of the applied magnetic field. Below T}, when
a magnetic field is applied parallel to the direction of the sublattice magnetization, the parallel
susceptibility (x) is minimal (x » 0). This is due to the opposing alignment of the moments
in the two sublattices, which cancels the net magnetization. However, x| increases sharply
as T is approached, which is due to the weakening of the antiferromagnetic order caused by
thermal fluctuations. In contrast, a field applied perpendicular to the sublattice magnetization
causes the moments to tilt slightly, yielding a perpendicular susceptibility (x,) that is nearly
independent of temperature below T. The sharp increase in x| near Ty, alongside the steady

behavior of y,, identifies the Néel temperature as the point where the material transitions from
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X|

Tx T

Figure 2.5.: Temperature dependence of the parallel (X)) and perpendicular (x1) magnetic suscep-
tibilities, illustrating the behavior of an antiferromagnetic material as it approaches the Néel temper-
ature (T). This figure is taken from Ref [49].

an antiferromagnetic to a paramagnetic state. These trends are often depicted in susceptibility-

temperature plots, as shown in Fig. 2.5. [49]

2.1.5. Exchange interactions

The exchange interaction is a quantum mechanical effect that plays usually the dominant
role in determining the magnetic properties of solid state systems. It arises from the Pauli
exclusion principle and the Coulomb interaction between electrons. In transition metal oxides,
the exchange interaction is responsible for the alignment of magnetic moments, leading to

various magnetic orders such as ferromagnetism and antiferromagnetism.

The exchange interaction can be described through the Heisenberg model, which considers the

interaction between two neighboring spins (S; and S;) as [56] :

H,, = -2JS;-S; (2.24)

where H.,, is the exchange interaction Hamiltonian and J is the exchange integral. The exchange
integral J determines the strength and nature of the interaction: a positive J indicates a
ferromagnetic interaction (spins align in the same direction), while a negative J indicates an

antiferromagnetic interaction (spins align in opposite directions).

In TMOs, the electron-electron interactions, especially among the d-electrons of the transition
metal ions dominate the resulting magnetic properties. These interactions give rise to complex
magnetic behaviors, including ferromagnetic and antiferromagnetic ordering. The nature of
these magnetic orders is primarily determined by exchange interactions, with double exchange
and superexchange being the most significant mechanisms. Thus, the following sections will

discuss these two types of exchange interactions in detail.
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2.1. Physical properties of transition metal oxides

2.1.5.1. Double exchange interactions in cobalt oxides

Double exchange interactions are an important mechanism in magnetic materials with mixed
valence states, first proposed by Clarence Zener [57]. This interaction involves cations with

different d-shell occupations, typically differing by one electron, such as Co?* and Co**. In this

Co** HS Co* HS

Figure 2.6.: The double-exchange mechanism involves the hopping of tos electrons between Co3*
high spin (HS) and Co** (HS) ions through an intermediate oxygen ion.

scenario, electrons can hop between neighboring cations, leading to a delocalization of electrons

and promoting ferromagnetic alignment

In cobalt oxides, one of the channels of the double-exchange mechanism involves the hopping
of tog electrons between Co®* high spin (HS) and Co** high spin ions through an intermediate
oxygen ion (see Fig. 2.6). This process occurs when the spins of the involved electrons are
aligned parallel, according to Hund’s rules. The alignment minimizes the overall energy of
the system, promoting ferromagnetic order. The oxygen ion is critical because it mediates
the overlap between the Co3* and Co** orbitals, enabling spin-polarized electron hopping. If
the oxygen ion is missing, this process is no longer possible because the direct overlap of the
cobalt orbitals is insufficient to sustain the hopping, disrupting the double-exchange mechanism.
The movement of the t, electrons also provides metallic conductivity, distinguishing it from

insulating behavior typically associated with localized electrons.

In LaggSrg4CoO3_s, the Sr substitution introduces holes, creating a nominal mixture of Co3*
(d) and Co** (d®) ions. The Co3* ions have an extra electron in the ty, orbital compared to
Co** ions. The hopping of this ts, electron between neighboring Co3* and Co** ions via oxygen
anions, as shown in Fig. 2.6, explains the double-exchange interaction. This electron delocal-
ization not only mediates magnetic exchange coupling but also contributes to the material’s

conductivity, leading to both metallic and ferromagnetic properties.

2.1.5.2. Superexchange interactions in cobalt oxides

Superexchange interactions are an interaction mechanism in magnetic materials where the

magnetic coupling between two ions with the same oxidation state occurs via an intermediary
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ion, such as oxygen [58], rather than through direct contact. This interaction is especially
significant in cobalt oxides, where the cobalt ions are surrounded by oxygen octahedra. In
superexchange scheme, the d-electron occupancy of the involved cations is either the same or

differs by two, resulting in localized electrons.
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Figure 2.7.: ITllustration of the superexchange mechanism in cobalt oxides: (a) 180° Co-O-Co bond
leading to antiferromagnetic interactions, (b) 90° Co-O-Co bond also resulting in an antiferromagnetic
alignment.

In cobalt oxides, the superexchange mechanism typically involves interactions between Co3+-
Co3* or Co**-Co** ions mediated through oxygen ions. In a Co-O-Co linkage, the d-electrons
of one cobalt ion interact indirectly with the d-electrons of a neighboring cobalt ion via the
p-electrons of the oxygen ion. This mediated interaction often results in antiferromagnetic
alignment of spins, as electrons tend to align antiparallel to minimize repulsion. The strength
and nature of this magnetic coupling are governed by the Goodenough-Kanamori-Anderson
(GKA) rules [59-61], which emphasize that bond angles and orbital overlaps between metal

ions and oxygen anions significantly influence magnetic properties.

In an ideal 180° Co-O-Co bond (Fig. 2.7 (a)), the interaction is strong and predominantly
antiferromagnetic. However, deviations from this angle can weaken the interaction or, under
specific conditions, lead to weak ferromagnetic coupling, which is outside the scope of this thesis.

Similarly, a 90° Co-O-Co arrangement also results in antiferromagnetic alignment (Fig. 2.7 (b)).

In LaggSrg4Co03_s, the mixed valence state and the resulting Co3*/Co** ratio introduce a
complexity in the magnetic interactions. While double exchange facilitates ferromagnetic order
through delocalized electrons, superexchange contributes to antiferromagnetic interactions due
to localized electrons. The competition and coexistence of these interactions lead to interesting

collective magnetic properties.
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2.2. LaggSrg4Co0s_s thin films: Perovskite to Brownmillerite

transition

The topotactic phase transformation from perovskite to brownmillerite has gained signif-
icant attention in recent years. Materials like SrCoOs_5, SrFeOs_5, Laj_,Sr,CoO3_s and
La;_,Sr,MnOs3_s have been extensively studied, with the A-site doping and B-site transition
metals playing a key role in determining the oxygen vacancy ordering and stability of the BM
phase. In SrCoQOg_gs, the transition is readily achieved as cobalt prefers lower oxidation states
(3+ in the brownmillerite phase) over higher states (4+ in the perovskite phase) [62]. In con-
trast, iron in SrFeOs_s resists this transition, preferring to maintain a 3+ state, which limits
vacancy formation [63]. Manganese and cobalt in La;_,Sr,MnO3_s and La;_,Sr,CoO3_s exhibit
greater tunability, with oxygen vacancy behavior governed by Sr doping and the oxidation con-
ditions. These changes directly influence the oxidation states of manganese and cobalt, thereby
affecting the material’s capacity to accommodate oxygen vacancies and facilitating structural

and electronic transitions [64-66].

For LaggSrg4CoO3_5 thin films, the brownmillerite phase can be induced through thermal
annealing in a low oxygen partial pressure environment. This transition leads to notable al-
terations in the film’s structural, electronic, and magnetic properties. To fully understand
this transformation, it is important to explore both the perovskite and brownmillerite struc-
tures in detail. Section 2.2.1 provides an overview of LaggSrg4Co0O3_s thin films, leading into
Section 2.2.2, which describes the perovskite structure with its pseudo-cubic arrangement and
ionic coordination. Section 2.2.3 then focuses on the brownmillerite structure, characterized
by ordered layers and oxygen vacancies. Understanding these structural differences will clarify

the mechanisms driving the topotactic phase transition in LaggSrg4CoO3_s thin films.

2.2.1. LaggSrg4CoOs3_s thin films

Lag S19.4Co03_5 (LSCO) is a perovskite oxide known for its intriguing electronic and mag-
netic properties. Derived from LaCoO3_s (LCO), it is formed by substituting lanthanum with
strontium, resulting in the perovskite structure La;_,Sr,CoO3_s with specifically x = 0.4 in this
thesis project. Introducing Sr?* into the LCO lattice alters its properties, both structurally
and electronically. Sr?*, being larger than La3*, increases the average A-site radius and lat-
tice parameter, reducing the rhombohedral distortion of LCO [67]. This structural evolution
towards a more cubic symmetry, combined with the mixed oxidation states of Co (which will
be discussed in the following paragraph), significantly influences the electronic and magnetic

properties of La;_,Sr,CoO3_s.

In the La; SryCoO3_s system, the electronic behavior evolves significantly with varying levels
of Sr doping. At x = 0, corresponding to undoped LaCoO3_s, the material is an insulator
with Co3* ions predominantly in a low-spin state, resulting in minimal electron hopping and

insulating behavior. As Sr doping increases within the range 0 < z < 0.18, some Co3* ions are
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oxidized to Co**, which enhances electron hopping between Co?* and Co** sites. Although the
material remains insulating at low doping levels, an insulator-to-metal transition occurs as x
approaches 0.18, marking the onset of metallic behavior. In the moderate to high doping range
(0.18 < & < 0.5), the material exhibits robust metallic properties, with electronic conduction
dominated by double exchange between Co3* and Co** ions. As doping levels further increase
beyond x = 0.5, the system becomes increasingly metallic. At the extreme doping level of
x =1, corresponding to SrCoOs3_s, the material is fully metallic, with Co** ions dominating the

electronic conduction. [68]
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Figure 2.8.: Magnetic phase diagram of Laj_+SryCoOg3_s illustrating various magnetic phases for
various z. PS = paramagnetic semiconductor, PM = paramagnetic metal, FM = ferromagnetic
metal, SG = spin glass, MIT = metal-insulator transition, and Tj,, is the irreversibility temperature
which marks the bifurcation of ZFC (zero-field-cooled) and FC dc magnetization curves. This figure
is adapted from [68].

Fig. 2.8 [68] depicts the magnetic phase diagram of bulk La; Sr,CoO3_s. At x = 0, corre-
sponding to LaCoOs3_s, the material is a non-magnetic insulator with Co3* ions primarily in a
low-spin state, resulting in negligible magnetic interactions. As doping begins (z < 0.18), the
introduction of Co** ions induces competing antiferromagnetic (Co3*/Co3*) and ferromagnetic
(Co3*[/Co**) interactions, leading to a spin-glass state where magnetic moments are frozen in
a disordered configuration. As Sr doping increases to 0.18 < x < 0.5, the material transitions
into a ferromagnetic phase, driven by enhanced double exchange interactions between Co?* and
Co** ions, which align the magnetic moments over longer distances. However, disordered, glassy
regions persist within the ferromagnetic matrix, indicating that, despite the material’s overall
ferromagnetism, certain areas still exhibit misaligned or disordered magnetic moments. At
higher doping levels (x > 0.5), the material separates into distinct regions, with small ferromag-
netic areas scattered within a mostly non-magnetic or weakly magnetic background. Finally, at
x =1, corresponding to SrCoO3_g, the material exhibits metallic ferromagnetism when ¢ is close

to 0, largely driven by the presence of Co** ions. They contribute to the metallic state, but the
16
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ferromagnetic interactions are weakened due to the high degree of electronic delocalization and
potential spin-state fluctuations [69]. However, SrCoOs_s tends to stabilize in the SrCoOq 5
phase, where 0 approaches 0.5. This is because Cobalt ions prefer a lower oxidation state,
which can lower the total energy of the system. In this configuration, Co3* ions, particularly in

a low-spin state, dominate the system, leading to insulating and antiferromagnetic behavior.

Thus, the as-grown LaggSrg4Co0O3_s adopts a perovskite cubic structure. This structure ex-
hibits metallic and ferromagnetic properties due to the increased Co** ratio from the Sr** dop-
ing. The stability of this structure and its relatively straightforward electronic and magnetic
states make LSCO an ideal candidate for studying oxygen-vacancy-induced topotactic phase
transitions in perovskite oxides. The flexibility of perovskite oxides in accommodating varying
oxygen content, along with LSCO’s stability (in a defined temperature range), makes thermal
annealing in reducing conditions an effective method. This process induces the topotactic tran-
sition from the perovskite to the brownmillerite phase, allowing for a comprehensive study of

the resulting electronic and magnetic property changes associated with the phase transition.

In the subsequent sections, we discuss deeper the structural characteristics of the pervoskite
and brownmillerite phases. Understanding the intrinsic properties of these structures provides a
solid foundation for exploring the intricate mechanisms driving the topotactic phase transition.
By examining the arrangement of atoms and the role of oxygen vacancies in these phases, we

can better understand how these factors influence the overall behavior of the material.

2.2.2. Perovskite structure

The perovskite (PV) structure is a widely studied family of crystal structures highly relevant
in many areas due to its versatility and occurrence in various functional materials. Named
after the mineral perovskite (CaTiOj), this structure is characterized by its specific octahedral

lattice arrangement, described by the general formula ABXs3.
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Figure 2.9.: Schematic of the perovskite structure. a) The 'A’ cations are at the corners of the cube,
"B’ cations at the body center, and ’X’ anions at the face centers, forming an octahedral coordination
around the 'B’ cation. The figure is drawn using the VESTA software [70, 71]. b) The repeating
octahedral units characterize in particular the structure of perovskite-type materials.
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In the ideal PV structure (Fig. 2.9 (a)), the A’ cation is larger and occupies the corners of
the cubic unit cell, while the smaller B’ cation is located at the body center of the cube. The
’X” anions occupy the face centers, forming an octahedral coordination around the 'B’ cation.
This configuration can be visualized as a network of corner-sharing BXg octahedra, with the
"A’ cations filling the spaces between them (Fig. 2.9 (b)). The arrangement of these ions in a
cubic lattice results in the repetition of the octahedral units throughout the PV single crystal

or thin film, providing the structural basis for its diverse properties.

However, deviations from this ideal structure, such as octahedral tilting and distortions, are
common in many real perovskites. These distortions, which often occur due to strain or lattice
mismatches, play a critical role in altering the material’s magnetic properties, particularly near
structural defects such as cracks. Octahedral tilting can influence the overlap of the transition

metal ion’s d-orbitals, thereby modifying the magnetic exchange interactions.

The electronic and magnetic properties of transition metal PV systems are governed by the
d-orbitals of the transition metal ions located at the ‘B’ site. Due to the crystal field effect,
these d-orbitals can split into different energy levels, resulting in various electronic configura-
tions that influence the material’s conductivity and magnetism. Magnetically, perovskites can
exhibit a range of behaviors from ferromagnetism to antiferromagnetism. These behaviors are
often dictated by double-exchange and superexchange interactions between the "B’ site cations
mediated by the oxygen anions. In the case of double exchange, the crystal field splitting of the
d-orbitals allows for electron hopping between mixed-valence 'B’ site cations (e.g., Co3* and
Co** in cobaltites), facilitating ferromagnetic ordering. This mechanism relies on the overlap
between the Co-3d and O-2p orbitals, which is sensitive to the degree of octahedral distortion
and tilting.

Additionally, oxygen vacancies or other anion defects can lead to a lowering of the average
valence state of the transition metal ions, such as Co in cobaltites. This changes the effective
carrier density, influencing the electronic and magnetic behavior of the material. The presence
of random oxygen vacancies can cause local variations in the valence states, disrupting the
uniformity of the magnetic and electronic properties. This can result in reduced magnetic

ordering or altered conductivity.

2.2.3. Brownmillerite structure

The Brownmillerite (BM) structure, named after the mineral Brownmillerite (Cag(Al, Fe);Os5)
[72], is characterized by a distinctive arrangement where one oxygen atom is missing in every
two unit cells compared to the conventional PV structure. Unlike PVs, which typically exhibit
a random distribution of oxygen vacancies, BM compounds maintain an ordered pattern of
oxygen vacancies within their lattice. This ordered vacancy arrangement, denoted by the
formula A;By0O5 (or equivalently ABOsj5), places Brownmillerite (BM) within the broader

category of ordered oxygen-deficient perovskites, which are described by the general formula
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A, B, 03,-1. Oxygen vacancy ordering (OVO) is observed across a range of compounds with n
values including 5, 4, 3, 2, 1.5, 1.33, and 1, corresponding to PV with varying oxygen contents
of 2.80, 2.75, 2.67, 2.50, 2.33, 2.25, and 2.00, respectively (with the stoichiometric PV having

n = 00) [73, 74]. The relevant case in this thesis hence refers to n=2 in this generalized notation.

O
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Figure 2.10.: Schematic of the Brownmillerite structure: Alternating octahedral and tetrahedral
units with oxygen vacancies.

The BM structure is achieved by introducing rows of oxygen vacancies along the (110)p direction
in every alternate (001)p plane, where the subscript P (Fig. 2.10) denotes directions within the
cubic PV cell. Within the (001) layering of the PV structure, typically arranged as — AO — BO,
— AO — BO, —, vacancies are selectively incorporated into the BOs planes. This arrangement
results in alternating layers of BO,y planes with varying oxygen content, leading to octahedral
(O) and tetrahedral (T) coordination (Fig. 2.10), respectively. Thus, the stacking sequence
in a BM is — AO — BO — AO — BOy —. The introduction of oxygen vacancies breaks the
cubic symmetry of the original perovskite phase, resulting in an orthorhombic or tetragonal
distortion. This symmetry-breaking distortion induces a 45° in-plane rotation of the BM unit
cell with respect to the PV cell [32]. As a result, the in-plane lattice constants of the BM
structure are larger by a factor of /2 compared to the perovskite structure. Consequently, the

resulting tetragonal BM unit cell has the following dimensions:

apy = bey = V20py ey = dapy (2.25)

Here, agwm, bey, and cgy represent the lattice parameters of the BM unit cell along the a, b,
and c axes, respectively, while apy refers to the lattice parameter of the PV unit cell along the a
axis. One should also note that, due to the different chemical environment in the BM structure
(including oxygen loss, changes in valence states, and variations in ion radius), an expansion of

the lattice parameter apy is expected.

Examples of BM structures include LaCoOs 5 [75], which forms under reducing conditions, and

19



2. Theoretical background

Lay_,Sr,MnO, 5 [76], produced through partial reduction of the parent PV. Other examples
are SrCoQOq 5 [77], BalnOy ;5 [78], and SrFeOq5 [79]. In bulk LSCO, the formation of the BM
phase under normal atmospheric conditions typically requires heavy Sr doping [80]. However,
in LaggSrg4Co0O3_5 thin films, the BM phase can emerge under reducing conditions, often
facilitated by the effects of epitaxial strain [81-83].

The electronic and magnetic properties of the BM phase exhibit distinct characteristics com-
pared to the PV phase, especially as the oxygen content varies. This variation influences the
cation oxidation states, potentially leading to transitions between double exchange and su-
perexchange interactions. Electronically, the BM phase often demonstrates insulating behavior
due to ordered oxygen vacancies disrupting the electron conduction pathways. Magnetically,
the transition from the PV structure to the BM structure leads to the collapse of the double-
exchange mechanism, which is responsible for the ferromagnetic behavior in the PV phase. As
this mechanism breaks down, ferromagnetism diminishes, and the BM phase typically exhibits
antiferromagnetic or weak ferromagnetic ordering, as reported [84]. This change in magnetic
behavior is due to the alternating octahedral and tetrahedral coordination sites in the BM struc-
ture, which disrupt the alignment of magnetic moments necessary for strong ferromagnetism.
Therefore, by alternating between the PV and BM phases, one could potentially achieve tun-
able magnetic or electronic switching, allowing controlled transitions between conductive and

insulating states or between ferromagnetic and antiferromagnetic states.
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2.3. Oxygen diffusion and surface exchange

The movement of oxygen ions plays an important role in topotactic phase transitions and may
significantly affect the transition rate and the overall timescale of the transition. Therefore,
understanding the oxygen mass transport processes, specifically oxygen diffusion and oxygen
surface exchange, is crucial. In this section, I will explain the basic principles of oxygen diffusion
kinetics and surface exchange, and discuss the fundamental principles governing the topotactic

phase transitions in this section.

2.3.1. Oxygen diffusion kinetics

In crystalline materials, point defects (like vacancies and interstitials) are the most energetically
favourable mechanisms for atomic movement. In perovskites, intrinsic point defects primarily
consist of oxygen or cation vacancies instead of interstitials. This is because the high packing
density of the perovskite structure makes the formation of interstitials unfavorable. With the
existence of point defects, the movement of oxygen ions within the lattice can be facilitated

through diffusion and surface exchange mechanisms [48, 85].
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Figure 2.11.: Schematic representation of oxygen diffusion in perovskite oxides. Oxygen ions move
through the lattice by hopping between oxygen vacancies, driven by thermal energy.

Oxygen diffusion in perovskite oxides mainly occurs within the bulk of the material. Initially,
as described in Fig. 2.11, an oxygen ion is located at its regular lattice site. When a nearby
oxygen vacancy is present, the ion can "hop" from its current site to the vacancy. This hopping
process requires the ion to overcome a specific activation energy. As the oxygen ion moves
into the vacancy, the vacancy shifts to the ion’s previous position. Through repeated hop-
ping events, either randomly or systematically across the lattice, oxygen ions effectively diffuse
through the bulk [86]. The diffusion pathways in this case are typically determined by the
arrangement of oxygen ions and vacancies within the lattice, occurring along the most energet-
ically favorable routes. In perovskite structures, oxygen ions often diffuse along the (001) or

(010) crystallographic directions [87].

A key parameter that characterizes the rate of oxygen diffusion is the diffusion coefficient (D).
Since diffusion is a thermally activated process, the diffusion coefficient is typically modelled

by the Arrhenius law, which describes its temperature dependence (T') as follows:
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D = Dyexp (—ﬂ) (2.26)
kg
In this equation, Dy represents the pre-exponential factor, which corresponds to the diffusion
coefficient at an infinitely high temperature, or equivalently, when the activation energy is
negligible. The term E, denotes the activation energy for diffusion, reflecting the energy barrier
that oxygen ions must overcome to move from one lattice site to another. Here, kg is the
Boltzmann constant, and 7' the temperature. The Arrhenius law describes, that at lower
temperatures, the diffusion coefficient is small because oxygen ions have limited thermal energy,
making it less likely for them to hop into neighboring vacancies. As the temperature increases,
the ions acquire more energy, which enhances the frequency of successful hops, leading to
a higher diffusion coefficient. Consequently, the diffusion coefficient increases exponentially
with temperature. However, diffusion requires more than just thermal energy; a concentration
gradient is the primary driving force behind net diffusion. In the absence of such a gradient,
although individual oxygen ions may move due to random thermal motion, there will be no net
mass transport. It is only when a concentration gradient exists—where oxygen ions are more
concentrated in one region than another—that a net current of ions will flow, moving from

areas of higher concentration to lower concentration, thus creating directional mass transport.

2.3.2. Oxygen surface exchange kinetics

In addition to diffusion, oxygen ions in the material also participate in a surface exchange
process. This process involves the incorporation of oxygen from the surrounding environment
(such as air or an oxygen-enriched atmosphere) into the material, as well as the release of
oxygen from the material to the environment [88, 89]. The surface exchange process is fun-
damentally a redox reaction, as shown in Fig. 2.12, requiring electron transfer between the
oxygen species. When an oxygen molecule (O) from the environment is incorporated into
the material, it undergoes reduction, where electrons from the oxide’s lattice are donated to
the oxygen molecule, converting it into O?~ ions that can then be integrated into the oxide
lattice. Conversely, during oxygen release, O?~ ions are oxidized, releasing electrons back to
the material as the ions leave the lattice as neutral O, molecules. This exchange of electrons
is crucial for the surface exchange process, as the transition between neutral oxygen and O%-
ions allows oxygen incorporation and release. The rate of this process is characterized by the
surface exchange coefficient (k). Like the diffusion coefficient, this rate can be quantitatively

modeled by the Arrhenius law:

_E
k:KO-eXp(kB;,) (2.27)

Here, Ky represents the pre-exponential factor, while E’ denotes the activation energy for the

oxygen exchange process. kp is the Boltzmann constant, and 7" is the temperature. Similar to
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2.3. Oxygen diffusion and surface exchange

oxygen diffusion, the surface exchange coefficient k is strongly influenced by temperature. As

expressed in Equation 2.27, an increase in temperature causes the exponential term to decrease

(since 5 becomes smaller), which in turn results in an increase in k. This indicates the

typical enhancement of oxygen exchange rates at higher temperatures under certain oxygen

partial pressures.

e_
—t>
e_
s
e_

PR e~
. © . Q
' o ' 2
1 1
\ \
..t o_ 7

Figure 2.12.: Illustration of the oxygen surface exchange process in perovskite oxides. Oxygen
molecules from the surrounding environment are incorporated into the material or released back into
the atmosphere.

In addition to increasing the temperature, noble metals such as platinum and silver can signifi-
cantly enhance the oxygen surface exchange rate in complex oxides. These noble metals act as
catalysts by providing additional electronic states, facilitating the redox process at the surface.
They donate electrons to oxygen molecules, aiding their incorporation into the oxide lattice, or
accept electrons from O?~ ions during the release of oxygen. By lowering the energy barrier for

these oxygen exchange reactions, noble metals accelerate the overall surface exchange rate.

2.3.3. Rate-limiting process

At a given temperature and oxygen partial pressure, oxides typically strive to reach their ther-
modynamic equilibrium state, which may be either a (defective) perovskite or a brownmillerite
structure, depending on the surrounding oxygen environment. Therefore, any change in the
ambient oxygen partial pressure will initiate a dynamic process that includes both oxygen
ion diffusion from/to the surface and oxygen surface exchange. In the particular case of an
ion-triggered phase transition, this process also involves the growth of the new phase. Specif-
ically, the phase boundary propagates as oxygen vacancies redistribute, causing regions of the
brownmillerite phase to nucleate and expand. The movement of this phase boundary is sim-
ilarly governed by thermally activated kinetics and can be described using an Arrhenius-type
equation, as discussed in Fong’s work on oxygen diffusion and phase boundary propagation
[90].

In a system where oxygen diffusion, surface exchange, and nucleation of a new phase occur
simultaneously, the overall rate at which oxygen is absorbed or released is governed by the
slowest of these processes. For instance, if surface exchange and nucleation are slow but diffusion
through the bulk is rapid, the surface exchange becomes the rate-limiting step, controlling how

quickly oxygen enters or exits the material. Conversely, if surface exchange is fast but diffusion
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and nucleation are slow, the oxygen transport will be limited by the slower bulk diffusion and

nucleation processes.

To determine the rate-limiting step in a system, one can compare the activation energy of the
overall process with reference activation energies for phase nucleation, oxygen diffusion, and
surface exchange within the same or a similar system. The activation energy can be obtained
by analyzing the relationship between the system’s characteristic time and temperature. If the
process follows Arrhenius behavior, this relationship will be linear, with a slope of —f—;, where
E, is the activation energy and kp is the Boltzmann constant. This enables the calculation of
the system’s activation energy, which can then be compared to known values to identify the

rate-limiting step. For further mathematical details, see Chapter 4.6.

It is important to note that the absolute values of the surface exchange coefficient (k) and the
diffusion coefficient (D) can vary over several orders of magnitude. Therefore, under exper-
imental conditions, either £ or D could dominate the reaction kinetics, making it critical to
evaluate both parameters. In certain cases, within a limited temperature range where both k
and D contribute similarly to the time constants of the process, non-trivial relaxation behav-
ior and deviations from Arrhenius-type behavior have been observed [91, 92]. These deviations
highlight the complex interplay between diffusion and surface exchange kinetics, especially near

phase transition boundaries.
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2.4. Scattering theory

2.4. Scattering theory

Scattering techniques are powerful, non-destructive tools for studying the structural and mag-
netic properties of materials. In this thesis, X-rays, neutrons, and electrons are utilized to
probe and characterize the physical properties of complex oxide thin film systems. Polarized
Neutron Reflectivity offers a unique advantage over X-ray Reflectivity as it allows simultane-
ous probing of both magnetic and structural properties. Moreover, the scattering cross-section
for neutrons is particularly advantageous for probing lighter elements like oxygen content with
higher accuracy compared to X-rays. This section will start with an overview of the basics of
scattering, followed by a detailed discussion of more specialized topics, including diffraction,

reflectivity, and polarized neutron reflectivity in the subsequent sections.

2.4.1. Basics of scattering

In this thesis, the scattering techniques employed are confined to elastic scattering, i.e. where
the energy of the scattered beam remains equal to that of the incident beam. The discussion
here is therefore focused on elastic scattering. The Fraunhofer approximation is typically used

for the mathematical treatment of this process.

Beam source Detector

Plane wave

Plane wave

Figure 2.13.: Schematic representation of the scattering process in the Fraunhofer approximation.
—
The incident plane wave with wave vector k interacts with the sample and is scattered into a wave

— —
with wave vector k’. The scattering vector () is defined as the difference vector between the scattered
and incident wave vectors.

In the Fraunhofer approximation, the scattering process can be described using wave vectors,
—
as illustrated in Fig.2.13. The wave vector of the incident beam is denoted by k&, while the
— —
wave vector of the scattered beam is k’. The scattering vector @), is defined as the difference

vector between these two vectors:

Q=k-% (2.28)
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The magnitude of the scattering vector () in an elastic scattering process can be expressed as:

Q= |3 = /2R (1= cos(20)) = 47” sin(0) (2.29)

where k = 27” is the magnitude of the wave vector and A is the wavelength of the incident beam.
The angle 6 is the scattering angle, which is the angle between the incident and scattered

beams.

Detector

Figure 2.14.: Differential cross-section 3—6 as a function of the scattering angle 6. The total cross-

section o is related to the area covered by the detector and the distance from the sample to the
detector.

The scattered intensity is measured by a detector that covers a solid angle df) = i—:ﬁ (see Fig.

2.14), where dS is the detector area and r is the distance to the detector. The total cross-
section o represents the total number of scattered particles integrated over all angles. Thus,
j—g represents the differential scattering cross-section, which describes how many particles are
scattered into a particular solid angle for a given incident flux. This quantity can be understood
as the probability per incident particle that it will be scattered into the solid angle df). It is

defined as:

do dn

where dn is the number of particles scattered into the solid angle df2, and J is the incident

particle flux. The inclusion of J ensures that we account for the total number of particles being
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sent into the system; while the absolute number of scattered particles increases with J, the

probability per particle (the differential cross-section) remains constant.

In order to connect experimental observations with scattering theory, it is necessary to define
the scattering amplitude, which characterizes the interaction of waves with the sample. Within

the framework of Born approximation, the scattering amplitude is expressed as:

A(@))ocAO-/pS(?)-ei57d3r, (2.31)

where Ay represents the amplitude of the incident wave, and p,(7") is the scattering density
at position 7°. This expression explains how the scattering amplitude depends on the spatial
[

distribution of the scattering density and the scattering vector ().

At the microscopic level, the scattering process is described using quantum mechanics. By
solving the Schrédinger equation for the system, one can derive that the differential cross-

section is related to the scattering amplitude A(@)) through the following relationship:

do =
0 |[A(Q)]". (2.32)

On the other hand, the scattered intensity ( 5) is also related to the differential cross-section
through the following relationship:

[(Q) o j—g- (2.33)

Thus, the scattering intensity is proportional to the square of the scattering amplitude:

1(Q) o< |A(Q)P (2.34)

— —
By measuring the scattered intensity /() and comparing it to theoretical models of A(Q)
as shown in Equation 2.31, one can extract the scattering density p,(7") and other structural

parameters of the sample.

2.4.2. X-ray diffractometry

X-ray diffraction is a powerful technique for determining the crystalline structure of a sample.
There are two key principles underlying X-ray diffraction. The first principle is that it relies
on the elastic (Thomson) scattering of photons. In this process, the incident X-ray photon is
scattered by an electron, but the wavelength of the X-ray remains unchanged; only the direction

of propagation is altered, as illustrated in Fig. 2.15.

The second principle is that the wavelength of X-rays is comparable to the interatomic distances
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Figure 2.15.: Schematic representation of X-ray diffraction, illustrating how incident X-rays interact
with a crystal lattice.

in crystals, which typically range from 0.15 to 0.5 nm [93]. This similarity in scale results in
constructive and destructive interference phenomena. These interference effects are quantita-
tively described by Bragg’s law, which states that constructive interference occurs when the
path difference between X-rays scattered from successive crystal planes is an integer multiple
of the wavelength A [94]:

nA = thkl sin 6 (235)

where: n is the order of reflection, A\ is the wavelength of the incident X-ray, dp is the
interplanar spacing for planes with Miller indices hkl, 6 is the angle of incidence (also known

as the Bragg angle).

In reciprocal space, Bragg’s equation corresponds to the Laue condition. The Laue condition

can be mathematically expressed as:

Q=G (2.36)

Here, el represents the Laue vector, which corresponds to a reciprocal lattice vector and is
associated with the periodicity of the crystal structure. It can be visualized within Ewald’s
sphere, as depicted in Fig. 2.16. Each point on this sphere corresponds to a specific set of crystal
planes, with the distance between these points being inversely proportional to the spacing

between the planes in real space.

The Laue vector E’)hkl, associated with the Miller indices (hkl), is defined as [95]:

2r
dnii

[ |hZ’1 T kba+ 13’3| (2.37)
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Reciprocal lattice

Figure 2.16.: Ewald’s sphere construction in reciprocal lattice (Laue condition).

- — —
Here, b1, b, and b 3 are the reciprocal lattice primitive vectors. These vectors are related to

the real-space primitive vectors @1, @2, and @5 through the following relationships:

2 (72 X 73) z) 2w (73 X E)l) z) 2w (71 X 72)
2= 3=

—
bl:—) — — \’ — — — \ — — —
(11'(CLQ>< a3) CLQ'(CLgX al) CL3'(CL1X ag)

(2.38)

In X-ray diffraction, the angle 26 is varied by adjusting the incident angle of the X-rays and
the detector position relative to the sample. This variation allows the diffractometer to scan
different values of the scattering vector 5, which correspond to different lattice planes within
the crystal. As the incident angle changes, the X-rays interact with various planes, producing
diffraction peaks when the Bragg condition is satisfied. This enables us to obtain structural
details such as lattice spacing and symmetry, based on the relationships from Eq. 3.1 to 2.38.
The scattering cross-section, introduced earlier in the general discussion of scattering, is mea-
sured through the intensity of the diffracted beams. In X-ray diffraction, the intensity of these
diffracted beams is related to the probability of scattering events occurring and can be used in

determining the electron density distribution within the crystal.

2.4.3. Polarized neutron reflectivity

Polarized neutron reflectivity (PNR) is a powerful technique for investigating both the struc-
tural and magnetic properties of thin films. In contrast to X-rays, which interact primarily
with the electron clouds and probe the electron scattering density, neutrons interact with both
the nuclei and magnetic moments within the material. Consequently, neutron reflectivity can
probe not only the nuclear scattering density but also the magnetic scattering density. It typi-
cally involves using a very small incident angle, usually within a few degrees or less. A typical
reflection geometry on a flat surface is illustrated in Fig. 2.17, where the incident angle is equal
to the reflection angle. When the incident angle is below the critical angle ., the neutron beam

undergoes total reflection. The critical angle is defined as:
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0. = arcsin (l) ERENDN ISLD (2.39)

n ™

where A is the wavelength of the neutron beam, n is the refractive index of the sample(as shown
in Fig. 2.17) and ngp is the nuclear scattering length density for neutrons. Thus, the larger

the ngp of a material, the larger the critical angle 6.

Q=k-k

N
K K
n=1 0 0
n,=n 0,

Figure 2.17.: Geometry of a neutron reflectivity experiment.

When the incident angle exceeds the critical angle 6., the beam can partially transmit through
the sample. Assuming an ideal, smooth surface, the reflection R and transmission T coefficients

can be calculated using the Fresnel formulas:

2

0 —nb
"o+ nez (2.40)
20 |
19+, (241)

where n is the index of refraction of the material, and 6, is the angle of the transmitted beam.

The interaction of neutrons with the material results in a scattering potential that is essential for
understanding their behavior during reflectivity experiments. This potential encompasses both
the scattering length density and the magnetic moment interactions. The scattering potential

for neutrons is given by:

27h? -
V(T) = 7;”/ pNb = YN - B (2.42)

Here, the first term represents the nuclear potential, where py is the nuclear scattering length

density, which quantifies the number of nucleons (protons and neutrons) per unit volume and
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influences how neutrons scatter elastically off nuclei, and b is the scattering length, indicating
the strength of the interaction between neutrons and the target nuclei. The variable m denotes
the mass of the neutron. The second term accounts for the magnetic component of the scattering
potential. In this term, v, is the gyromagnetic ratio for neutrons (v, = —1.913), py is the nuclear
magneton, B is the magnetic flux density, and & = {6,, Gy,0.} denotes the spin operator
composed of Pauli matrices. It is important to note that in a ferromagnetic sample, the aligned

—
. e . .
spins can create a non-zero term for ¢ - B, even without an external magnetic field.

. Magnet

Polarized
neutron
beam

‘ Magnet

_
Figure 2.18.: Typical setup of the neutron reflectivity experiment, where H represents the magnetic
field.

The typical setup of a polarized neutron reflectivity experiment is illustrated in Fig. 2.18. In
this setup, the sample is placed between two magnets that generate a magnetic field. The
incoming neutron beam is polarized either parallel or anti-parallel to this magnetic field. These
two polarization states, ¥, (r) and 1_(r), correspond to "spin-up" and "spin-down" relative to

the quantization axis.

21.2
Given that the total energy of the neutron is F = %, the three-dimensional Schrédinger

equation for the neutron wave function can be expressed as follows:

2 nr'n 2 nrHn
WI(2) + [k ~dmbpy + %Bu] U(2) + T B () = 0 (2.43)
p 2Mm Yy, L 2Mm Yy,
W(2) + [k:2 drbpy - %B”] Po()+ Ty (2) =0 (2.44)

Here, B and B, represent the components of the magnetic field in the sample that are parallel

and perpendicular to the neutron guide field, respectively.

When considering the parallel component B in the equations, the differential equations for
the spin-up and spin-down wave functions become decoupled. This decoupling means that the

nuclear and magnetic scattering intensities are observed in what are known as the non-spin-flip
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channels. Specifically, in the spin-up channel (denoted as R**), the reflected intensity includes
the sum of both the nuclear and magnetic contributions. In contrast, the spin-down channel
(R~) shows the difference between the nuclear and magnetic contributions. For instance, in a
ferromagnetic system under a saturating magnetic field, the field aligns all magnetic moments,
making the magnetic term significant. The term associated with B is non-zero, leading to
enhanced reflected intensity from both nuclear and magnetic scattering. In this case, B, is
negligible. Conversely, in a non-ferromagnetic system, due to the lack of long-range magnetic
order, the magnetic contribution is weak or absent. As a result, the term related to By is effec-
tively zero, and the reflected intensities in both spin channels mainly reflect nuclear scattering

alone.

For the perpendicular component B, if B, # 0, the differential equations remain coupled,
leading to spin-flip events. In these spin-flip channels, the reflected intensity contains pure
magnetic information, allowing signals that directly correspond to the magnetic properties of
the sample to be observed. Thus, polarized neutron reflectivity can act as a tool in studying

both the nuclear and magnetic depth profiles for thin film systems.

Thus, polarized neutron reflectivity can act as a tool in studying both the nuclear and magnetic
depth profiles for thin film systems. This capability makes PNR particularly useful for detecting
compositional changes within the film, such as variations in oxygen content. In perovskite
oxide thin films, where the oxygen stoichiometry can vary from 2.5 to 3, PNR allows precise
characterization of oxygen content by fitting the nuclear scattering length density. However, this
method relies on the assumption that oxygen is the only element with variable stoichiometry
within the thin film and that the thin film exhibits a significantly higher scattering density than
the substrate. Consequently, the measured scattering length density is primarily influenced by
the thin film itself.

Nuclear scattering density quantifies the effectiveness of neutron interactions with atomic nuclei
in a material. It is defined as the sum of the scattering lengths of all nuclei within a given volume.
A higher nuclear scattering density indicates stronger scattering. The nuclear scattering length

density, nsp, can be expressed as:

nsLp = PN bnuclear (245)

In this equation, py represents the nuclear number density, and byyciear is the average nuclear

scattering length of the constituent elements.

Moreover, the nuclear scattering length density can also be expressed in terms of the individual
elemental scattering lengths, b;, weighted by their stoichiometric coefficients, ¢;, and normalized

by the volume of the unit cell, V,,. For example, in the case of the material LagSrg4CoO3_s:

Zzbzcz _ 0-6'bLa+0-4'bSr+bCo+(3_6)'bO
Vi Vin

(2.46)

nsip =
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Here, br., bs:, bco, and bo denote the nuclear scattering lengths of La, Sr, Co, and O atoms,
respectively. These values are constants, while § and % serve as the fitting variables. By
fitting nsrp, one can accurately extract the oxygen content in the thin film system." improve

it and find the connection between the two equations.

It is important to note that if multiple elements in the system exhibit variable stoichiometry,
PNR is not a suitable method for determining oxygen stoichiometry, as fitting multiple variables
would result in high uncertainty. Additionally, if the substrate has a higher ng;p than the thin
film, the method would not accurately reflect the oxygen content of the film, since the ngrp
would be dominated by the substrate. However, these limitations do not apply to systems like
Lag¢S19.4C003_g5, which has a higher ng;p than the substrate even in the Brownmillerite phase
and maintains constant A-site and B-site stoichiometry. This makes it an ideal candidate for

determining oxygen stoichiometry using polarized neutron reflectivity.
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In this chapter, I will describe the experimental techniques used to investigate the structural,
electronic, chemical, and magnetic properties of the materials studied in this thesis. The
methods outlined in the following sections include Pulsed Laser Deposition for the growth of
thin films; Atomic Force Microscopy for surface topography and roughness analysis; X-ray
Diffraction and Reciprocal Space Mapping for structural characterization and crystallographic
information; Polarized Neutron Reflectivity for probing depth-dependent magnetic and struc-
tural profiles and determining the oxygen content; electronic transport measurements using
the Physical Properties Measurement System to evaluate electrical conductivity and related
properties; Superconducting Quantum Interference Device magnetometry for magnetic charac-
terization of materials; and Rutherford Backscattering Spectrometry and X-ray Photoelectron

Spectroscopy for chemical composition analysis.

3.1. Pulsed laser deposition

Pulsed Laser Deposition (PLD) is a thin-film deposition technique that involves the use of
high-energy laser pulses to ablate material from a target and deposit it onto a substrate. This
method is particularly valued for oxide materials for its ability to produce high-quality, epitaxial

thin films with precise control over composition and thickness.

In PLD (see Fig. 3.1), a high-energy UV laser is directed at a ceramic target within a specially
designed chamber with low oxygen partial pressure. The laser pulses strike the target, gener-
ating a plasma (ionized gas). This plasma then travels towards a nearby substrate, the surface
on which the film will be deposited. As the plasma reaches the substrate, the material from

the target is deposited onto it, forming a thin film.

The kinetic energy of the ablated species (atoms or molecules that are ejected or ablated from
the target material) during Pulsed Laser Deposition is influenced by their collisions with ambi-
ent gas molecules, which are affected by the partial pressure of oxygen in the chamber. These
interactions determine the energy distribution of the particles as they travel towards the sub-
strate. After interacting with the oxygen molecules, a portion of these particles reaches the
substrate surface and adheres to it. The substrate typically exhibits a step-terrace morphology,
resulting in an anisotropic energetic landscape where certain sites are more favorable for nucle-

ation and film growth. To facilitate the mobility of adatoms and adsorbed species (adspecies)
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Figure 3.1.: Schematic illustration of the PLD setup (taken from [96]). A high-energy laser is directed
at a ceramic target inside a vacuum chamber with a controlled oxygen atmosphere, generating a plasma
plume. The plasma travels toward the substrate, where the ablated material is deposited, forming a
thin film.

along the surface, the substrate is heated, providing the necessary thermal energy for surface
diffusion. Therefore, the growth dynamics of the thin film is governed by the kinetic energy of
the mobile adspecies, the surface energy of the substrate, and the interface energy between the
substrate and the thin film material. [97]

By optimizing the growth parameters, such as temperature, pressure, and laser energy, one can
achieve a uniform deposition of material in epitaxial growth. In this process, the deposited
material replicates the atomic structure of the crystalline substrate, facilitating the growth of a
high-quality, single-crystalline thin film. A key factor in achieving successful epitaxial growth
is the use of a substrate with a crystal structure that is compatible with the thin film material,
such as using a perovskite substrate for the growth of perovskite thin films. Even though
the target material may consist of multiple grains with random crystallographic orientations,

epitaxial growth enables the formation of a thin film with a uniform, single-crystal structure.

Reflection high-energy electron diffraction (RHEED) is employed to monitor the growth
of thin films during Pulsed Laser Deposition. In this technique, a high-energy electron beam
is directed at a very shallow angle onto the surface of the substrate. The high-energy elec-
trons interact with the surface atoms, producing a diffraction pattern that is projected onto
a phosphor screen. By analyzing changes in this diffraction pattern, particularly the intensity
oscillations, RHEED provides real-time feedback on the growth process, allowing for precise
control of deposition parameters and ensuring the formation of high-quality, atomically smooth
thin films.

The growth mode of a thin film depends not only on the mobility of the adspecies but also on

thermodynamic factors. When adspecies possess a large mobility, they can spread easily across
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Figure 3.2.: RHEED monitoring of thin film growth: Electrons are directed at a grazing angle onto
the film surface, with the diffracted signal reflecting changes in surface coverage during deposition and
nucleation. The evolution of intensity provides real-time information into the growth process.

the substrate surface, leading to two-dimensional (2D) layer-by-layer growth, i.e. Frank-van-
der-Merwe growth. In this mode, the adspecies migrate to energetically favorable sites, such as
step edges, forming a complete atomic layer before the next layer begins to grow. If mobility is
exceptionally high, adspecies can diffuse continuously along step edges, resulting in step-flow
growth, where distinct layers are not visible. As the mobility decreases, nucleation may occur
before the underlying monolayer is complete, leading to Stranski-Krastanov growth, where
three-dimensional (3D) islands form on top of existing terraces. When mobility is very low,
island formation becomes more pronounced, resulting in Volmer-Weber growth, characterized
by distinct 3D islands rather than continuous layers. Additionally, thermodynamic factors, such
as the interface energy between the thin film and substrate, can also drive three-dimensional
growth. For instance, if the interface energy is large, three-dimensional growth can occur even
if adspecies mobility is sufficient for two-dimensional growth. In some cases, such as at room
temperature where mobility is minimal, smooth films may still form due to favorable interface

energies, preventing the development of 3D structures. [98—101]

Since RHEED intensity responds to changes in step density [102] (such as step ledges, nucleation
sites, and 3D islands) which are related to surface coverage, it enables precise tracking of growth
with monolayer accuracy (see Fig. 3.2). In layer-by-layer growth, one can observe distinct

intensity oscillations as each new layer forms. During step flow growth, the step density remains
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steady, resulting in a constant RHEED intensity. However, when 3D islands form, the pattern

changes, and the RHEED intensity decreases due to increased surface roughness.[103]
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3.2. Atomic Force Microscopy

Atomic Force Microscopy (AFM) in tapping mode (AC-mode) was used to characterize the
surface morphology of the substrates and thin film samples (Cypher AFM, Ozford Instruments
Asylum Research Inc.). The key components of an AFM system include a sharp tip, a flexible
cantilever, a laser diode, a photodetector, and a piezoelectric transducer/scanner (as shown
in Fig. 3.3). Its working principle relies on the interaction between the tip and the sample
surface. In detail, when the AFM tip scans the surface, forces between the tip and the sample
(such as Van der Waals forces, electrostatic forces, or chemical forces) cause the cantilever to
bend or deflect. These minute deflections are detected using laser reflection: a laser beam is
directed onto the back of the cantilever and reflected onto the photodetector. By analyzing the
deflections, AFM can map the height and morphology of the sample’s surface.[104]

In tapping mode, the cantilever oscillates near its resonance frequency, and the interaction
between the probe and the sample modifies the amplitude and the phase of the oscillation
[105]. These parameters reflect surface characteristics such as roughness and mechanical prop-
erties (hardness, elasticity, etc.). A feedback system continuously adjusts the distance between
the probe and the sample to maintain a stable interaction. Thus, this mode allows for the

determination of both surface morphology and phase information of the sample.
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Figure 3.3.: Schematic illustration of an atomic force microscope, adapted from [106].

In this thesis, silicon tips with a curvature of less than 8 nm were employed for surface analysis.
Typically, a scan frequency between 1.0 and 1.7 Hz was used to capture 512-pixel images, with
a scan range of 5 pum x 5 um. The topographical data obtained were analyzed with a focus on
atomic scale features using Gwyddion version 2.52. The analysis involved linear and polynomial
background corrections to eliminate noise and artifacts while enhancing image clarity and con-
trast. Specifically, this process included plane leveling to correct overall tilt, median alignment
to address small-scale irregularities, and setting the (z)-zero level on a step terrace to ensure

accurate height measurements.
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3.3. X-ray diffraction

X-ray diffraction (XRD) is a very useful technique for investigating the structure of thin films.
The working principle of this technique is that when X-rays interact with the thin film, they
are scattered by the electron orbitals of individual atoms, creating a diffraction pattern that
reflects the periodic arrangement of atomic planes within the crystal. This scattering results
in constructive and destructive interference, which manifests as a diffraction pattern. Ana-
lyzing this pattern provides information about the crystal structure and allows e.g. for the

measurement of the interplanar spacings.

As outlined in Section 2.4.2, Bragg’s law provides the relationship between the angle of X-ray

incidence and the crystal lattice spacing. Its mathematical expression is given by:

n = thkl sin 6 (31)

where n denotes the order of reflection, A represents the wavelength of the incident X-rays, dpx
is the interplanar spacing for planes with Miller indices hkl, and 6 is the angle of incidence,

also known as the Bragg angle. By adjusting 26, the lattice parameter can be easily calculated.
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Figure 3.4.: Schematic of the Bruker AXS D8 Advance X-ray reflectometer setup.

In this thesis, XRD measurements were performed using a Bruker AXS D8 Advance X-ray
reflectometer, as shown in Fig. 3.4. The setup includes several key components. The X-ray
source is a Cu source, generating Cu-Kay, Cu-Kay, Cu-Kf, and continuous Bremsstrahlung
radiation. After passing through the monochromator, the beam is primarily Cu-Ka; radiation
at 1.54 A. The incident optics, including slits, a nozzle, a Gobel mirror, and the monochromator,
focus and monochromatize the X-ray beam. The sample holder features an Eulerian cradle that
allows for tuning height (z), rotation (®), and tilt (V) adjustments, enabling positioning and
alignment of the sample. The receiving optics, equipped with a motorized slit, collect and
direct the diffracted X-rays toward the detector. The LYNXEYE XE detector is a 1D stripe
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detector, which enables fast measurements for Reciprocal Space Mapping.

During the measurement, the thin films were aligned by adjusting the sample height (z), rota-
tion (®), and tilt (V) using rocking curve analysis centered around the (002) diffraction peak of
the substrate. Measurements were conducted in high-resolution mode. A divergence slit of 0.6
mm was used on the primary side of the incident optics, while the motorized secondary slit was
set to 0.8 mm. The linear opening of the detector was adjusted to 0.6 mm, corresponding to 8
channels of the detector array. In 26-w scan, measurements were taken with a 0.01° increment
and a 1-second duration per step. For XRD rocking curve analysis, the 20 and w positions of
the motors were aligned to the maximum of the (002) thin film signal. Both XRD and rocking
curve measurements were carried out in 0D detector mode. Reciprocal space mapping (RSM)
around the asymmetric (013) diffraction peak was performed in grazing exit geometry using
the 1D detector mode, with the motorized secondary slit fully open at 9.5 mm and the linear

opening of the detector set to 14.325 mm.

Temperature control

gas outlet

air cooling gasinlet

Figure 3.5.: High-temperature XRD setup: The sample is positioned on a ceramic plate, which is
heated from the backside and enclosed by a graphite dome. Temperature control is achieved with
pressurized air, and the ambient atmosphere is regulated using a continuous flow of either oxygen or
a 4% hydrogen/argon gas mixture.

In-situ high-temperature X-ray diffraction (HT-XRD) experiments were conducted using a
closed graphite chamber (Anton Paar DHS 1100 Domed Hot Stage), which provided control
of both temperature and gas flow, as shown in Fig. 3.5. The process starts by placing the
thin film samples onto the sample stage and fixing them in place with clips to ensure stability
during the experiment. Temperature control is achieved by heating the ceramic plate from the
backside, while air cooling was used to ensure thermal stability throughout the experiment.
To maintain a stable atmospheric environment around the sample, a constant gas flow of 0.1

LPM was applied. When changes in the oxygen partial pressure were required, such as during
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3.3. X-ray diffraction

the sample reduction process, a higher gas flow rate of around 0.5 LPM is used. This faster
gas flow facilitates quick gas exchange within the dome. Before starting the high-temperature
measurements, the sample is carefully aligned using the (002) diffraction peak of the substrate
at room temperature and at the target temperature, ensuring reproducible data collection

throughout the experiment.

The following outlines the details involved in the HT-XRD measurement: Initially, the sam-
ple is aligned at room temperature using the (002) diffraction peak of the STO substrate.
After increasing the temperature, the thermal expansion of the STO substrate is accounted
for. The out-of-plane lattice parameter at the target temperature is calculated based on the
lattice expansion coefficient. Using this calculated lattice constant, adjustments are made to
the angle of the (002) diffraction peak to ensure proper alignment of the sample at elevated
temperatures. This alignment process is essential for obtaining reproducible diffraction data.
Additionally, measurement times were kept consistent across varying temperatures to ensure

the comparability of results.
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3.4. Polarized Neutron Reflectivity

The magnetic depth profiles of the thin film samples were investigated by polarized neutron
reflectometry (PNR). In this thesis, PNR measurements were carried out at the Magnetism
Reflectometer MAGREF at BL-4A [107] at the Spallation Neutron Source (SNS), Oak Ridge
National Laboratory, USA.

The aim of a neutron specular reflectivity experiment is to measure the reflectivity as a function

of the scattering wave vector ) perpendicular to the sample surface:

Q= 4; sin 0 (3.2)
In a pulsed, time-of-flight (TOF) based neutron experiment, measurements are conducted by
varying the wavelength A of the neutrons, which is determined by their time of flight from the
pulsed source. The angle of incidence # on the sample can be fixed, with the TOF approach
allowing precise energy and wavelength analysis (see Chapter 2.4 for a detailed discussion of

the scattering mechanism).
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Figure 3.6.: Overview of the Magnetism Reflectometer MAGREF at the Spallation Neutron Source
(SNS). The figure illustrates the key components and setup of it, including the channel beam bender
used for neutron deflection, the tapered neutron guide for focusing the beam, and the bandwidth
choppers for selecting specific wavelengths. This figure is drawn based on [108] and information from
the SNS website [109].

Unlike monochromatic instruments with a fixed wavelength A, measurements on MAGREF are
performed at a fixed angle 6. It utilizes the TOF technique as mentioned above, where a pulsed

neutron beam with a range of wavelengths is directed at the sample. The velocity of neutrons
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3.4. Polarized Neutron Reflectivity

is inversely proportional to their wavelength, so that the wavelength is directly related to the
time ¢ it takes for a neutron to travel from the pulsed source to the detector over a distance L.

This relationship is given by:

A= — -t (3.3)

where h is Planck’s constant and m is the neutron mass. Since neutrons of different wavelengths
arrive at the detector at different times, recording their arrival times allows us to determine
their wavelengths using equation 3.3. Given that ) depends on the wavelength (as shown
in equation 3.2), measuring neutrons at various times enables us to sample a broad range of
@-values. However, in reflectivity measurements, each wavelength corresponds to a specific )
value. If the ) range covered by varying the wavelength alone is insufficient, it is necessary
to use multiple angles of incidence 6 to extend the @)-range. Typically, measurements at each
angle take approximately 15 min to a few hours depending on several factors such as the desired
resolution and the scattering intensity. Adjusting the angle of incidence allows us to capture a

broader range of ()-values.

The overview of the MAGREF instrument is shown in Fig. 3.6. Neutrons from the moderator
are initially deflected by 2.5 degrees using a channel beam bender made of supermirrors, which
are specifically designed to reflect neutrons at their critical angle to minimize the loss of in-
tensity. This deflection is crucial to ensure adequate separation from nearby instruments, such
as a liquid reflectometer, and to deliver a "clean" neutron beam to the sample, free from fast
neutrons and gamma radiation. The beam is then directed through a tapered neutron guide
coated with supermirrors. This guide focuses the neutron beam both horizontally and verti-
cally, narrowing it to a size suitable for typical sample areas, which are generally several square
centimeters. Bandwidth choppers are employed to select a specific wavelength range (from 1.8
to 14 A) to prevent frame overlap. Frame overlap occurs when slow neutrons from one pulse mix
with faster neutrons from the subsequent pulse, making it difficult for time-of-flight detection
to distinguish between them. The choppers, which are rotating disks with neutron-transparent
windows, accomplish this task by allowing only neutrons within a specific speed range to pass
through. Additionally, the second of the three choppers is specifically designed to absorb very
slow neutrons. The instrument also includes collimation slits, a position-sensitive detector, and

polarizing and analyzing devices.[108]

MAGREF is equipped with in-situ annealing capabilities, with temperatures ranging from 750
K to 5 K. For the annealing experiments conducted in this thesis, the conditions matched those
used in ex-situ experiments. The samples were exposed to a vacuum of 1 x 10-6 mbar at tem-
peratures of 400 °C or 450 °C. Heating was applied from the backside using a copper heater,
similar to our lab heater, but positioned in a vertical orientation. After this treatment, the
samples were cooled to 300 K and 120 K for polarized neutron reflectometry (PNR) measure-

ments. The magnetic field is applied parallel to the sample, similar to the orientation used in
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MPMS SQUID-magnetometry measurements. The incident neutron beam was polarized with
spins either parallel (spin-up) or anti-parallel (spin-down) to the direction of the magnetic field.
Reflectivity curves for spin-up (+) and spin-down (-) neutrons were recorded as a function of
. During the experiment, an external magnetic field of 1 T, close to the saturation field, was
applied parallel to the film plane to minimize spin-flip scattering. The reflectivity data obtained
at 300 K and 120 K were analyzed using the GenX software [110].
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3.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique for the non-destructive
analysis of the elemental composition and electronic structure. The process involves irradiating
the sample with X-rays, which causes photoelectrons to be emitted from the material’s surface,
as illustrated in Fig. 3.7. XPS measures the kinetic energy E) of these emitted photoelectrons
using a hemispherical analyzer, which allows for the determination of the concentration of
electrons per kinetic energy interval. The kinetic energy is related to the binding energy Ej by

the equation:

Eb =hv - Ek - gb (34)

where hv is the energy of the incident X-rays, and ¢ is the work function of the spectrometer.
By analyzing the binding energy Ej,, XPS provides detailed information about the elements
present in the sample, their chemical states, and their concentrations. XPS is typically surface-
sensitive, with a probing depths of 1-10 nm. However, this depth can vary depending on the
incident photon energy and the detection angle. Techniques like HAXPES, which use higher
photon energies, can probe deeper into the sample, allowing for the analysis of thicker films.
The resulting spectrum, which plots binding energy against intensity, provides information of

the surface chemistry and composition.

X-ray source Hemispherical analyzer

Photoelectrons

E= hv - E-o

sample

Figure 3.7.: Schematic representation of photoelectron emission from a sample surface.

The Hard X-ray Photoelectron Spectroscopy (HAXPES) experiments were carried out at the
P22 beamline of PETRA III at DESY, utilizing photon energies ranging from 2.4 keV to 15 keV.
The beamline is equipped with a 2-meter-long spectroscopy undulator, delivering a maximum
flux of approximately 2 x 103 photons per second at 6 keV. The base pressure was maintained
at 1 x 107 mbar, ensuring optimal conditions for high-resolution measurements. Spectra were
acquired using a hemispherical analyzer with an energy resolution of AE/E = 1.4 x 104, For
the HAXPES experiments presented in this thesis, the photon energy was fixed at 3.4 keV,
providing an information depth of 3.7 nm to 4.6 nm. Core-level spectra of Sr 3d, La 3d, Co 2p,

and O 1s, as well as valence band spectra from the ex-situ annealed samples, were measured
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with an incident angle of 60°.

The Ambient-Pressure Soft X-ray Photoelectron Spectroscopy (AP-XPS) experiments were
performed at Beamline 9.3.2 of the Advanced Light Source (ALS). This beamline offers photon
energies ranging from 200 eV to 900 eV, which provide higher surface sensitivity compared to
the HAXPES measurements. Additionally, the setup enables in-situ annealing under controlled
gas atmospheres, including a Hy environment, and can operate at elevated temperatures of up
to 600°C. For this thesis, Sr 3d, La 4d, Co 3p, and O 1s core-level spectra were recorded during
a thermal reduction treatment (p(Hs) = 0.1 mbar, 7' = 350°C, ¢t = 130 min), with valence
band spectra periodically recorded. The photon energy for these measurements was fixed at

hv =680 eV, corresponding to an information depth of 0.5 to 1.3 nm.
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3.6. Magnetic Property Measurement System

A SQUID magnetometer, model Magnetic Property Measurement System (MPMS) from Quan-
tum Design [111] was utilized to measure the macroscopic magnetic properties of the samples.
It uses a superconducting magnet capable of generating a vertical magnetic field in the range
of =7 T to 7 T. The system operates over a temperature range from 5 K to 380 K, enabled by a
liquid helium cooling system that ensures temperature control during measurements. Fig. 3.8
illustrates the core components and working principles of the MPMS system. The sample is
mounted in a straw-like holder, allowing it to move vertically through the pick-up coils of a
second-order gradiometer. As the sample moves, its magnetic moment induces a current in the

coils, which is used to detect tiny changes in the magnetic field.
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Figure 3.8.: Detection system of a Quantum Design MPMS SQUID magnetometer, with the sample
mounted in a straw. Adapted from [112].

The pick-up coil is coupled with a radio-frequency Superconducting Quantum Interference De-
vice (rf-SQUID), which is the core element of the system. A SQUID consists of a superconduct-
ing loop interrupted by a Josephson junction, integrated with an LC' (inductor + capacitor)
circuit. The magnetic flux generated by the current from the pick-up coils induces a circulating
current in the SQUID ring, allowing for the measurement of magnetic moments with very high

sensitivity—down to the order of 10~ Am?.

The MPMS operates in two modes: Direct Current (DC) mode and Reciprocating Sample
Option (RSO) mode. In DC mode, the sample moves through the pick-up coil in discrete steps,
while in RSO mode, the sample oscillates around a set position. The RSO mode generally
provides faster measurements with better noise suppression compared to the DC mode, making

it particularly advantageous for high-precision magnetic characterization.
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In this thesis, the MPMS is used to measure both the field-cooled (FC) curve and the hysteresis
curve of LSCO at various temperatures. For the field-cooled measurements, a small magnetic
field of 5 mT is applied. During the hysteresis measurements, the magnetic field is swept from
-5 T to 5 T. All measurements are performed in the RSO mode. Each data point represents

the average of three individual measurements.
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3.7. Physical Properties Measurement System

The Physical Property Measurement System (PPMS) from Quantum Design was used to inves-
tigate the physical properties of the sample. This system is capable of measuring heat capacity,
thermal transport, and electrical transport properties over a wide range of magnetic fields,
from -9 T to 9 T, and temperatures, from 1.9 K to 400 K. Additionally, magnetization and AC
susceptibility can be assessed using a vibrating-sample magnetometer (VSM), which offers a
sensitivity of approximately 107 A m?, slightly lower than that of the MPMS system. In this
study, only the “Resistivity Option” of the PPMS was utilized.

PPMS probe
i Magnet
Thermometer
-
Sealed sample space
-
Cooling annulus
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Puck
- Heaters and thermometers

Dual impedance system

Figure 3.9.: The PPMS probe and the cross-section of the probe’s sample area. Adapted from [113].

Fig. 3.9 illustrates the PPMS probe and the cross-section of its sample area. The sample cham-
ber features a 12-pin connector at its base, pre-wired to the system’s electronics. This connector
accommodates a removable sample insert or "puck", which serves as the foundation for all PPMS
measurement inserts. For resistivity measurements, the sample puck (see Fig. 3.10) includes
four contacts per bridge board channel, providing one positive and one negative contact for cur-
rent and voltage. The sample is contacted in the van-der-Pauw geometry. By manually rotating
the sample to align with vertical and horizontal directions, the corresponding resistances were
measured. In each measurement, two consecutive temperature sweeps were conducted with
varied electrical contacts to measure the resistances. According to the van-der-Pauw method,
the sheet resistance R, is calculated using the resistances measured in the vertical direction
(Rap.cp) and horizontal direction (Rpcpa). However, when Rapcp and Rpcpa are not iden-
tical, an asymmetry correction factor f must be applied. This correction factor adjusts for the

asymmetry between the two resistances and is close to 1 only when Rapcp ~ Rpcpa. In this
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case, we did not apply the correction factor, because the measured resistances were sufficiently
close in value, and the correction was considered negligible. The sheet resistance is related to

these resistances by the corrected equation:

R R
Rszi- AB,CD t BC,DA_f (3.5)

Figure 3.10.: The PPMS sample puck used for resistivity measurements. The puck features four
contacts per bridge board channel, allowing for current and voltage measurements in the van-der-Pauw
geometry.

In this equation, Rapcp is the resistance measured between contacts A and B with current

flowing through contacts C and D, while Rpcpa is the resistance measured between contacts

B and C with current flowing through contacts D and A. This formula provides the sheet
K

resistance by averaging these resistances and scaling by the factor {75, which accounts for the

geometry of the sample and the configuration of the contacts.

Additionally, samples are attached to the puck using aluminum (Al) wires bonded through a
wire-bonding machine at the instiutute PGI-7, Forschungszentrum Jiilich. However, directly
bonding Al wires to the LSCO film would result in high Schottky-type contact resistance
due to the significant difference in the work function between Al and LSCO. To reduce this
contact resistance, platinum (Pt) was sputtered onto the four corners of the sample before
wire-bonding, as Pt has a work function closer to that of Al. This process lowers the contact
resistance and enables the formation of an Ohmic contact, which can ensure more accurate

resistance measurements.
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3.8. Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) is used in this thesis to investigate the cation
stoichiometry of LSCO. It works by directing a beam of high-energy ions onto a sample and
measuring the backscattered ions. Unlike X-ray Photoelectron Spectroscopy (XPS), which
typically analyzes a shallower depth, RBS can probe depths of about 2 ym when using helium
ions (*He"). This capability allows RBS to provide information not only about the elemental
composition but also about the depth distribution of different elements within the sample. The
accuracy of RBS is generally within a few percent, depending on the scattering atoms involved.
It is particularly effective for detecting heavy elements and is less sensitive to lighter elements,

such as oxygen.
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Figure 3.11.: Schematic of a Rutherford Backscattering Spectrometry setup used to investigate the
cation stoichiometry of LSCO. This figure is adapted from the one provided in [114].

As shown in Fig. 3.11, a typical RBS setup consists of an ion source that generates high-energy
ions, such as protons or alpha particles. These ions are then accelerated to the desired energy
level by an accelerator. The ion beam is directed towards the sample using electrostatic beam
steering elements. As the beam reaches the sample, a quadrupole focusing magnet maintains
the beam’s focus and reduces divergence. After impacting onto the sample, some ions are
backscattered and detected by the detector, which measures their energy and intensity to

provide information about the material’s composition and structure.

In this thesis, RBS measurements were conducted by Dr. Jiirgen Schubert and Dr. Omar
Concepcién from the PGI-9 institute using a Tandetron accelerator. Helium ions (*He") were
accelerated to 1.4 MeV and used as probes. As these high-energy helium ions impinge on
the sample, a fraction of them are backscattered and detected. By measuring the energy
loss of these backscattered ions, the RBS technique can obtain depth profiles of various atomic
species extending to several micrometers within the sample. The RBS spectrum typically shows

the number of backscattered particles detected as a function of their energy. The data were
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subsequently analyzed using the RUMP software package [115, 116].
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4.1. Sample preparation

4.1.1. Epitaxial thin films

This section will explain the substrate preparation, thin film deposition, and the characteriza-

tion of the surface morphology of the obtained epitaxial LSCO thin films.

4.1.1.1. Preparation of SrTiO; substrates

The substrate plays an important role in expitaxial thin film growth since it can largely alter
the thin film quality. On the one side, the substrate needs to have a small lattice mismatch
compared with the thin film. Normally, a lattice mismatch less than 3% to 4% is considered as
an ideal parameter for epitaxial thin film growth.[117] On the other side, the substrate should
have a good thermal stability and similar thermal expansion value since thermal instability and
a large thermal expansion value can lead to strain-induced structural transformation during
high-temperature thin film deposition, such as BaTiOj3 substrates for manganese oxide thin
films [118].

a nm nm
1.72 1.72
1.00 1.00
0 0

Figure 4.1.: a) AFM image of the STO bare substrate. The surface roughness of this substrate is
around 176 pm. b) AFM image of a STO bare substrate after BHF termination and high-temperature
annealing. The surface roughness of this substrate is around 153 pm.

Strain-induced structural phase transitions can largely alter the physical properties of the thin
film. Thus, one usually avoids using such substrate in the systematic study of oxygen-vacancy-

induced topotactic phase transitions in LSCO thin films. Furthermore, the substrate’s surface
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morphology is equally vital in thin film deposition processes, necessitating a smooth and clean

surface to ensure uniform and defect-free thin film growth.

Consequently, (001)-SrTiO3 (STO) substrates are chosen for the deposition of LSCO thin films
based on the fact that single crystalline STO has a small lattice mismatch (around 1%) with
LSCO bulk lattice constant (3.86 A) and with a thermal expansion coefficient value of 9.4
x 1076/°C [119]. In order to achieve TiOq-terminated surfaces, the substrates are etched by
buffered hydrofluoric acid (BHF) and thermally treated at 950 °C for 2 hours [120]. Fig. 4.1 (a)
shows the bare STO substrate without any treatment. After etching by BHF and annealing
at 950 °C for 2 hours, a well-defined step terrace structure is achieved (see Fig. 4.1 (b)). The
step terraces originate from the crystallographic lattice planes and the polished surface, which
are typical features of atomically defined surfaces. The width of the terrace may vary from
substrate to substrate. However, the respective step terrace height is normally at the order of
single unit cells of the perovskite lattice as visible by an AFM line scan across the terrace steps
shown in Fig. 4.1.[121]

4.1.1.2. PLD growth of LSCO epitaxial thin films

The epitaxial LSCO thin films were grown by pulsed laser deposition (KrF, A=248nm). The
growth of LSCO thin films was conducted at 650°C under an oxygen partial pressure of
0.053 mbar, with laser fluence and repetition rate set at 2 J cm=2 and 5 Hz, respectively.
These growth parameters were optimized based on the findings in Ref. [122] and remained

consistent across all samples to ensure reproducibility.

During the growth, RHEED was employed to monitor the film growth and to control the
film thickness. Fig. 4.2(a) shows the RHEED intensity evolution during the 20 nm thin film
growth. The intensity oscillations in the early stage of film growth indicate the initial layer-by-
layer growth mode while the intensity stabilization in the later time indicates a step-flow-like
growth mode [123]. One oscillation in Fig. 4.2(a) represents the growth of one monolayer of
LSCO and 20 nm (53 monolayers) were grown in total. By calculating the growth rate from
the initial RHEED intensity oscillations, the thickness of the thin film was estimated. The
surface morphology of the sample before and after film growth is documented by the RHEED
pattern and AFM (Fig. 4.2(b) and (c)). The RHEED pattern of both the STO substrate
(before the thin film growth) and LSCO thin film shows clear specular spots and a symmetric
streaky diffraction pattern, indicating a smooth surface of the sample before and after sample
growth. However, the further broadened diffraction spots of the thin film are indicative of a
slightly roughened surface compared to the STO substrate. Furthermore, the AFM images
in Fig. 4.2(c) indicate that the surface morphology remains smooth before and after the film

growth.
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Figure 4.2.: LSCO thin film growth characterization. a) 20 nm (53 monolayers) LSCO growth
monitored by RHEED. Each oscillation represents the deposition of one monolayer. b) RHEED pattern
of the bare STO substrate with the specular spot and corresponding diffraction spots appearing on
the Laue circle of a two-dimensional surface; A 53 monolayers LSCO thin film with further broadened
spots, indicative of a slightly roughened surface. ¢) AFM scan of the STO substrate before thin film
deposition and the AFM scan of the LSCO thin film after the deposition. The AFM images with
different step terrace direction are due to the angle difference of the sample while performing the
measurements.

4.2. Structural and physical properties of LSCO thin films

This section focuses on elucidating the structural and physical attributes of as-grown LSCO
thin films across various thicknesses. The investigation entails a comprehensive characteriza-
tion of the film’s structure through methods such as XRD, AFM, RSM, and HAADF-STEM.
Additionally, systematic studies of electronic and magnetic properties will be conducted using
the PPMS and the MPMS. This integrated approach aims to establish a connection between
the structural properties and the ensuing physical characteristics of the as-grown LSCO thin

films.

4.2.1. Structural properties

The structural properties of LSCO thin films are characterized by XRD, RSM, AFM and STEM
techniques. Here, we investigate the structural properties of LSCO thin films from a thickness
of 10 nm to 80 nm to study the changes in structural properties as a function of film thickness.
The as-grown sample has a typical PV structure as indicated by the PV peaks denoted as
(002)py peaks in the XRD, see Fig. 4.3, which is consistent with the comparably oxidizing
growth conditions. The peaks, together with clear Kiessig fringes demonstrate that the films
have a coherent crystal structure with a defined interface and surface morphology. Increasing
the thickness of the films does not change the out-of-plane lattice constant of the sample. As
can be seen in Fig. 4.3(b), the LSCO thin film peak is located at 48.1°, corresponding to a
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lattice constant of 3.77 A, which is slightly smaller than the bulk LSCO lattice constant (around
3.86 A). These values align with the tensile strain experienced by LSCO when it is deposited

on the larger lattice constant substrate (i.e. STO).

log(int. / a.u.)

44 46 48 50
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Figure 4.3.: XRD of LSCO thin films for thicknesses between 10 nm to 80 nm.

To investigate the in-plane lattice constant of LSCO films with varying thicknesses and to
correlate it with in-plane strain, RSM measurements were employed. The RSM in grazing
incidence geometry around the asymmetric (013), diffraction peak is presented in Fig. 4.4. It
reveals a fully strained crystal lattice of the perovskite thin film, based on the in-plane lattice
constant of the STO substrate. As observed, the thin film lattice adopts the in-plane lattice
constant of the underlying STO substrate. Furthermore, with an increase in the thickness of
the thin film, the thin film peak exhibits a slight broadening or smearing. A summary of both
in-plane and out-of-plane lattice constant alterations is presented in Fig. 4.5. As shown in
Fig. 4.5, the in-plane lattice constant of the LSCO films is very similar to that of the STO
substrate, around 3.905 A. This similarity is a result of the LSCO thin films experiencing tensile
strain from the STO substrate as the bulk lattice constant of LSCO (3.86 A) is smaller than
the one of the STO substrate. Therefore, the in-plane lattice constant of LSCO films becomes
elongated. Since the in-plane lattice constant becomes larger, the out-of-plane lattice constant
is compressed, resulting in a lattice constant from 3.77 A to 3.78 A for thickness between 10 nm
to 80 nm. By comparing both the in-plane and out-of-plane lattice constant change of the thin

films for different thicknesses, we find as lattice mismatch, defined as Lg = Osalo‘ ; where Lg is

the lattice mismatch, Cj is the substrate lattice constant and Cj is the thin film lattice constant,

is nearly the same (around 3.3%).

For a more in-depth analysis of the structural characteristics of LSCO films with varying thick-
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Figure 4.4.: Reciprocal Space Mapping around the (013), diffraction peak of LSCO thin films, for
various thicknesses from 10 nm to 80 nm. The upper 2D peak represents the STO substrate, whereas
the lower peak represents the LSCO thin film. It demonstrates that the in-plane lattice constant of
samples with different thicknesses is nearly identical to that of the STO substrate. The out-of-plane

lattice constant ranges from 3.76 A to 3.77 A.

nesses, AFM was utilized to investigate the surface morphology. Fig. 4.6 shows the surface
morphology of LSCO thin films with a thickness between 10 nm to 80 nm. For thicknesses
below 20 nm, the thin films exhibit smooth surfaces and visible surface terraces, as seen in
Fig. 4.6(a) and (b). When the thickness exceeds 20 nm, the films begin to develop additional
features on the surface, as seen in Fig. 4.6(c) to (f). These features appear as 'lines" in the
AFM images, indicating the crack formation as reported in Refs. [124] and [125]. Increasing
the thickness of the film widens these features, leading to a rougher surface. The roughness
increases from 184 pm (20 nm LSCO film) to 814.8pm (80 nm LSCO film).

To further study this structure, HAADF-STEM was subsequently applied to 20 nm, 40 nm,
and 80 nm LSCO films. The results are displayed in Fig. 4.7. From the STEM images, the 20
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Figure 4.5.: The variation in the in-plane and out-of-plane lattice constants of LSCO thin films with
a thickness range of 10 nm to 80 nm.
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Figure 4.6.: AFM images of LSCO thin films with a thickness ranging from 10 to 80 nm. At a
thickness below 20 nm, the sample appears to be smooth with clear surface terraces and no additional
features on the surface. However, at thicknesses above 20 nm, "line"-like features begin to appear on
the surface.
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Figure 4.7.: HAADF-STEM images (a-f) of LSCO thin films for 20 nm, 40 nm, and 80 nm thickness,
respectively. The images reveal that the film begins to crack for thicknesses larger than 20 nm, aligning
with the "line"-like features in the AFM images. This experiment was conducted at the Ernst Ruska
Center, Forschungszentrum Juelich GmbH, by Dr. Andrés Kovacs.

nm film did not form any cracks. As the thickness of the thin film increases to 40 nm, crack
formation becomes apparent. When the thickness is increased to 80 nm, the crack becomes
even larger, so that the crack even propagates to the substrate. Consequently, it can be inferred
that the "line" features observed in Fig 4.6(c) to (f) correspond to the formation of cracks in
the thin films.

Such results suggest that there are two possible relaxation processes present in LSCO thin
films. At thicknesses below 20 nm, LSCO films grow perfectly epitaxial with smooth surfaces
and visible terraced as the film is fully strained. However, above this critical thickness, instead
of strain relaxation, vertical cracks are formed as the cracks are more energetically favourable
[126]. Consequently, to maintain a smooth surface, the thickness of LSCO thin films should

not exceed 20 nm.
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4.2.2. Electronic properties

The sheet resistance of the LSCO thin film is determined through the conventional van-der-
Pauw method. The measurements were conducted by gradually lowering the temperature from
300K to 5K, employing 5x5 mm? samples to average both horizontal and vertical resistances
of the specimen. As illustrated in Fig. 4.8, the room temperature sheet resistance of the 10 nm
thin film is 158 €2 while the 20 nm film has a sheet resistance almost half that of the 10 nm film
(69 ). This aligns with the Ohm law that the sheet resistance is inversely proportional to the
film thickness, as the thickness increases from 10 nm to 20 nm. However, this does not apply to
the thin films with a thickness larger than 20 nm. The room temperature sheet resistance of 30
nm (232.4 Q) and 40 nm (689 2) films is larger than that of the 20 nm and 10 nm films, while
the films become insulating at thicknesses above 40 nm. This is due to the emergence of cracks
that appear above a thickness of 20 nm, as discussed in Section 4.2.1. For films with a thickness
between 30 nm and 40 nm, the crack density remains low enough to sustain conducting paths
within the thin film. However, when the thickness exceeds 40 nm, there is a notable increase
in crack density. With the occurrence of these cracks, the LSCO film with thickness above 40
nm transitions to a macroscopic insulating state, as there is no possible conductive path inside
the film.
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Figure 4.8.: Sheet resistance versus temperature curve of LSCO thin films for a thickness of 10 nm
(red), 20 nm (blue), 30 nm (yellow), and 40 nm (green). For thicknesses larger than 40 nm, the
resistance measurement exceeds the measurable range of the PPMS system, as indicated by a black
arrow in the graph.

In summary, the results suggest that crack formation has a significant effect on the resistance
of LSCO thin films. When the thickness is less than 20 nm, the sample is conductive on

a macroscopic length scale and follows Ohm’s law, which states that the sheet resistance is
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inversely proportional to the thickness of the film. Nonetheless, when the thickness ranges
from 30 nm to 40 nm, cracks begin to form, resulting in higher resistance on the macroscopic
length scale compared to those films that are less than 20 nm thick. When the thickness exceeds
40 nm, the thin films become macroscopically insulating because the cracks deepen into the

substrate, preventing any conductive path within the films.

4.2.3. Magnetic subsystems induced by crack formation

In Fig. 4.9(a), the magnetic characteristics of LSCO thin films exhibit a ferromagnetic behav-
ior within the thickness range of 10 nm to 80 nm, with a corresponding Curie temperature
between 160K and 180K. This matches previous reports on the magnetic behavior of LSCO
thin films [127]. The Curie temperature is determined from the clear kink of the usual order
parameter curve of a ferromagnet as found from FC magnetization as function of temperature
in Fig. 4.9 (a). Magnetization curves as function of field at room temperature are depicted in
Fig. 4.9 (b). Notably, for thicknesses below 30 nm, the thin films do not exhibit any hysteresis
curve, revealing only the diamagnetic background of the STO substrate. However, beyond 30
nm thickness, the samples display ferromagnetism, featuring a modest coercive field below 0.4
T (The coercive field is determined from the hysteresis graph as the magnetic field value where
the magnetization crosses zero.) and a saturation magnetization of approximately 0.2 pug/V,,.
Note that the saturation magnetization per unit volume pug/V,, is determined by dividing the

total magnetic moment of the LSCO thin film by the number of unit cells in the film.

At a temperature of 5K, Fig. 4.10 depicts the field-dependent curves. As the thickness in-
creases, multiple inflection points are observed in the hysteresis curve. Each inflection point
represents one part of the system realigning in the same direction, constituting a distinct mag-
netic subsystem associated with a specific Curie temperature. Below 20 nm thickness, the films
manifest a single magnetic system with a saturation magnetization of 1.5 ug/V,, and a coercive
field at 1.8 T (20 nm) and 1.85 T (10 nm), identified as System 1 in Fig. 4.10. Conversely,
for thicknesses above 20 nm, multiple magnetic systems emerge. The thickness above 20 nm
in Fig. 4.10 reveals the presence of more than one inflection point, indicating the existence of
more than one magnetic subsystem beyond 20 nm thickness. At 30 nm thickness, two distinct
subsystems are observable, denoted as Systems 1 and 2 in Fig. 4.10. Moreover, for thicknesses
exceeding 30 nm, three subsystems (Systems 1, 2, and 3) are shown. In this context, we identify

each magnetic subsystem by examining its coercive field.

To further analyze the magnetic subsystems quantitatively, we applied a first derivative to
the field-dependent curves depicted in Fig. 4.10 to pinpoint the corresponding coercive field
of each magnetic subsystem. For example, Fig. 4.11(a) presents the first derivative of the
field-dependent curve for the 40 nm LSCO thin film, revealing three discernible peaks that
correspond to the coercive fields of the three distinct magnetic subsystems. Using the same
way, we extract the coercive field data across the thickness range from 10 nm to 80 nm, as
illustrated in Fig. 4.11(b).
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Figure 4.9.: (a) Field-cooled magnetization curves of LSCO thin films with thicknesses ranging from
10 nm to 80 nm. Notably, the magnetization remains non-zero at room temperature. (b) Room-
temperature field-dependent magnetization (hysteresis) curves for the same thickness range. For the
10 nm to 30 nm films, only a small negative slope is observed, which is attributed to the diamagnetic
signal from the STO substrate. No ferromagnetic signal is detected in these films, as confirmed by the
absence of hysteresis.

As shown in Fig. 4.11(b), magnetic system 1 manifests consistently across all thicknesses of
the LSCO thin film, exhibiting a coercive field ranging from approximately 1.4 T to 1.85 T.
This system emerges as the primary magnetic feature within the LSCO thin film. The Curie
temperature of this primary system, as indicated by the field-cooled curve in Fig. 4.9(a), is
estimated to fall within the range of 160 K to 180 K. As for magnetic subsystem 2, it appears
at thicknesses above 20 nm, characterized by a coercive field falling within the range of 0.5 T
to 1.1 T. Regarding subsystem 3, it displays a notably small coercive field, measuring below 0.4
T, and appears at thicknesses above 30 nm. These features align with the room temperature
ferromagnetism observed in Fig. 4.9(b), where a small coercive field is evident only beyond 30
nm thickness, featuring a Curie temperature exceeding 300K and a coercive field below 0.4 T.
This correlation underscores the unique magnetic behavior of subsystem 3, specifically tied to

the existed room temperature ferromagnetic properties delineated in Fig. 4.9(b).

Furthermore, to delve deeper into the study of the Curie temperature of the three magnetic
subsystems, a temperature-dependent hysteresis curve was applied to the 80 nm LSCO thin
film, as depicted in Fig. 4.12(a). The relationship between the saturation magnetization and
temperature is elucidated in Fig. 4.12(b). In Fig. 4.12(b), three distinct slopes are discernible
in the saturation magnetization versus temperature curve, aligning with the characteristics of

the three different magnetic subsystems. Notably, the high-temperature region, at a temper-
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Figure 4.10.: Field-dependent hysteresis curves of LSCO thin films at 5K reveals a distinct magnetic
behavior. Below a thickness of 20 nm, a singular magnetic system is observed. Conversely, for
thicknesses exceeding 20 nm, the emergence of magnetic subsystems 2 and 3 is apparent.

ature between 225 K to 300 K, exhibiting room temperature ferromagnetism, corresponds to
subsystem 3, as discussed earlier. The middle region, at a temperature between 125K to 225 K,
represents the primary system of the LSCO thin film, characterized by a Curie temperature
at approximately 170 K (determined by the FC curve in Fig.4.9(a)), corresponding to mag-
netic subsystem 1. Consequently, the low-temperature region, at a temperature between 5K
to 125K, corresponds to magnetic subsystem 2, featuring a Curie temperature of below 125K.
In summary, the Curie temperatures of magnetic subsystems 1, 2, and 3 are determined to be
170K, below 125K, and exceeding 300K, respectively.

Moreover, the noteworthy phenomenon is that the magnetic subsystem becomes evident at
thicknesses above 20 nm, a critical threshold associated with crack formation. As the thickness
above 30 nm, coinciding with an increased presence of cracks in the sample, a room-temperature
magnetic subsystem emerges. This correlation suggests a connection between the appearance
of magnetic subsystems and the occurrence of structural cracks in the material. One possible
scenario revolves around the nature of Cobalt (Co)-type oxides, which is prone to inducing
spin-state transitions through strain change induced by lattice distortion [128] [129]. As Co
has various spin types (Co?*, Co?*, and Co** in high spin, intermediate spin, and low spin),
spin transitions may occur in the cracks as the strain field change within the cracks, leading

to the formation of new magnetic domains within these structural imperfections. Consistently,
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Figure 4.11.: a) The first derivative of the hysteresis curve for the 40 nm LSCO thin film reveals three
distinct peaks, each corresponding to different magnetic subsystems. b) A comprehensive summary
outlining the relationship between the three magnetic subsystems, the thickness of the LSCO thin
films, and their respective coercive fields.
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Figure 4.12.: a) Hysteresis curves of the 80 nm LSCO thin film, were recorded over a temperature
range from 5K to 300K. b) Saturation magnetization of the LSCO thin film at temperatures ranging
from 5K to 300K, revealing the presence of three distinct ferromagnetic subsystems characterized by
different Curie temperatures.

the magnetic subsystem becomes apparent as the film thickness reaches the critical threshold
for crack formation (above 20 nm). To maintain a pure magnetic system of the LSCO thin

film, it is advisable to restrict the thickness of the film to below 20 nm for studies involving
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field-dependent curves. This aims to mitigate the potential influence of structural cracks on the
emergence and characteristics of magnetic subsystems, ensuring a more accurate examination

of the film’s magnetic behavior.
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4.3. Control of topotactic phase transition in LSCO films

Having characterized the structural properties of the as-grown LSCO thin film, we now shift our
focus to a detailed examination of the phase transition process. By exposing the as-grown layers
to a reducing atmosphere, we can induce the removal of oxygen from the lattice, facilitating
the formation of the BM phase. This phase transition is achieved through vacuum treatment

or exposure to Ar/H, gas mixtures at slightly elevated temperatures.

The as-grown LSCO thin film exhibits a characteristic perovskite structure, identified by the
presence of (001)py and (002)py peaks in the XRD diffractogram, as shown in Fig. 4.13 (a).
This structural configuration involves the repetition of an octahedral structure, as depicted in
Fig. 4.13 (b). However, subsequent treatment of the LSCO thin film at 450 °C and 1076 mbar
for 2 hours induces a structural transformation. In Fig. 4.13 (a), the altered structure is
evident in the green curve, revealing additional peaks labelled as (002)gn, (004)gn, (006)5M,
and (008)gy. These peaks indicate the emergence of a new structure in the sample following
the 2-hour annealing at 450 °C. This newly formed structure is identified as the brownmillerite
(BM) phase, characterized by the alternation of octahedral and tetrahedral Co coordination,
as illustrated in Fig. 4.13 (c¢). The identification of the BM phase is confirmed by the presence
of these additional peaks, which result from the doubling of the unit cell due to the alternating
octahedral and tetrahedral arrangements. These coherent peaks; such as (002)gy, (004)pw,
and others observed, arise because of the regular and repeating arrangement of tetrahedral and
octahedral sites along (001) crystallographic directions. This distinctive structural arrangement
leads to the specific diffraction pattern observed, which matches the known signature of the
BM structure.

To investigate the electronic and magnetic properties of the PV and BM phases, we conducted
measurements focusing on magnetization and electric transport behaviors using PPMS and
MPMS. As illustrated in Fig. 4.14, the as-grown LSCO thin film exhibits typical metallic and
ferromagnetic characteristics due to the double exchange interaction between high spin Co3*
and high spin Co** [131, 132]. The field-dependence of magnetization is shown in Fig. 4.14 (b),
while the determined magnetic moment per Co ion versus temperature is shown in Fig. 4.14 (c).
It documents the ferromagnetism of the as-grown thin film with a 7. around 180 K and with
a saturation magnetization around 1.5 pug/ Co at 5 K, consistent with Ref. [133]. However,
the magnetization is immediately reduced to nearly zero after 2 h annealing at 450 °C. This
is confirmed by both the temperature-dependent and the field-dependent measurements of the
magnetization. This observed behavior aligns with previous findings concerning the magnetic
properties of the pure BM phase in LSCO and comparable cobaltites [134]. Thus, the structural
transformation from pure PV to pure BM phase appears to be associated with the transition
from metal to insulator (MIT) and from ferromagnetic to non-ferromagnetic states (ferro-to-
non-ferro). Hence, we can generally control the two phases corresponding to the final states on
both sides of the structural transition. This forms the basic starting point for more detail in

subsequent investigations.
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Figure 4.13.: a) XRD diffractogram of the as-grown and after 2 h/450 °C annealing (BM phase)
LSCO thin film. The appearance of the additional peaks in the 2 h/450 °C LSCO thin film indicates
the formation of the BM structure. b) Theoretical structure of the perovskite (repetition of the
octahedral structure) and brownmillerite (alternation of the octahedral and tetrahedral structure)

LSCO thin film[130)].
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Figure 4.14.: Magnetic and transport properties of the as-grown samples and after 2 h annealing
at 450 °C. a) Sheet resistance of the as-grown and 2 h/450 °C annealed LSCO sample (note that
resistance above 10 ) is outside the measurable range of the PPMS). b) Temperature dependence
of magnetization M (T) curves under field cooling, measured by applying an in-plane magnetic field
poH =5 mT. ¢) Magnetic hysteresis loops measured at 5 K for LSCO films.
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4.4. Inverstigation of quenched intermediate states

It has been illustrated in Section 4.3 that the PV phase typically reflects a metallic and
ferro-magnetic state [135], while the BM phase is usually characterized by insulating and non-
ferromagnetic (often anti-ferromagnetic) behavior [136]. However, the question remains whether
the observed phase transitions from metal to insulator and from FM-to-non-FM coincide di-
rectly with the structural transition. To answer this question, we study the evolution of the
physical properties of LSCO epitaxial thin films upon exposure to reducing environments. The
content of this chapter is based on my first-author publication [137]). My main contributions

include sample preparation, measurements, data analysis, and manuscript writing.

4.4.1. Structural analysis

To investigate the intermediate states, we utilized 20 nm thick epitaxial LSCO [68, 138, 139]
thin films. These films were subjected to varying annealing temperatures and durations under
vacuum conditions to achieve different intermediate states. Fig. 4.15 (a) and (b) show XRD
data of the as-grown sample in comparison to the sample after vacuum-annealing (at 1x1076
mbar) for 1 h at 400°C, 2 h at 400°C, 4 h at 400°C, and 2 h of annealing at an increased
temperature of 450°C. The as-grown sample has a typical PV structure as indicated by the
PV peaks denoted as (001)py and (002)py. The peaks together with clear Kiessig fringes
(apparent in the enlarged view in Fig. 4.15 (b)) demonstrate that the films possess a coherent
crystal structure with the defined interface and surface morphology. After vacuum-annealing
the sample at 400°C for one hour and two hours, the (001)py and (002)py peaks of the as-grown
film shift towards a lower angle, indicating an increase in the PV out-of-plane lattice constant,
which is due to lattice expansion. With further annealing of the sample for two more hours at
400°C, the lattice further expands, indicated by the continuous shift of the film peak towards
the substrate peaks. Meanwhile, additional peaks denoted as (002)gy, (004)pn, (006)gy and
(008)pM appear, indicating the initial formation of the BM long range ordered structure of

LSCO [133, 140].

As evident from Fig. 4.15 (b), the main PV shoulder (black arrow) resides at larger angles
compared to the substrate, which appears at 1 h at 400°C, 2 h at 400°C, and 4 h at 400°C
data. At the same time, the rising intensity at the lower angle side of the (001) substrate peak
(purple arrow in Fig. 4.15 (b)) coincides with the (004)gy peak of the BM phase, matching
the lattice constant of the (002)gy peak observed at 20=11.1°, which firstly appear at 4 h at
400°C data. This, combined with the PV phase (depicted by the black arrow), suggests the
coexistence of both the PV and BM phases on intermediate time scales (4 h at 400°C) during
the phase transition. Finally, the pure BM phase is achieved by annealing the sample for two
hours at 450°C, now showing merely BM peaks, while the remaining PV shoulder disappeared.

The detailed image in Fig. 4.15 (b) reveals distinct Kiessig fringes observed consistently across

all intermediate states and the final BM phase, indicating that the sample morphology re-
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Figure 4.15.: Structural evolution of LSCO thin films during the topotactic phase transition from
PV to BM. a) XRD diffractograms of as-grown PV structure LSCO thin film (red); LSCO thin film
after 1 h of annealing at 400°C (grey); 2 h of annealing at 400°C (blue); LSCO thin film after 4 h
annealing at 400°C (yellow); LSCO thin film after 2 h annealing at 450°C (green). b) Enlarged view on
20 of 10-27°0f the corresponding XRD diffractograms from Fig. 4.15 (a). ¢) The RSM of the as-grown
and after 2 h annealing at 450°C LSCO thin films. [137]
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Figure 4.16.: Surface morphology of LSCO in four different states monitored by atomic force mi-
croscopy (AFM)

mained unchanged during the phase transition. This suggests structural stability throughout
the transformation process. Furthermore, the reciprocal space map (RSM) data presented in
Fig. 4.15 (c) highlights the in-plane lattice parameters of both the as-grown and fully reduced
films. The maintained in-plane lattice parameters during the phase transition indicate that the
in-plane strain is preserved, underscoring the stability of the crystalline structure throughout
the transformation process. The evolution of the surface morphology, depicted in Fig. 4.16,

shows that the surface maintains a clear step-terrace structure similar to that of the as-grown
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thin film, even in the presence of a mixed PV and BM phase in intermediate reduction states.
This observation suggests that the perovskite to brownmillerite (PV-BM) phase transition oc-
curs locally without significant disruption to the surface morphology. This may indicate that
the coexisting PV and BM phases overcome their lattice mismatch through local strain and
structural distortion at the phase boundary, rather than surface relaxation, which prevents an
increase in surface roughness or even cracking during the transition. This is in accordance with
the damped thickness oscillations observed in the XRD experiments of the intermediate states
(Fig. 4.15 (b)), indicating the presence of a larger level of structural disorder within the lattice
of the mixed phase.

4.4.2. Magnetic properties and charge-transport

In order to correlate the structural properties of the annealed LSCO thin films with the magnetic
and electronic properties, SQUID magnetometry and electronic charge transport experiments
were performed. Fig. 4.17 (a) plots the electrical resistance of LSCO for the different states
of the topotactic phase transition. The sheet resistance decreases upon cooling down for the
as-grown film, indicating a metallic behavior of the initial film as expected. However, the
sample that was annealed for 1 h at 400°C already shows insulating behavior, reflected by an
increasing resistance during cooling. At temperatures below 100 K, the resistance is above
the measurable range of the PPMS. This observation indicates that an electronic MIT already
occurred in the initial phase of the reduction process. After annealing for 1 h at 400°C, 2 h at
400°C, 4 h at 400°C and 2 h at 450°C, the LSCO thin films show the same insulating behavior
as the reduced PV thin film, evidencing the occurrence of the electronic phase transition upon

the early reduction process.

The magnetic properties for the different states of LSCO films during the topotactic phase
transition are shown in Fig. 4.17 (b) and (c¢). The determined magnetic moment per Co ion
versus temperature is shown in Fig. 4.17 (b), while the field-dependence of magnetization is
shown in Fig. 4.17 (c). It shows the ferromagnetism of the as-grown LSCO thin film with a T,
around 180 K and with a saturation magnetization around 1.5 ug/Co at 5 K, as in Section 4.3.
However, the magnetization is immediately reduced to nearly zero after 1 h annealing at 400°C.
This is confirmed by both the temperature-dependent and the field-dependent measurements of
the magnetization. This suggests that a magnetic transition from robust ferromagnetic behavior
to non-ferromagnetic behavior occurs already after 1-2 h of annealing at 400°C, which refers
to the reduced PV phase. After annealing for 2 h at 400°C, 4 h at 400°C, and 2 h at 450°C,
the magnetization of the LSCO thin film further reduces and almost vanishes. This behavior
is consistent with previous results obtained for the magnetic properties of the final BM phase
of LSCO and comparable cobaltites [134] and the results discussed in Section 4.3.
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Figure 4.17.: Magnetic and transport properties of the as-grown samples, after 1 h annealing at
400°C, 2 h annealing at 400°C, after 4 h annealing at 400°C and after 2 h annealing at 450°C. a) Sheet
resistance of as-grown and annealed LSCO in various states as a function of temperature (note that
resistance above ~ 10'° Q) is outside the measurable range of the PPMS). b) Temperature dependence
of magnetization M (T) curves under field cooling, measured by applying an in-plane magnetic field
poH = 5 mT. ¢) Magnetic hysteresis loops measured at 5 K for LSCO films in different states.

4.4.3. Cation stoichiometry during the phase transition

To study the stoichiometry change of the LSCO thin film during phase transition, it is crucial
to check the cation stoichiometry throughout the experiment. Hence, RBS analysis is used as
a non-destructive method to track changes in cation stoichiometry. Fig. 4.18 displays the RBS
spectra of the as-grown and BM phases. The heaviest ion (La) scatters at the highest energy,
while the Sr thin film appears as a shoulder in the presence of the Sr substrate step. Co is
observed as a peak atop the Ti substrate step. By fitting the spectrum, we can roughly estimate
the stoichiometry of the sample. By comparing the RBS signal of the LSCO thin film in the as-
grown and BM state, we found that the RBS signal of the BM state overlaps with the as-grown
state, suggesting that the composition of La, Sr, and Co has not changed during the phase

transition. This is consistent with the expectation that the cation mobility is typically limited
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in low temperatures of the annealing experiment, leading to a constant cation stoichiometry
throughout the experiment. In addition, Fig. 4.18 shows simulated RBS spectra, obtained
using the software XRUMP to extract the stoichiometry, thickness, and mass density of the
sample, indicating that the measured RBS signals are consistent with the expected nominal

cation stoichiometry in both the as-grown and the fully transformed LSCO thin films.

Furthermore, one should note that RBS measurements are not sensitive to the oxygen stoi-
chiometry. The oxygen content of the LSCO thin film (20 nm thick) makes up only 1% oxygen
content in the probing volume of RBS (around 2000 nm), resulting in a significantly large error
in determining the oxygen content of the thin films. Thus, the oxygen stoichiometry has to be

determined by an alternative technique.
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Figure 4.18.: RBS analysis of stoichiometry change of the 20 nm as-grown and BM LSCO thin film
grown on a SrTiOs (001) substrate. The red and blue dots correspond to the RBS signal obtained
from the as-grown state and the BM state samples (annealed at 450°C for 2 h), respectively. The
data is simulated by the software XRUMP to extract the stoichiometry, thickness, and density of the
sample. The simulation result is denoted with the black line.

4.4.4. Oxygen stoichiometry during the phase transition

To further correlate the magnetic, chemical, and structural properties of the LSCO thin film
during the phase transition, PNR measurements were performed with in-situ annealing at
the MAGREF beamline at Oak Ridge National Laboratory. As discussed in Section 4.2.3,
the saturation magnetization of the 40 nm sample is the same as that of the 20 nm sample,
showing no influence from the crack formation. Therefore, the 40 nm LSCO sample was utilized

for the PNR measurement to achieve a high signal-to-noise ratio. PNR allows us to extract
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magnetic information from the polarization dependence in neutron reflectivity (via the magnetic
scattering length density, mgyp) as well as information on the layer thickness, roughness, and
chemical composition (via the nuclear scattering length density, nsyp) based on a detailed fitting
of the depth profile of underlying ngip and mgyp, respectively [141]. The PNR measurement
was conducted for two similar samples with the same growth parameters and thicknesses. Both
samples were measured by PNR at 300 K and 120 K in the as-grown state to ensure these
samples had comparable material properties. The first sample was annealed in-situ at 400°C
for 2 h at a pressure of 10-® mbar, similar to how it was done in ex situ experiments (shown
in Fig. 4.15). Then the sample was continuously annealed in-situ at 400°C for two more hours
(4 h in total) before being cooled to 300 K and 120 K for a consecutive PNR experiment.
The second sample was annealed in-situ at 450°C for 2 h to obtain the final BM structure
before cooling down to measure PNR at 300 K and 120 K. Fig. 4.19 shows the PNR data for
these four different states of LSCO thin film measured at 120 K in a 1 T saturation field. The
splitting between the spin-up and spin-down channels observed for the as-grown film confirms
the magnetization of 1 ug/Co at 120 K (temperature below T.), which is consistent with the
M-H curve at 120 K (see Fig. 4.21). However, no splitting is observed after annealing for 2 h
at 400°C, 4h at 400°C and 2 h at 450°C, respectively, which indicates that the magnetization
for these states is close to zero. The evolution of the magnetization of the LSCO films in four
different states is shown in Fig. 4.20 (a). This corroborates that the magnetic transition occurs

at an early stage as the thin film is gradually reduced.
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Figure 4.19.: PNR measurements of LSCO films at various oxygen deficient states at 120 K. a)
Measured (open symbols) and fitted (blue and red solid lines) reflectivity curves for spin-up and spin-
down polarized neutron beams are shown as a function of scattering vector component @,. b) The
ngr,p and mgrp depth profiles obtained from the fit to the data are shown as a function of distance
from the interface.

Interestingly, PNR thickness fringes remain visible in all reflectivity data after annealing at
different temperatures and times, showing that the smooth surface morphology of the as-grown

thin film is preserved, which is consistent with the previous evaluation of XRD and AFM data
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(Fig. 4.15 (b) and Fig. 4.16). Upon vacuum-annealing, the periodicity of the thickness fringes
decreased indicating an expansion of the thin film during reduction. By comparing the relative
thickness variation with the as-grown film, determined as ((t-t,y)/tp)% in Fig. 4.20 (b), we
found a 10% increase in the thickness of the final BM structure compared to the as-grown
PV state (with ¢,,). Note that the average lattice parameter between each BO plane (Co-
O plane) increased from 3.76 A (PV) to 4.02 A (BM) after the phase transition, as shown
in Fig. 4.15 (c). This increase in out-of-plane lattice parameters is consistent with the 10%
increase in total thickness observed by PNR (Fig. 4.20 (b)).
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Figure 4.20.: a) and b) The evolution of magnetization and thickness variation as a function of
annealing time and temperature. c¢) and d) Evolution of oxygen stoichiometry and nominal cobalt
valence as a function of annealing time and temperature. Connecting lines in the plots are for better

visibility.

To model the PNR data, we employed a single-layer model (interface+LSCO+surface). This
simple model perfectly reproduced the experimental PNR data, allowing us to extract several
parameters such as ngrp, mgrp (1 emu/cc = 2.9 x 102 A-2), oxygen content, magnetization,

and thickness of the layer. Here, the oxygen stoichiometry is obtained from ng;p, which is
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Figure 4.21.: Magnetic hysteresis loops measured at 120 K for the as-grown LSCO films. A saturation
magnetization of approximately 1 ug/Co is observed.

determined by the sum of the scattering length density of each element of the LSCO unit cell,
weighted with its stoichiometry coefficient. Due to the relatively low temperature during anneal-
ing, cation mobility is typically limited, leading to a constant cation stoichiometry throughout
the experiment, which has also been experimentally confirmed by RBS (see Fig. 4.18). Hence,

the change of ngrp upon annealing must be attributed to a change in oxygen stoichiometry.

Most intuitively, this change in oxygen stoichiometry manifests itself in a shift of the critical
edge for total reflection, which shifted to smaller ()-values for continuous reduction, indicating
a reduction of ngp. Further details on the determination of § are given in the experimental

chapter of this thesis.

The fitting results of the depth profile of ngpp and mgrp are illustrated in Fig. 4.19 (b), show-
ing the changes in both ngyp and mgp during the annealing process. The corresponding
fittings are displayed as red and blue solid lines in Fig. 4.19 (a). Consistent with previ-
ous SQUID experiments, mgyp is non-zero only for the as-grown film. Assuming uniform
depth profiles for ngrp yields a sufficient representation of the experimental data, indicating
that a uniform average oxygen deficiency is established throughout the thin films. The ob-
tained ngrp values varied from 4.844 x 10-6A-2 for the as-grown film to 4.330 x 10-6A-2 after
2 h of annealing at 400°C, to 4.235 x 10°6A-2 after 4 h of annealing at 400°C and finally to
4.012 x 10-6A-2 after 2 h of annealing at 450°C film, corresponding to an oxygen stoichiometry
of Lag 6S19.4C002.97.0.02, Lag.6S10.4C002.7720.02, Lag.65r0.4C002 67.40.02, and Lag 6S19.4CoO2.50.0.02
(see Fig. 4.20 (c¢)). Note that LaggSrg4Co0s.9740.02 is consistent with the stoichiometric PV
(ABO3), while Lag ¢Srg.4C0O2 500,02 is consistent with the fully transformed BM. Assuming lo-
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cal charge neutrality, the nominal valence state of cobalt can be estimated, yielding about +3.34
for the as-grown sample, which continuously reduces to about +2.4 in the final BM structure,
as shown in Fig. 4.20 (d). Note that the numerical error propagated from the fitting was below
physical reasoning, given the limitations and assumptions made to describe the experimental
data. Therefore, an error estimation of +0.02 for § was determined by manually adjusting the

parameters until there is a significant deviation between the fit and the experimental data.
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Figure 4.22.: PNR measurements of LSCO films at various oxygen deficient states at 300 K. a)
Measured (open symbols) and fitted (red and blue solid lines) reflectivity curves for spin-up and spin-
down polarized neutron beams are shown as a function of scattering vector component @,. b) The
ng,p and mgr,p depth profiles obtained from the fit to the data are shown as a function of distance
from the interface.

PNR measurements were performed both at 120 K and 300 K. To ensure fit accuracy, PNR
data collected at 300 K and 120 K were fitted with the GenX software using the same model
to ensure that the chemical scattering length density remains the same. For the PNR data at
300 K, in Fig. 4.22, we did not observe a splitting between the spin-up and spin-down channels
of the as-grown film, which is consistent with a vanishing magnetization at 300 K (also shown
in Fig. 4.23 (a)). This is because the measurement temperature is higher than 7. (180 K, see
Fig. 4.17 (b)) of the as-grown film. Fig. 4.20 (b) shows a similar thickness variation result as the
measurement at 120 K, indicating a 10% variation in the thickness of the BM film compared
to the as-grown film. Note that the thickness of the thin film increases as it is heated from
120 K to 300 K. Fig. 4.20 (b) shows a slight increase in thickness compared to the data at
120 K due to thermal expansion. As for the oxygen stoichiometry (see Fig. 4.20 (c)) and the
corresponding nominal cobalt valence (see Fig. 4.20 (d)), it shows the same results as the PNR

data at 120 K, since the change in temperature does not affect the oxygen content.

In summary, the results show that the chemical response to the low oxygen pressure under

annealing conditions continues even further after the FM state has already disappeared in the
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Figure 4.23.: a) and b) The evolution of magnetization and thickness variation as a function of
annealing time and temperature is plotted. ¢) and d) The evolution of oxygen stoichiometry and
nominal Cobalt valence as a function of annealing time and temperature is plotted.

initial phase of reduction. At the same time, a quantitative estimation of the oxygen content
at different stages of the reduction process allows us to associate the appearance of MIT, the
transition of FM-to-non-FM, and the transition of PV to BM with a specific oxygen content
observed in these samples. In particular, after 2 hours of annealing, an insulating and non-FM
state is achieved while maintaining the PV structure at an oxygen content of about 2.77 (0.02).
In contrast, the first appearance of the BM phase is observed only after a 4-hour annealing at
400°C, which reflects the lower oxygen content of about 2.67 (40.02).

4.4.5. Structural transition is apart from the electronic and magnetic

transition

Summarizing all the experimental data, the process of the topotactic phase transition occurs

in three stages:
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1. The concentration of oxygen vacancies increases during the initial reduction process, while
the thin film remains in the PV structure. In this stage, the concentration of vacancies is below
the critical ordering threshold. The statistical distribution of vacancies leads to a local break-
down in the double exchange paths between Co ions and, simultaneously, to a gradual change
in the nominal oxidation state of the Co ions towards lower values. Since both ferromagnetism
and metallic conductivity originate from the double exchange of high-spin Co3* and high-spin
Co** [131, 132], the system quickly becomes non-ferromagnetic (non-FM) and insulating, while
the film remains in the PV structure. As shown in above, this transition already occurs in
the initial phase of the reduction process, with an oxygen stoichiometry around 2.77 (2 h of
annealing at 400 °C), reflecting a lower limit for the electronic and magnetic transition. The
nominal oxidation number of cobalt varies from +3.34 for the as-grown film to +2.94 for this
initially reduced PV film. Therefore, different mechanisms may contribute to the electronic and
magnetic phase transitions, including the absence of Co** after initial reduction and a potential
percolation threshold reached in the oxygen sublattice after the release of significant amounts

of oxygen.

2. Upon further annealing, the film transitions into a mixed state of the PV and BM phases.
At this stage, oxygen vacancies reach a critical value and become partially ordered, leading
to the local formation of the BM structure. The corresponding oxygen stoichiometry for this
initial ordering lies between 2.77 and 2.67 (obtained after 4 h of annealing at 400 °C), where
the first indications of vacancy-ordering were observed. In this intermediate stage, the nominal
cobalt oxidation state corresponds to +2.74. This is consistent with the reported value in the
literature Ref. [90].

3. Finally, oxygen vacancies are completely and coherently ordered throughout the entire film,
resulting in a uniform BM structure. At this stage, we observe an oxygen stoichiometry of
2.50, which is consistent with the theoretical oxygen content in the BM structure. The nominal
oxidation number of cobalt changes to +2.4. Similar to the reduced films in stages 1 and 2, the
film exhibits non-FM and insulating behavior due to the breakdown of the double exchange

paths, marking the final stage of the transition process.

In summary, the electronic and magnetic transitions begin during the early PV structure stages
as oxygen vacancy concentration and distribution change. However, these transitions do not
align with the structural phase transition, which requires further vacancy ordering and com-
pletes only when the film fully transforms to the BM structure. This suggests that electronic
and magnetic properties respond more to local oxygen vacancy configurations and cobalt oxi-

dation state changes than to the final structural rearrangement.
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4.5. Reversibility of the topotactic phase transition in LSCO

thin films

As demonstrated in Section 4.4, it is evident that changes in oxygen concentration can induce
a topotactic phase transition from PV to BM. However the question of reversibility versus irre-
versibility of this phase transition is a further important aspect. It is essential for understanding
the mechanisms of the topotactic phase transition and for providing insights for prospective
applications. Therefore, this chapter will mainly focus on investigating the structural, chemical,
electronic, and magnetic reversibility during the topotactic phase transition of LSCO thin films

under repeated cycling between reducing and oxidizing atmospheres.

4.5.1. Structural reversibility during the topotactic phase transition

To investigate the structural reversibility of the phase transition, I utilized a 20 nm LSCO thin
film fabricated via PLD to induce the topotactic phase transition between PV and BM (see
Fig. 4.24 (a)). Fig. 4.24 (b) depicts the experimental setup, where the sample was located in
the middle of a tube furnace and was heated by the thermal radiation and conduction emitted
from the heating coils. By adjusting the gas flow, we can vary the oxygen partial pressure
to initiate the phase transition from PV to BM and vice versa. Specifically, the LSCO film
underwent annealing in a Ar+4%H, reducing environment to initiate the phase transition from
PV to BM. Conversely, the gas was switched to pure Oy to trigger the phase transition from
BM to PV. This approach allowed us to repeatedly induce the phase transition between PV
and BM.

a b
Ar+4%H, oo heat

\8/ or O2 *

Figure 4.24.: a) Illustration of the topotactic phase transition between PV and BM achieved by
altering the annealing atmosphere. b) The illustration depicts the tube furnace used in the annealing
experiments. The sample was heated by the thermal radiation emitted from the heating coils, and
the annealing environment could be switched from high oxygen partial pressure (O3) to low oxygen
partial pressure (Ar+4%Hs) by adjusting the gas flow.

The results of this process are illustrated in Fig. 4.25 (a) and (b), which present the struc-
tural analysis using XRD undergoing the phase transition between PV and BM for up to 20
cycles. As depicted, the as-grown LSCO exhibits a typical perovskite structure, characterized
by PV peaks denoted as (001)py and (002)py, consistent with the relatively oxidizing growth

conditions. These peaks, accompanied by distinct Kiessig fringes (visible in the enlarged view
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in Fig.4.25 (b)), attest to the films’ coherent crystal structure with well-defined interfaces and
surface morphology. Upon annealing the sample at 300°C in a Ar+4%H, atmosphere for two
hours (depicted by the XRD data as the blue curve labeled as 1gy), the (001)py and (002)py
peaks vanish. Simultaneously, additional peaks emerge, denoted as (002)gn, (004)gn, (006)pw,
(008)pm, and (0010)py, indicating the initial formation of the BM long-range ordered structure
of LSCO. Note that in this case, the structural phase transition occurs at a lower temperature
compared to annealing in vacuum, as discussed in Section 4.4, where it takes place after 2 hours
of annealing at 450°C. This discrepancy can be attributed to the presence of the Ar+4%H; at-
mosphere. In this environment, hydrogen reacts with any residual oxygen present, converting
it into water vapor and effectively removing all sources of residual oxygen from the gas mixture.
Consequently, the oxygen partial pressure is significantly reduced, leading to faster transition

dynamics.

Following this step, we reoxidized the LSCO film to its original PV structure by annealing it
in a pure O, environment in the same tube furnace. After two hours of annealing at 300°C,
the structure of the sample is depicted as a red curve labeled as 1py in Fig. 4.25 (a) and (b),
showcasing the sample’s structure resembling the as-grown LSCO film, featuring typical (001)py
and (002)py structural peaks. Remarkably, the Kiessig fringes remained intact, signifying the

preservation of lattice coherence and smooth surface morphology.

By alternating the gas between Ar+4%H,; and Os during the two-hour annealing cycles, we
induced the topotactic phase transition in LSCO 20 times. Specifically, the XRD data for
structural analysis of the 1st, 5th, 10th, 15th, and 20th cycle is presented in Fig. 4.25 (a)
and (b). Here, we denote the 1st, 5th, 10th, 15th, and 20th transition of the as-grown LSCO
film to the BM structure as 1gym, 5m, 10BM, 15BMm, and 20y, respectively. Conversely, we
represent the 1st, 5th, 10th, 15th, and 20th instances of reoxidizing the LSCO film back to
the PV structure as lpy, 5pv, 10py, 15py, and 20py. As depicted in the figure, the LSCO
film undergoes transitions between the PV and BM phases for up to 20 cycles. In each cycle,
either the PV or BM phase maintains its original structural integrity without the emergence
of additional peaks. Notably, the film preserves the Kiessig fringes throughout the recorded

cycles, suggesting that the majority of the thin film maintains lattice coherence for all 20 cycles.

To continue further into the analysis, we plot the changes in peak intensity and position of
the (002)py peak (denoted as red arrows in Fig. 4.25 (b)) and the (008)gym peak (denoted
as blue arrows in Fig. 4.25 (b)) in Fig. 4.25 (c¢) and (d). From Fig. 4.25 (c), it is evident
that the peak intensity of the PV phase remains at 85% after the 1st cycle compared to the
as-grown film. However, after the 20th cycle, the intensity of the (002)py peak drops to 50%
compared to the origin. This trend is consistent with the (008)gy\ peak, which retains only 50%
intensity after the 20th cycle, indicating a loss of lattice coherence or possible degradation in
certain regions of the film. Furthermore, as depicted in Fig. 4.25 (d), the peak position of the
(002)py remains relatively stable, indicating that the out-of-plane lattice constant of the PV
phase remains largely unchanged. In contrast, the peak position of the (008)gy begins to shift

80



4.5. Reversibility of the topotactic phase transition in LSCO thin films

log(int. / a.u.)

b |, C
I >
= g 1i8 vi |2
1S Sal T as-grovM{\*%m 5
+—
& @3* & = 6% £ &1 = 08
i a,l i gz AE 8 lw | T
% = ‘* u
N 1,1 © 06
Maavhmarbaguns)
v S
% . £ % % * * - 5 (e}
W W e Z 04 L, . . . .
Iﬂ* . Iﬂ* k £ as-grown 5 10 15 20
[resm——y Cycle number (times)
* * * y * * g 10
* BM| d
+ 4
y . (.10,
evamdms. 1 48.8
. . x? . . A 15, = . (002),,
o Pt 8 48 ~m u —yg—8
% . * * 15 :-IE
‘ PV 8 =
Y o .____——-.
o * = * ¥ o * ZOBM 7 461 /
" otn 8 — - (008)
: . i, o BM
i | 20| 452
m . : : : .
| | | T l as-grown 5 10 15 20

10 20 3|o 40 50 60 12 44 48 52
20(deq.) 20(deg.)

Cycle number (times)

Figure 4.25.: Structural evolution of the LSCO film under a 20-cycle phase transition is depicted.
Panel a) shows the XRD diffractogram for 26 in the range 10-60° during the 20-cycle phase transition.
Panel b) provides an enlarged view of the corresponding XRD diffractograms from Fig. 4.25 (b). Panel
c) illustrates the evolution of the intensity of the (002)PV and (008)BM peaks, while panel d) depicts
the evolution of the (002)PV and (008)BM peak positions during the 20-cycle phase transition.

to higher angles after the 15th cycle, suggesting a reduction in the out-of-plane lattice constant
of the BM phase, possibly attributed to the expansion of the in-plane lattice constant of the
BM phase by lattice relaxation. As the cycles increase, the width of the PV or BM peaks also

widens, indicating increasing lattice incoherence in the sample.

as-grown | Jag3f P = e B E

Figure 4.26.: Evolution of surface morphology of the LSCO film under a 20-cycle phase transition is
depicted. Panels a), b), ¢), and d) show the surface morphology of the as-grown, 1gy, 1py, and 20py
LSCO thin films, respectively. The size of the AFM images are 20 x 20 pm?.
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To further explore the structural evolution of the LSCO film during the 20-cycle phase transi-
tion, AFM was utilized to examine the surface morphology. The 20 x 20 um? AFM images of
the as-grown, 1gy, 1py, and 20py LSCO films are displayed in Fig. 4.26. It is apparent that
the as-grown, 1gy, and 1py films maintain a clear step-terrace structure, indicating the preser-
vation of the surface morphology after the 1st cycle of phase transition. However, following the
20th cycle of phase transition, the surface of the LSCO film undergoes a noticeable morphol-
ogy change, becoming significantly rougher. This roughening is marked by the emergence of
numerous island-shaped clusters on the surface, which can reach heights of up to 3 nm. As a

result, the overall surface roughness is considerably increased.

In summary, during the initial cycle of the topotactic phase transition, the LSCO thin film
maintained a good surface morphology, with approximately 85% of the structural coherence
preserved. However, as the transition progressed, significant changes occurred. After 15 cycles,
the position of the BM phase shifted to a higher angle, indicating a reduction in the out-of-plane
lattice constant. Subsequently, after 20 cycles, the surface morphology became rougher, with
the emergence of island-shaped clusters up to 3 nm in height. Concurrently, the preservation
of structural coherence diminished, with only 50% remaining compared to the original state.
These observations suggest substantial structural alterations within specific regions of the LSCO

thin films during the topotactic phase transition.

4.5.2. Electronic and magnetic reversibility during the topotactic phase

transition

To elucidate the relationship between the structural properties of the phase transitions and
their magnetic and electronic characteristics, a series of magnetic and electronic experiments
were conducted. Fig. 4.27 (a) illustrates the electrical sheet resistance determined in van der
Pauw geometry across the cycles of repeated PV-to-BM-to-PV transitions. The color spectrum,
ranging from red to dark red, depicted the sheet resistance of the PV structure at different
stages: as-grown, 1st (1py), 5th (5py), 10th (10py), 15th (15py), and 20th (20py) cycles of
the transition. Notably, the sheet resistance of these states remained below 400 2 within the
temperature range of 5 K to 300 K. Furthermore, a discernible decrease in sheet resistance was
observed upon cooling the as-grown film, indicative of its inherent metallic behaviour. This
metallic behaviour persisted until the 15th cycle. However, there was a subsequent rise in sheet
resistance observed during the cooling phase of the 15th and 20th cycles, indicating a transition
from metallic behavior to insulating behavior following the cycles. The color spectrum, ranging
from light blue to dark blue, represents the sheet resistance of the BM structure at different
stages: 1st (1gm), 5th (5sm), 10th (10gy), 15th (155Mm), and 20th (20g)) cycles of the transition.
Notably, all these BM states exhibit sheet resistances exceeding 2 MS). As cooling down the
sample, the sheet resistance consistently increased, being typical of insulating behaviour. At
temperatures below 250 K, the resistance surpasses the measurable range of the PPMS device,

thus no further data points could be recorded.
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Figure 4.27.: a) Temperature-dependent sheet resistance of LSCO thin films during the 20-cycle
PV-BM-PV transition. Light blue to dark blue arrows show BM phase resistance at the 1st, 5th,
10th, 15th, and 20th cycles. Red to dark red arrows indicate PV phase resistance at the same cycles.
b) Temperature versus magnetization curve at 5 mT during the 20-cycle PV-BM-PV transition. c)
Summary depicting the variation in room temperature resistance throughout the 20-cycle PV-BM-
PV transition. The solid dots represent the measured resistance values for the 1st, 5th, 10th, 15th,
and 20th cycles of the PV or BM phase (with upper dots indicating the BM phase and lower dots
indicating the PV phase). Meanwhile, the dashed line and dots correspond to the unmeasured cycles.
d) Summary illustrating the variation in saturation magnetization during the 20-cycle PV-BM-PV
transition. Similar to Figure c, the solid dots represent the measured saturation magnetization values
for the 1st, 5th, 10th, 15th, and 20th cycles of the PV or BM phase. The upper dots indicate the PV
phase, while the lower dots indicate the BM phase. Meanwhile, the dashed line and dots correspond
to the unmeasured cycles.

Regarding the magnetic properties, Fig. 4.27 (b) depicts the determined magnetic moment
per Co ion versus temperature under a 5 mT magnetic field. The M vs. T curve of the as-
grown and restored PV states highly overlap and exhibit clear ferromagnetic behaviour with a
Curie temperature 7. ~ 180 K. In contrast, all BM states display non-magnetic behaviour with

magnetization close to 0. This observation aligns with our previous study in Section 4.4, where
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the PV phase demonstrates typical ferromagnetic characteristics with a Curie temperature

T. ~ 180 K, while the BM phase does not exhibit ferromagnetic properties.

To comprehensively understand the electronic and magnetic phase transitions occurring during
the cycling process, room-temperature sheet resistance and saturation magnetization are shown
for various cycles in Fig. 4.27 (c¢) and (d). In this representation, the PV states are depicted in
green, while the BM states appear in white. Specifically, integer cycle numbers (0, 1, 5, 10, 15,
and 20) correspond to the 1st, 5th, 10th, 15th, and 20th cycles of the PV phase, respectively.
Additionally, decimal numbers (0.5, 4.5, 5.5, 9.5, 10.5, 14.5, 15.5, 19.5, and 20.5) represent the
intermediate BM state during the 1st, 4th, 5th, 9th, 10th, 14th, 15th, 19th, and 20th cycles.
Fig. 4.27 (c) reveals that all the as-grown and restored PV phases exhibit sheet resistance
below 300 €2, while all the BM states display insulating behaviour with sheet resistance above
2 MQ. Moreover, as demonstrated in Fig. 4.27 (d), the saturation magnetization of the as-
grown and restored PV states ranges approximately from 0.76 to 0.79 up/Co, whereas the
saturation magnetization for all the BM states is close to 0 ug/Co. This observation suggests the
reversible control of the ferromagnetic-to-non-ferromagnetic transition and room temperature

metal-insulator transition can be achieved up to 20 cycles.

Combining these findings with the discussed results from Fig. 4.27 (a) and (b), it becomes
evident that the magnetic behaviour is likely to be fully restored, as demonstrated by the large
overlap in the shape of the M vs. T curves and the saturation magnetization values in both
PV and BM states. However, while the room temperature conductivity can be restored over 20
cycles, as discussed in Fig. 4.27 (a), the metallic behaviour upon cooling is not fully restored,
as indicated by the lack of significant overlap in the measured curves. Moreover, after the 15th
cycle, the PV phase transitions to an semiconducting state, as evidenced by the semiconductor-
/insulator-type temperature dependence of the sheet resistance. These findings suggest that
while the magnetic properties are likely to be fully restored, the electronic behaviour cannot

be fully recovered as the number of cycles increases.

4.5.3. Probing the electronic and chemical dynamics in the cycling of
LSCO thin film

4.5.3.1. Electronic and chemical alterations in the first redox cycle

To gain a comprehensive understanding of the structural and electronic changes during the
cycling process, it is crucial to examine the electronic and chemical properties throughout the
topotactic phase transition. Hard X-ray photoelectron spectroscopy (HAXPES) was employed
to investigate these changes in LSCO upon redox cycling. This work was supported by Dr.
Christoph Schliiter (DESY, Hamburg) with data analysis conducted by Dr. Moritz L. Weber
(Forschungszentrum Jiilich). For this investigation, we analyzed the valence band as well as
the core-level spectra of Co 2p, Sr 3d, La 3d, and O 1s. Comparisons were made between the
as-grown (PV), the 1st reduced BM phase (1py), and the 1st reoxidized PV state (1py) of
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LSCO, as shown in Fig. 4.28. A photon energy of E},, = 3400 eV was utilized, which provided
mean escape depths ranging from 3.7nm to 4.6nm for the various XPS spectra [142]. These
measurements were taken at a photoemission angle of az = 5° [143], enabling a detailed analysis

of the chemical and electronic transitions occurring during the phase transition.

Fig. 4.28 (a) presents the valence band spectra for the as-grown, 1py, and 1gy states. Upon
thermal reduction, the 1gy sample shows a Fermi edge shift of approximately ABE ~ 1.1 eV
towards higher binding energies compared to the as-grown state, as determined by a linear
fit to the leading edge of the valence band spectra. This observation aligns with previous
studies on the topotactic phase transition of SrCoOs_s [144], which reported a smaller shift
(ABE ~0.3-0.4¢V). The decreased density of states at the Fermi edge suggests the formation
of an insulating state in the LSCO thin film upon the formation of the BM phase under reducing
conditions. Notably, this shift is reversible, and the metallic behavior of the sample is restored
after reoxidation. Note that a binding energy (B.E.) correction was applied to the reduced 1gy
sample to account for energy calibration shifts. This adjustment allows for accurate comparison

of the Fermi edge positions across different states, as shown in Fig. 4.28(a).

These results are in agreement with the observed changes in the Co 2p signature across the
various redox states, which are largely reversible (Fig. 4.28 (b)). Satellite peaks, indicated
by arrows, are visible at higher binding energies relative to the main Co 2ps; and Co 2p; /s
peaks. After reduction, the satellite peaks shift towards lower binding energies, leading to
a less pronounced intensity valley between the main and satellite peaks, while an intensity
shoulder emerges. This shift in the binding energy of the satellite peaks relative to the main
peaks likely reflects the change in the average oxidation state of the cobalt cations. Specifically,
a shift towards the main peaks after thermal reduction suggests a decrease in the average
oxidation state of the cobalt cations [145, 146], while reoxidation is associated with an increase
in the average oxidation state, as evidenced by a shift towards higher binding energies. This is
consistent with Section 4.4.4, where the PNR results indicate a gradual decrease in the nominal

cobalt valence as the oxygen content decreases.

In contrast, significant irreversible chemical changes are evident from the shifts in binding
energy and altered peak shapes in the Sr 3d, La 3d, and O 1s core-level spectra across the various
redox states, suggesting the formation of a mixed surface phase during the redox cycling of the
sample (Fig. 4.28 (¢)-(e)). For the as-grown state, the Sr 3d core-level spectra are predominantly
characterized by a single doublet corresponding to the PV lattice (BE ~1131.5 eV), with only
minor secondary compounds present (Fig. 4.28 (¢)). Upon reduction, the core-level spectrum
shifts to higher binding energies, and the intensity valley between the Sr 3ds/, and Sr 3ds),
peaks become less pronounced. This indicates the formation of a secondary component and
changes in the chemical environment of the Sr cations at the LSCO surface. Although the
initial position of the Sr 3d spectrum associated with the PV lattice is partially recovered
after reoxidation, a notable secondary component emerges at higher binding energy (135.5 eV)

compared to the PV oxide lattice [147-149]. These observations indicate the formation of a
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Figure 4.28.: Ex-situ HAXPES analysis of LSCO in the as-grown state (PV), reduced state (1g,
annealing conditions: p(Ar+4%Hs) = 1 bar, T = 300°C, t = 120 min) and the 1st reoxidized state
(1py, annealing conditions: p(Oz) = 1 bar, T = 300°C, t = 120 min). (a) Valence band spectra. (b)
Co 2p core level spectra. Arrows highlight satellite peaks. (c) Sr 3d core level spectra; (d) La 3d core
level spectra and (e) O 1s core level spectra. Spectra in (a) are normalized to the background region;
spectra in (b-c) are normalized to the maximum intensity and are shown with an offset along the
y-axis for improved clarity. The binding energy was aligned with respect to the Fermi edge of LSCO
in the metallic as-prepared state. The mean escape depth is calculated as an indicator for information
depth to be d =3.7 nm-4.6 nm across the different core-level spectra.

surface phase influenced by consecutive thermal reduction and oxidation.

Similarly, changes are visible in the La 3d core-level after thermal reduction, where the relative
weight of the intensity of the La 3d5/; multiplet is considerably altered relative to the as-grown
state. Consistent with our observations regarding the Sr signature, even stronger changes are
observed after thermal reoxidation (Fig. 4.28 (d)). Here, a pronounced high binding energy
intensity shoulder emerges resulting in strong changes of the peak shape. These observations
point towards surface chemical changes in the form of the formation of a A-site cation rich

surface phase that may consist of hydroxides, carbonates, or non-PV oxides [150, 151], already
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during a single redox cycle (PV—1gy—1py). This is further confirmed by the evolution of a
new component in the O 1s core level spectrum at approximately BE ~529.5€eV, in between
the PV lattice peak at lower binding energies and the mixed hydroxide peak at lower binding
energies (Fig. 4.28 (e)).

In summary, the observed Fermi level shift (~1.1 eV) in valence band spectra from the PV phase
to the BM phase and its subsequent reversal after redox cycling indicate a metal-insulator-metal
transition during the redox process. This finding is consistent with electronic and magnetic
measurements, confirming the metal-insulator transition induced by reduction processes. The
core-level spectra of Co 2p exhibit pronounced features post-redox, suggesting the potential for
full recovery of magnetization. Meanwhile, the Sr 3d, La 3d, and O 1s spectra show subtle
peak shapes and energy shifts across redox cycles, indicative of secondary phase formation and

changes in chemical environments, which might relate to the surface degradation.

4.5.3.2. Comparison between HAXPES and AP-XPS data

To investigate how the non-PV surface phase that forms upon redox cycling of LSCO reacts un-
der a thermal reduction treatment, in-situ ambient-pressure X-ray photoelectron spectroscopy
(AP-XPS) is employed. This experiment was conducted and analyzed by Dr. Moritz L. Weber
at Advanced Light Source (ALS), Berkeley, USA. To ensure comparability between HAXPES
and AP-XPS results, we first compared the core-level features and valence band spetra observed

in both experiments.
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Figure 4.29.: a) Ex-situ HAXPES analysis and XPS (in AP-XPS chamber) analysis of LSCO in the
reoxidized state (1py, (annealing conditions: (1) p(Ar+4% Hsy) = 1 bar, T' = 300°C, ¢ = 120 min (2)
p(0O2) =1 bar, T = 300°C, t = 120 min). The spectra were normalized to the maximum intensity and
are shown with an offset along the y-axis for clarity. The binding energy was aligned with respect
to the respective Fermi edge. The mean escape depth for the Sr 3d core-level is calculated as an
indicator for information depth. b) AP-XPS analysis of the valence band of 1py-LSCO during a
thermal reduction treatment (annealing conditions: p(Hz) = 0.1 mbar, T = 350°C). The valence band
is normalized to BE =2 eV.

As can be seen in Fig. 4.29, a similar signature with a dominant surface phase contribution
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is detected for the 1py-LSCO thin films after reoxidation using different beamlines yielding a
different mean escape depth d. Note that only the Sr 3d signature is used for the comparison of
the surface chemical information obtained at the HAXPES (Deutsches Elektronen-Synchrotron,
DESY) and AP-XPS (Advanced Light Source, ALS) beamlines, since different core-levels were
recorded for the analysis, e.g. lanthanum (La 3d versus La 4ds/,) and cobalt (Co 2p versus Co
3p). The reason is a different accessibility of the core-levels depending on the applied photon

energy.

The Fermi edge shifts over the course of the reducing thermal treatment indicating a metal-to-
insulator transition, where a shift of ABE ~1.1 eV is determined at the end of the annealing.
The value is equal to the value measured by HAXPES analysis (Fig. 4.28 (a)), indicating that

the two experiments are comparable.

4.5.3.3. Surface phase formation during BM-LSCO reoxidation

Since the AP-XPS experiment aligns comparably with the aforementioned HAXPES experi-
ment, we have structured a series of AP-XPS experiments to investigate the surface chemistry of
LSCO during the phase transition from the PV to the BM phase. The measurements were con-
ducted with enhanced surface sensitivity using a photon energy of Fj, = 680 eV, resulting in a
mean escape depth ranging from d = 0.5 to 1.3 nm for various core-level spectra and the valence
band. This setup enabled the investigation of surface chemical and electronic changes during a
reducing annealing treatment at elevated temperatures. An LSCO sample underwent reduction
and subsequent reoxidation through ex-situ annealing in a furnace under conditions identical
to those used for the HAXPES samples (annealing conditions: (1) p(Ar + 4%Hs) = 1 bar,
T =300°C, ¢t = 120 min, (2) p(O3) = 1 bar, T' = 300°C, ¢t = 120 min) before transfer into the
AP-XPS chamber. Comparison of Sr 3d spectra obtained from the as-transferred samples (cf.
Fig. 4.29 (a)) with those from the 1py-LSCO sample investigated by HAXPES and AP-XPS in-
dicates comparable surface chemistry. Thus, we confirm that the starting point of the AP-XPS
analysis aligns with the final redox state investigated by HAXPES (cf. Fig. 4.28).

Following mild thermal oxidation of the as-transferred, air-exposed sample to remove ad-
ventitious carbon from the surface (p(Oz) = 0.1 mbar, T" = 350°C, ¢ = 15 min), Sr 3d, La
4d, Co 3p, and O 1s core-level spectra were recorded during a thermal reduction treatment
(p(Hg) = 0.1 mbar, T'" = 350°C, t = 130 min), allowing for time-resolved monitoring of spec-
tral changes under conditions comparable to those applied in the ex-situ experiments dis-
cussed above. A systematic shift in binding energy (BE) was observed for all core-level spectra
throughout the thermal reduction treatment relative to the BE recorded after mild oxidation
(Fig. 4.30 (a) and (b)). The arrows in Fig. 4.30 (a) indicate the peak position changes from the
initial state (bottom) to the final annealing state (top). The magnitude of this total shift ABE
varied among the different core-levels, with the Co 3d~0.2 eV core-level showing a smaller shift,

suggesting a complex interplay of chemical and electrostatic factors influencing the shifts.

The evolution of the relative peak area ratio of A-site to B-site cations is depicted in Fig. 4.30 (c)
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Figure 4.30.: in-situ AP-XPS analysis of 1py-LSCO during thermal reduction (BM, annealing con-
ditions: p(Hg) = 0.1 mbar, T' = 350°C). (a) Core-level spectra obtained from the sample over reduction
time. The initial state at the bottom shows 1py-LSCO after mild oxidation to remove adventitious
carbon. The spectra were normalized to the prepeak region, respectively and an offset is applied along
the y-axis to improve clarity. The binding energy was alignment to the Fermi-edge obtained from the
sample after mild oxidation (fixed vale) while no individual alignment was applied in order to observe
the monotonous BE shift as a result of the thermal reduction. (b) Plot of the BE shift relative to
the initial state. The shift was read out at the initial intensity maximum of each spectrum. Arrows
in (a) denote the initial and final position of the intensity maxima. (c) Relative peak area ratios as
indicator for the A-site to B-site cation stoichiometry over reduction time indicating no considerable
stoichiometric changes.

as an indicator of surface stoichiometry. Notably, during the thermal reduction step, no sig-
nificant changes in surface stoichiometry are observed. This suggests that the surface phase
formed during the initial reoxidation of the BM-LSCO phase remains predominantly inert un-
der subsequent thermal reduction cycles. However, analysis of the Sr 3d and O 1s spectra

reveals detectable changes in surface chemistry, with subtle alterations also apparent in the La
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4d core-level spectrum. These observations indicate a partial response of the surface to the

reducing thermal treatment.

4.5.4. Discussion of reversibility and degradation of the PV-BM phase

transition upon repeated cycling

The topotactic phase transition between the PV and BM phases in LSCO thin films exhibits
remarkable reversibility over multiple cycles, with the saturation magnetization and room-
temperature metallic state exhibiting up to 20 cycles of reversibility. However, while magnetic
properties fully restore between phases, electronic and structural properties only show partial
recovery. This full recovery in magnetic properties can be attributed to reversible changes in
cobalt oxidation states, as depicted in Fig. 4.28 (b), where cobalt transitions from a higher to
a lower oxidation state and reverts to its original high oxidation state during the PV-to-BM
transition and its subsequent reoxidation back to PV (PV-BM-PV phase transition). Given that
the ferromagnetism of LSCO arises from double exchange involving Co3+ and Co**, the recovery
of the Co oxidation state plays a crucial role in preserving ferromagnetism after reoxidation.
Consequently, even after 20 cycles, the PV to BM transition of LSCO thin films maintains its

ferromagnetic-to-non-ferromagnetic transition.

However, the reoxidation process from BM-LSCO to PV-LSCO introduces changes in surface
chemistry, as observed in the HAXPES and in-situ AP-XPS analyses, affecting both the struc-
tural and electrical properties of LSCO. On one hand, the formation of an A-site rich surface
state leads to decreased structural coherence in LSCO, as illustrated in Fig. 4.25, resulting
in intensity changes of both BM and PV peaks compared to their original states. On the
other hand, the formation of such a surface state also influences the electronic properties. The
emergence of new chemical components, such as A-site rich phases typically associated with
insulating behavior, can lead to additional scattering of charge carriers, potentially affecting
the transport properties along the field. Thus, while the thin film retains its metal-insulator
transition from PV to BM structure, the R vs. T curves do not entirely overlap, and room

temperature resistance varies across different cycles.

In summary, the reversible phase transition behavior and the influence of surface chemistry on
the electronic and structural properties of LSCO thin films highlight the complexity of their
behavior under cycling conditions. While the bulk of the film shows remarkable reversibility
and stability, as evidenced by XRD and SQUID data, XPS analysis reveals a different scenario
at the surface. The surface appears to undergo not a reversible transition but a chemical
instability, manifesting as changes already in the first redox cycle. This distinction provides
a comprehensive view of the material’s behavior under cycling conditions, emphasizing the
need for further investigation into the underlying mechanisms. Such insights are crucial for
optimizing the performance and stability of LSCO-based devices and complex oxides in diverse

applications.
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4.6. Exploring the phase transition dynamics in LSCO thin

films

In the previous chapter, we explored the reversibility of the topotactic phase transition within

LSCO thin films. However, understanding the intricate interplay of ionic responses and the

associated oxygen diffusion and surface exchange processes during this transition is crucial to

characterize the intrinsic nature of the topotactic phase transition. Hence, this chapter aims

to investigate deeper the dynamics of this transition, focusing particularly on the oxygen ion
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Figure 4.31.: in-situ XRD was used to monitor the topotactic phase transition. The experiment
consisted of three steps: a) Stabilizing the sample in an oxygen atmosphere for two hours. b) Annealing
the sample in Ar+4%Hs for 75 hours to trigger the PV to BM phase transition. c¢) Reoxidizing the
sample back to the PV structure by annealing the sample for 8 hours in an oxygen environment.

For this, we utilized in-situ XRD to monitor the topotactic phase transition PV-BM-PV across

various temperature settings. The details of the experimental setup can be found in the ex-

perimental section. Fig. 4.31 illustrates the in-situ XRD experiment conducted within a scan

range of 10° to 28° at a temperature of 300°C. Initially, the sample was placed in an Oy atmo-
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sphere for 2 hours to equilibrate in oxidizing conditions at a given temperature, as depicted in
Fig. 4.31 (a), showing an unchanged position of the PV (001)py peak at 23.3°. Subsequently,
the gas flow was switched to Ar+4%H, to induce the reducing atmosphere necessary for trig-
gering the phase transition into the BM phase, as described in the previous chapters. As shown
in Fig. 4.31 (b), during annealing in an Ar+4%H, atmosphere, the PV structural peak, denoted
as (001)py, gradually shifted to lower angles until it disappeared entirely. Simultaneously, the
characteristic BM structural peaks, (002)gy and (004)gn, emerged gradually until their inten-
sities stabilized, requiring approximately 48 hours in total at 300°C. This observation aligns
with previous studies indicating the gradual disappearance of PV structural peaks and the

concurrent growth of BM structural peaks until the BM structure stabilizes.

Subsequently, we initiated the reoxidation experiment by reverting the gas flow to an O, en-
vironment, triggering the phase transition from BM back to PV. During this transition, we
observed a gradual disappearance of the BM peaks, specifically the (002)BM and (004)BM, as
the structure reverted. Concurrently, the (001)PV peak re-emerged, regaining both its position
and intensity characteristic of the perovskite phase. By conducting such PV-BM-PV transi-
tions at various temperatures, we collected characteristic times for the stabilization of (001)py,
(002)gnm, and (004)gy peaks, which are associated with their respective positions and intensi-
ties. To comprehensively investigate the topotactic phase transition of PV-BM-PV | we utilized
in-situ XRD techniques on the same sample across a temperature range from 270°C to 400°C,
following identical measurement steps (initial heating to the target temperature, oxidation in
O, atmosphere for 2 hours, subsequent reduction in Ar+4%H, for 75 hours, and reoxidation in
an Oy environment for 8 hours). This enabled us to correlate the characteristic time scale of
the phase transition with the intensity and lattice constant of (002)gy and (001)py peaks, as
presented in Fig. 4.32 (a) and (b).

Fig. 4.32 (a) summarizes the relative intensity changes with respect to the oxidized state of the
(002)gy and (001)py peaks over time when switching the atmosphere from O, to Ar+4%H,
and back to Oq. Initially, in the first 2 hours of the oxidation process, the (002)py peak exhibits
zero intensity, while the (001)py peak reaches its normalized maximum intensity, indicating the
presence of the pure PV structure in the as-oxidized sample. Upon switching to Ar+4%Ho,,
the intensity of the BM peaks gradually increases, and meanwhile, the intensity of the PV
peak decreases simultaneously. At higher temperatures, the BM peak intensity grows more
rapidly and the PV peak intensity decreases more quickly until it reaches zero. This behavior
is attributed to the higher temperatures, which increase the attempt frequency of oxygen ions
to overcome energy barriers. This enhanced attempt frequency facilitates the surface exchange
process necessary for the phase transition, as oxygen ions more readily acquire the activation
energy required to transition through the barrier. Over the course of 75 hours, both the BM
and PV phases reach stable values, indicating equilibrium. The gas flow is then switched back
to O to initiate reoxidation. We observe a significant asymmetry in the phase transition rates
between oxidation and reduction conditions. Specifically, at 300°C under reducing conditions,

the PV to BM phase transition required 45.5 hours, whereas the reverse BM to PV transition
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Figure 4.32.: a) The normalized intensity of (002)gy and (001)py peaks under different annealing
conditions and times. b) The lattice constants based on the (002)gy and (001)py peaks under different
annealing conditions and times. c¢) Utilizing the Arrhenius plot to calculate the activation energy of
the PV to BM and BM to PV phase transitions.

occurred much faster, completing in only 0.83 hours. Quantitatively, the BM to PV transition
is approximately 55 times faster than the PV to BM transition under these conditions. This

marked difference underscores the asymmetric kinetics of the phase transition process.

The lattice constant related to the PV and BM peak positions is shown in Fig. 4.32 (b). It is
evident that during the initial 2 hours of oxidation, the lattice constant of the PV structure
remains unchanged. However, as the temperature increases, there is a noticeable increase in the
out-of-plane lattice constant, attributed to thermal expansion. Upon switching the atmosphere
to Ar+4%H,, the lattice constant of the PV phase progressively increases until the peak position
becomes indistinguishable. In contrast, the behaviour of the BM peaks is different. They
initially emerge with a fixed lattice constant, which remains constant throughout the annealing
process. However, at higher annealing temperatures, the lattice constant of the BM phase
increases consistently with the thermal expansion of the lattice. Upon reverting to an O,
environment, a reverse phenomenon occurs: the intensity of the BM phase gradually diminishes,
with higher temperatures leading to a faster decrease. The lattice constant of the PV phase
initially starts with a larger value but then stabilizes back to its original value, indicating that
the phase transition appears to be fully reversible in the XRD experiment. As the temperature
increases, this stabilization becomes more thermally activated. The characteristic relaxation
time of the phase transition is determined by (1) the disappearance of the PV phase lattice
constant, (2) the disappearance of the BM peak intensity, or (3) the point at which the lattice

constant curve of the PV phase becomes flat, reaching its stable value.
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It is evident that higher temperatures accelerate the structural phase transition, whereas lower
temperatures necessitate longer annealing times for completion of this process. The rate of
the phase transition is therefore correlated with a characteristic relaxation time (7), which is
inversely proportional to the reaction rate. The characteristic relaxation time is determined
as the point where the intensity change curve becomes flat and hence reaches equilibrium,
reaching its normalized maximum or minimum for the normalized intensity (Fig. 4.32 (a)).
Alternatively, it is determined when the PV phase lattice constant disappears or when the
lattice constant curve becomes flat, indicating it has reached a stable value (Fig. 4.32 (b)). By
establishing relaxation times at various temperatures, an Arrhenius plot can be constructed.
The Arrhenius equation, provided below (Equation 4.1), describes the temperature-dependent
behaviour of the reaction rate k. As the characteristic time is inversely proportional to k, we

have:

1 _Ea
—~k=A-e kBT (41)
-
where k represents the reaction rate, A is the pre-exponential factor, F» denotes the activation
energy, kg is the Boltzmann constant, and 7" the temperature. Fig. 4.32 (c) shows the Arrhenius

plot in its logarithmic form as given by Equation 4.2:

EA

1 ~—1 - log(A)+ — 2 4N
08(7) ~ ~log(k) = ~Iog(4) + ==t +

(4.2)

where N is a constant. we use the characteristic relaxation time of the BM peak intensity
(Ipm), the PV peak intensity (Ipy), and the lattice constant change of the PV phase (Cpy) to
analyze the activation energy from PV to BM and vice versa. The observed linear relationship
suggests that a temperature-activated process governs the structural changes in the lattice.
Consequently, the activation energy can be determined by analyzing the slope of the Arrhenius
plot using experimentally obtained data. We perform a linear fit of all three sets of data
(Ism, Ipv, and cpy) together on a single plot. This unified approach shows that all three
parameters independently fall on a single straight line, as illustrated in Fig. 4.32 (a), indicating
the reliability of the analysis. From the simultaneous fit of the three data sets, we obtain an
activation energy of 0.72 +0.13 eV for the PV to BM phase transition and 0.90 £ 0.1 eV for the
BM to PV transition, with the error bars reflecting the fitting error of the experimental data.

To assign the physical processes underlying this activation energy, we analyze the intermediate
reaction steps involved in the phase transition. As illustrated in Fig. 4.33 (a), the phase

transition comprises three distinct processes:

1. Ionic diffusion: In this process, oxygen ions migrate from the interior of the thin film

toward the surface.

2. Oxygen surface exchange: Here, oxygen ions at the material’s surface undergo a redox

exchange, where pairs of oxygen ions combine to form oxygen molecules, involving the
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4.6. Exploring the phase transition dynamics in LSCO thin films

transfer of charge from the oxygen ions to the surrounding environment.

3. Nucleation of the BM phase: This step involves the formation of nuclei or clusters of
the BM phase within the PV phase matrix. This occurs once a critical concentration of
oxygen vacancies has been generated through steps 1 and 2, facilitating the transition to
the BM phase. [90]

All three processes generally exhibit Arrhenius-type thermal activation, which complicates the
overall reaction kinetics. Due to their exponential nature, each process typically has its own
characteristic time constant, which can vary significantly. As a result, the experimentally

determined activation energy corresponds to the slowest (rate-limiting) timescale.

Based on literature in solid-state ionics, independent studies have determined the activation
energies for oxygen diffusion and surface exchange processes. The reference activation energies
for these processes in LSCO are as follows: Oxygen diffusion (D*) is approximately 2 eV, while
oxygen surface exchange (K*) ranges from 0.7 eV to 1 eV [152-155]. The activation energies
of surface exchange and nucleation are reported to be similar. Specifically, the nucleation of
new phases requires specific activation energies: approximately 0.65 eV for the BM phase and
1.11 eV for the PV phase in comparable Co-based perovskite oxides, observed at temperatures
above 573 K [90].

By comparing with the calculated activation energy for LSCO, we find it closely matches that
of oxygen surface exchange or possibly BM/PV phase nucleation. Thus, either oxygen surface

exchange or nucleation of the new phase likely governs the rate-limiting process.

To further investigate the rate-limited process, we conducted a study to accelerate the oxygen
surface exchange using the noble metal platinum (Pt). As documented in the literature [156,
157], Pt acts as a catalyst, facilitating the transformation of oxygen ions into oxygen molecules

through the following chemical reaction:

1
O)é - §Og(g) +V8 + 2¢’ (43)

where OF represents oxygen ions in the lattice of the thin film, 2¢’ represents the two electrons
filled to the Pt, and V7 denotes oxygen vacancies formed in the oxide. This acceleration
enhances the dynamics of the surface exchange without affecting oxygen diffusion and nucleation
in the PV/BM phase. We utilized this method to observe if the phase transition is significantly
accelerated when Pt is present on the film. For this purpose, we sputtered a 50 nm thick Pt layer
onto the four corners of the as-grown LSCO thin film. Subsequently, the sample underwent
annealing in an Ar+4%H, atmosphere at 200°C for 30 minutes to visually monitor the phase
transition. As depicted in Fig. 4.33 (b), the four corners of the sample were coated with Pt,
while the remaining areas remained uncoated. After the annealing process, we observed partial
transparency within the yellow delineation, whereas the rest of the sample retained its metallic

dark color. This gradient arises from the localized catalytic effect of Pt, which accelerates the
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oxygen surface exchange and leads to an increase in oxygen vacancy concentration close to the
Pt electrodes. Consequently, a metal-insulator transition occurs, resulting in the transparent
appearance of the sample. Conversely, the regions far away from the catalytic Pt-coated areas

maintain their original metallic properties and retain their metallic dark color.
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Figure 4.33.: a) The three distinct processes involved in the topotactic phase transition, along with
the Pt catalysis phenomenon. b) A visual illustration of the phase transition achieved by sputtering
Pt on the four corners of the sample. ¢) A comparison of the time scales of the phase transition with
and without accelerating the surface exchange (with Pt and without Pt).

Furthermore, to extend this phenomenon to the entire film, we sputtered a nominal 2 nm Pt
layer onto the surface of the as-grown film. Initially, we use an as-grown LSCO film without Pt
as a reference. After annealing the film without Pt in an Ar+4%H, atmosphere at 200°C for 72
hours, we observe only a slight shift of the (001)py and (002)py peaks to lower angles. However,
the sample retained its perovskite structure, as depicted by the blue curve in Fig. 4.33 (¢). This
suggests that the phase transition is not achieved after 72 hours of annealing at 200°C, and

this process requires an extremely long time under these conditions.

The same treatment was applied to the sample with a 2 nm Pt layer. Surprisingly, after
annealing at 200°C for half an hour, the sample completely transitioned to the BM phase,
indicating a significant acceleration of the phase transition. This acceleration occurred at the
triple-phase boundary where the Pt, the LSCO, and the H, gas meet. At this boundary,
the Pt donates two holes or takes up two electrons to the oxygen ions within the film (see
Fig. 4.33 (a)), facilitating the formation of oxygen molecules. Thus, the surface exchange
process is greatly accelerated. Accelerating this surface exchange process can hence significantly
assist the topotactic phase transition from PV to BM. This catalytic effect of Pt suggests that
similar catalysts or surface activation methods could potentially accelerate the phase transition

in LSCO or similar oxide materials [156, 157].

Moreover, the acceleration of the surface exchange process implies that it could represent the
rate-limiting step of the topotactic phase transition from PV to BM. This finding is consistent

with previous studies on the activation energy of the phase transition, which suggested that
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overcoming the energy barrier associated with surface oxygen exchange is critical for the phase

transition.

From the perspective of oxygen vacancy distribution during the transition, if the process is
predominantly limited by surface exchange, it implies a more homogeneous distribution of
oxygen vacancies across the thin film. This uniformity supports the validity of XRD analysis,
which is sensitive to bulk properties. The consistency in XRD results further suggests that the
phase transition observed reflects the true bulk transformation rather than being influenced

solely by surface effects.

In conclusion, the ability to manipulate the phase transition kinetics through surface catalysis
highlights a pathway for controlling the properties of LSCO thin films and potentially other
complex oxides. Exploring alternative catalysts such as Ag, Pd, and Rh, or employing surface
activation strategies, could further enhance our ability to tailor these materials for specific

applications.
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4.7. Towards topotactic phase transitions in LSCO

free-standing membranes

In the previous chapters, it has been described that LSCO thin films show a large structural
flexibility between PV and BM phase and how it can be controlled. This property holds
potential for applications. However, the presence of a substrate can introduce several detri-
mental effects, negatively impacting the performance and functionality of the thin films [158,
159]. Additionally, oxide epitaxy is generally not compatible with CMOS (semiconductor)
processes. Therefore, delamination and transfer techniques could potentially enable the inte-
gration of functional oxides such as LSCO with semiconductor chips in the future [160]. To
avoid substrate-related effects the fabrication of free-standing LSCO membranes might be a
possible route. This chapter presents a preliminary exploration of the properties of the free-
standing LSCO membranes. Further studies are currently in progress and are outside the scope
of this thesis.

LSMO sacrificial layer STO thin film layer Wet echting+LSCO thin film deposition (PLD)
(PLD) (PLD)
4 o sT0 4 -_'
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STO STO sTO ALO
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Figure 4.34.: Illustration of the wet-etching process used to fabricate the free-standing STO+LSCO
membrane. The free-standing LSCO membrane was fabricated by Marcus Wohlgemuth and Anton
Kaus from PGI-7, Forschungszentrum Jiilich GmbH.

The free-standing LSCO membranes were fabricated by Marcus Wohlgemuth and Anton Kaus
from PGI-7, Forschungszentrum Jiilich GmbH, using a wet etching method. Specifically, Marcus
Wohlgemuth developed the necessary processes at PGI-7 to enable the synthesis of a quasi-free-
standing double layer. This method will be elaborated in detail in Marcus Wohlgemuth’s PhD
thesis (in preparation). As illustrated in Fig. 4.34, the fabrication process involved the following

steps:

1. Initially, a 10 nm thick Lag7Srg3MnOs (LSMO) sacrificial layer was grown on the STO
substrate using PLD.

2. Subsequently, a 20 nm thick STO layer was deposited on top of the LSMO layer.

3. The wet-etching method was then employed to selectively dissolve the LSMO sacrificial
layer, detaching the STO thin film from the substrate.

4. The free-standing STO layer was transferred onto a sapphire substrate, where it is weakly
bonded.
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5. Finally, a 20 nm thick LSCO thin film was deposited on the free-standing STO layer.

This process successfully fabricated a coherent, single-crystalline double-layer STO/LSCO on

an arbitrary substrate, which has no structural relationship to the thin film.

Fig. 4.35 (b) shows the XRR of the STO membrane before and after LSCO growth. Initially,
the XRR pattern of the STO membrane displays a single type of oscillation. After the LSCO
layer is added, a second type of oscillation appears in the STO/LSCO bilayer. This outcome is
consistent with the expected physical properties of the membrane and indicates a high-quality
surface structure, as demonstrated by XRR, which requires a good crystallinity and surface
morphology. The surface morphology of the STO membrane, both before and after LSCO
growth, is depicted in Fig. 4.35 (b). It shows that the surface remains flat with visible step
terraces throughout the process. Remarkably, the free-standing LSCO/STO bilayer maintains a
smooth surface with clear step terraces, demonstrating structural coherence at the microscopic
level. This uniformity suggests that the epitaxial relationship and lattice matching between
the LSCO layer and the substrate are well preserved. Furthermore, the RSM image of the
STO/LSCO membrane is presented in Fig. 4.35 (c¢). The LSCO layer exhibits a similar in-
plane lattice constant as the STO layer due to the interface strain and has an out-of-plane
lattice constant of approximately 3.76 A, consistent with the LSCO thin film discussed in
Section 4.4.1. These data suggest that the fabrication process effectively minimizes stress and
deformation, which are critical for maintaining the functional properties of the membrane in

potential applications.
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Figure 4.35.: a) XRR data of the STO and STO+LSCO membranes. b) AFM scans of the STO
and LSCO membrane. ¢) RSM scan of the STO+LSCO membrane. Data is provided by Marcus
Wohlgemuth and Anton Kaus.

The successful fabrication of the high-quality STO/LSCO membrane is particularly interesting

concerning its functionality associated with the PV to BM phase transition. To induce this
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phase transition, we applied the same conditions as described in Section 4.4: annealing at 1076
mbar and 450°C for 2 hours in the JCNS-2 vacuum chamber. As illustrated in Fig. 4.36, the
black curve depicts the XRD data of the as-grown STO/LSCO membrane. The stars denote
the corresponding STO (001) to (004) peaks, while S(1_192), S(2-204), and S(3_306) represent the
related sapphire substrate peaks. (001)py to (004)py signify the LSCO peaks. Peaks indicated
by solid dots are still under discussion. From the XRD data, it is evident that the as-grown
membrane exhibits coherent crystallinity, as indicated by consistent peaks over a broad range
of angles and thickness oscillations shown in the zoomed-in graph (Fig. 4.36(b)). The LSCO
peaks are observed to the right of the STO peaks, consistent with the LSCO thin film lattice
parameter discussed in Section 4.4. Subsequent to 2 hours of annealing at 10-6 mbar and
450°C, the sample undergoes a transition to the BM structure, as evidenced by additional
peaks, (002)gy to (0016)gy, depicted in the red curve. The (002)gy peak is observed at
11.1°, aligning with the corresponding (002)gy peak position in the BM phase LSCO thin film,
indicating similarity in lattice constant and structure between the BM phase membrane and the
thin film. For a clearer observation of possible changes of peak positions and shapes Fig. 4.36(b)
provides an enlarged view from 20° to 28°. In this view, the STO peak remains nearly unchanged
in angle, demonstrating the structural stability of the STO layer at the annealing temperature.
Meanwhile, the LSCO perovskite (001)py peak vanishes after annealing, and the (004)gm peak
emerges at the same position as the STO (001) peak, consequently broadening the STO (001)
peak. Based on this XRD data, it is evident that the STO/LSCO membrane can undergo a

structural phase transition from PV to BM, affirming its functionality in this regard.
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Figure 4.36.: a) XRD data of the full scan for the as-grown and 2h/450°C annealed films. b) Zoom-in
view of the XRD data from (a) in the range of 20°to 28°.

To investigate the correlation between magnetic properties and the structural phase transition
for this transferred double-layer sample, we employed SQUID-magnetometry to examine the
magnetic characteristics of the STO/LSCO membrane before and after the phase transition.

As depicted in Fig. 4.37, the as-grown STO/LSCO membrane demonstrates ferromagnetic
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behaviour, with a critical temperature close to 175 K—similar to the value observed in the
thin film, which is at ca. 180 K. At 300 K, no hysteresis can be observed in the field sweep.
However, at 120 K and 5 K, an open hysteresis is evident, with saturation magnetization values
of 1 ug/Co and 1.5 ug/Co, respectively. Remarkably, these values correspond to those obtained
from the thin film measurements. Following a 2-hour annealing process at 450°C, as indicated
by the red curve in Fig. 4.37 (a), the membrane no longer exhibits ferromagnetism. The
saturation magnetization of the membrane decreases to approximately 0.25 up/Co at 300 K,
120 K, and 5 K, as observed by the field sweep in Fig. 4.37 (b) to (d). At room temperature,
the saturation magnetization becomes non negligible. This non-zero magnetization persists
even at the a low temperature of 5 K. This may be attributed to the complex Co valence
states in LSCO. It is possible that there are still sufficient Co3* and Co** ions to facilitate
double exchange, supporting weak ferromagnetism. Alternatively, Co3* ions may engage in a
special case of superexchange that contributes to weak ferromagnetism but results in insulating

behavior. The underlying mechanisms responsible for this behavior remain an open question.

To further correlate the magnetic and structural properties of the STO/LSCO membrane during
the phase transition, we conducted PNR measurements with in-situ annealing. Initially, the
as-grown membrane was cooled down to 120 K under vacuum conditions (1076 mbar) for PNR
measurements with both the neutron beam spin-up and spin-down channels. Subsequently, we
applied the same annealing conditions depicted in Fig. 4.36 (450°C for 2 hours) to increase the
oxygen vacancy concentration. The results of these measurements are shown in Fig. 4.38 (a).
Notably, clear thickness oscillations are observed in both the as-grown and annealed membranes,
indicating the sample’s sufficiently smooth surface morphology. This demonstrates that the
layer quality is sufficient for performing PNR measurements, as it is the first oxide membrane
reported to produce a strong signal in PNR measurements. The splitting between the spin-
up and spin-down channels observed in the as-grown membrane confirms its ferromagnetic
behaviour, consistent with the M-T curve in Fig. 4.37 (a). This observation is also consistent
with the PNR data of the thin film discussed in Section 4.4. However, interestingly, for the
annealed membrane, no splitting is observed between the spin-up and spin-down channels,

indicating nearly zero magnetization after annealing.

A preliminary fitting was applied to these PNR data using the simplest model, i.e. Sapphire
substrate + STO + LSCO + Vacuum (Vac)). This straightforward model preliminary repro-
duced the experimental PNR data, allowing us to extract several parameters such as ngyp,
msLp, and the layer thickness. From the fitting results (depicted in Fig. 4.38 (b)), we identified
three distinct layers within the sample, each characterized by different ng;p values: notably,
the sapphire substrate exhibited the largest value, while the STO layer demonstrated the low-
est. Here, the critical edge is determined by the ngyp of the sapphire substrate, which has the
highest ng;p among all layers. Minor changes in the ngp of LSCO between the PV and BM
phases resulted in only a 0.0003A-! difference in the critical edge, as shown in Section 4.4.5.
This corresponds to a mere 1.8% change in the critical edge value (0.0155A-1) of the sample.
Thus, the stoichiometric changes in LSCO from PV to BM phases had little effect on the crit-
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Figure 4.37.: a) Field-cooled curve of the as-grown and 2h/450°C annealed STO/LSCO membrane.
b) Hysteresis curves of the as-grown and annealed membrane at 300 K. ¢) Hysteresis curves of the as-

grown and annealed membrane at 120 K. d) Hysteresis curves of the as-grown and annealed membrane
at 5 K.

ical edge, which is predominantly influenced by the sapphire substrate. Following annealing,
the ngrp values increased across the entire sample, a departure from the behavior observed in
the LSCO thin film, where ng;p remained unchanged for STO and decreased for LSCO. This
increase may be attributed to enhanced ngrp in the sapphire substrate after annealing, or to
increased interface scattering between the membrane and substrate due to flattening of the

interface post-annealing.

The thickness of the STO layer is approximately 20 nm, while the LSCO layer is approximately
17 nm, which roughly coincides with the estimated values from RHEED results. Additionally,
the periodicity of the oscillation decreases after annealing, indicating that the thickness of the
LSCO layer increased due to lattice expansion. This behaviour mirrors that observed in the

thin film after undergoing the same annealing conditions. Regarding mgrp, the fitting results
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Figure 4.38.: a) Raw PNR data of the as-grown and annealed membrane measured at 120 K. b)
Preliminary fit of the raw PNR data.

matched the raw data: the as-grown sample exhibited non-zero magnetization, specifically 1 ug
per Co atom at 120 K (below T'.), consistent with the M-H curve at 120 K (see Fig. 4.37 (c)).
This value also aligns with that of the thin film discussed in Section 4.4. However, the annealed
membrane showed nearly zero magnetization. The magnetization originated solely from the
LSCO layer, with no magnetic signal observed from either the sapphire substrate or the STO
layer. One should note that this analysis is presently only a preliminary fit of the PNR data.
Several open questions remain, such as the increase of ngyp in the annealed film and the oxygen

content of the annealed film. These issues require further study in future.

The as-grown LSCO free-standing membrane exhibits a flat surface morphology with minimal
defects and maintains the typical perovskite structure with ferromagnetic properties. The
membrane demonstrated similar behavior to the thin film, achieving both the structural phase
transition from PV to BM and the magnetic transition from ferromagnetic to non-ferromagnetic.
While this research provides a promising foundation, it is preliminary, and several questions
remain to be explored in future studies. For instance, the increase in ngrp of the entire sample
might be due to the sapphire substrate or the flattening of the interface structure, which requires
further investigation through techniques like HR-TEM or XPS. Additionally, the extra peaks
marked as solid dots in the XRD diffractogram need further study to determine their possible
origins. One possibility for these additional peaks is that the LSCO might have grown directly
on the sapphire substrate due to membrane imperfections or possible silver paste residue during
sample growth. To investigate this, comparisons with LSCO on a sapphire thin film or detailed
analysis using HR-TEM would be beneficial. Moreover, a more detailed analysis of the PNR is
necessary to study additional physical parameters such as sample density, oxygen content, and

the thickness of each layer.
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In conclusion, while the current study has laid a solid groundwork in understanding the struc-
tural, electronic, and magnetic properties of LSCO free-standing membranes, further research
is essential to fully elucidate the underlying mechanisms and to optimize the synthesis pro-
cesses. Future work should focus on detailed structural analysis, improvements in fabrication
techniques, and comprehensive studies of the electronic and magnetic behaviors under various
conditions. This will not only enhance our fundamental understanding but also pave the way

for potential applications in advanced electronic and magnetic devices.
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The aim of this thesis was to investigate the topotactic phase transition of LaggSrg4CoO3_s
(LSCO) thin films from the perovskite (PV) to the brownmillerite (BM) phase. This study
specifically focuses (1) on the interplay between the structure, the electronic, and magnetic
properties during the topotactic phase transition, (2) the dynamics of the transition and the
rate-limiting processes involved, and (3) the reversibility of the transition along with changes in
chemical composition during the topotactic phase transition. Moreover, the study was extended

to free-standing LSCO membranes.

As a fundamental prerequisite in the study of ion-triggered phase transitions, the synthesis
routes and resulting properties of epitaxial perovskite LSCO thin films were investigated in
detail. During the synthesis of the as-grown LSCO thin film, we observed thickness-dependent
variations in its structural, electronic, and magnetic properties. For thicknesses below 20 nm,
the film remains crack-free and exhibits metallic behaviour, following Ohm’s law: i.e. the
resistance decreases with increasing thickness. Additionally, the thin film displays ferromag-
netic properties, characterized by a single magnetic system. However, when the film thickness
exceeds 20 nm, cracks begin to emerge. As thickness increases further, more cracks become
apparent. Consequently, the sample’s resistance rises due to the increased presence of cracks,
which reduces the likelihood of a continuous conducting path. Beyond 40 nm, the films lack
any possible conducting path, leading to insulating behavior on the macroscopic scale. Fur-
thermore, the presence of cracks correlates with the emergence of several magnetic subsystems.
For instance, a 30 nm film exhibits two magnetic subsystems, while films thicker than 30 nm
reveal three subsystems. These subsystems are closely tied to the presence of cracks, existing
only within cracked regions of the sample. One potential scenario is subject to Co spin-state
transitions due to strain induced by lattice distortion [128, 129]. With various spin types of
Co, spin transitions may occur in cracks as the strain field changes within them. This leads to

the formation of new magnetic domains within these structural imperfections.

Hence, 20 nm LSCO films were primarily used to investigate the interplay among structural,
electronic, and magnetic transitions. For polarized neutron reflectivity (PNR) measurements,
however, 40 nm thick samples were utilized to fit the experimental requirements, particularly
the ideal periodicity of the PNR signal. This approach is justified by the fact that potential

magnetic subsystems do not affect the total (averaged) magnetic moment measured by PNR.

The BM phase was successfully achieved through high-temperature vacuum annealing and

hydrogen-environment reduction. Both the PV and BM phases exhibit atomically flat surfaces
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and distinct phase signatures in X-ray diffraction. The transition from the PV to BM phase
is accompanied by a metal-to-insulator transition and a ferromagnetic-to-non-ferromagnetic
transition. Further investigation revealed two novel intermediate states during continuous high-
temperature annealing of the PV sample under vacuum: one corresponding to a pure PV
phase with reduced oxygen content and another representing a mixed PV and BM state, each
exhibiting continuous changes in oxygen stoichiometry. Through the use of PNR, the oxygen
content could be tracked in-situ, which is critical for correlating structural evolution with
oxygen content. Electronic and magnetic measurements show that the transitions occur while
the sample is in the PV structure with a higher concentration of oxygen vacancies, before
the BM phase appears. This indicates that the electronic and magnetic transitions take place
prior to the structural phase transition, with BM formation observed at an oxygen content
of approximately 2.67, while electronic and magnetic transitions occur at higher oxygen levels
(2.77 and above) without any BM phase formation. These findings furthermore reveal that
the electronic MIT, FM-to-non-FM transition, and structural PV-to-BM phase transition are
distinct processes. The observed separation is attributed to the reduction of Co oxidation states
during the initial decrease in oxygen content, which causes a dramatic change in the nominal
Co*t to Co?t ratio. This, combined with the reduction in oxygen concentration, breaks down
the double exchange mechanism of Co?t-O-Co%t. As a result, the electronic and magnetic
transitions occur already before the structural phase transition. This result highlights the
significant influence of oxygen defects on complex oxide properties, showing that even small

changes in oxygen vacancy concentration can alter magnetic and electronic properties.

Building on these findings, we further investigated the topotactic phase transition by examining
the corresponding structural, electronic, magnetic, and chemical reversibility through repeated
cycling of the sample between the PV and BM phases. Interestingly, the LSCO thin film
can undergo this transition up to 20 times. However, the intensity of both the PV and BM
peaks drops to 50% after 20 cycles in XRD, indicating increasing structural incoherence with
repeated cycling. This phenomenon can be explained by the chemical changes occurring during
reoxidation. XPS analysis reveals that the surface chemistry changes significantly after the
first cycle. It is likely that an A-site-rich component forms on the sample surface during the
BM to PV reoxidation process, which strongly influences the ratio of the PV/BM phases in the
sample and reduces the lattice coherence. As a result, the intensities of the PV/BM-related
peaks decrease in the XRD diffractogram. These chemical changes also affect the electronic
properties of the LSCO films. With repeated cycling, the resistance values do not overlap in
each cycle, although the sample exhibits overall metallic properties. Notably, as the cycles
increase to the 15th iteration, the resistance of the sample increases upon cooling (insulating
behaviour) rather than decreasing as observed during the first 15 cycles. Unlike the electronic
properties, the magnetic properties remain relatively stable throughout the cycles. All the
PV phases in different cycles exhibit ferromagnetic behaviour with a saturation magnetization
around 0.8 pp/Co under a 5 mT magnetic field, while all the BM phases show nearly zero

magnetization. This stability is attributed to the reversibility of the Co electronic state, as
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evidenced by the X-ray Photoelectron Spectroscopy (XPS) data showing that the Co 2p core
level spectrum is reversible after reoxidation. The results suggest that LSCO can undergo
cycling up to 20 times while maintaining its PV structure. However, the surface chemistry
undergoes changes during this process, impacting structural coherence and electronic properties.
Interestingly, the magnetic properties are relatively unaffected, as the electronic states of cobalt

demonstrate high reversibility during the phase transition.

The reversibility of structural phase transitions in LSCO films enables the same sample to
undergo the PV to BM phase transition and return to the PV phase at different temperatures.
Building on this, we conducted a comprehensive study of oxygen diffusion and surface exchange
processes by annealing the sample under various temperatures and atmospheric conditions. By
monitoring changes in intensity and lattice constants during the PV-BM-PV phase transition,
the characteristic times of these processes can be determined. Using the Arrhenius equation,
the activation energies for the transitions from PV to BM and from BM to PV are calculated to
be 0.72+0.13 eV and 0.90 £ 0.1 eV, respectively. These values align closely with the activation
energies for oxygen surface exchange in LSCO (approximately 0.7 to 1 V) and the nucleation of
the new phase (estimated at 0.65 eV for the BM phase and 1.11 €V for the PV phase in similar
Co-based perovskite oxides). Accelerating the surface exchange process with Pt can significantly
speed up the reduction phase transition without affecting oxygen ion diffusion or the nucleation
of the new phase. Therefore, combining these activation energy calculations suggests that the
surface exchange is likely the rate-limiting step of the phase transition. However, it is important
to note that changes in surface chemistry during the phase transition can modify the surface
exchange kinetics. These changes affect the oxygen incorporation and release processes, thereby

influencing the overall dynamics of the phase transition.

Finally, in the course of this thesis, the development of delamination techniques within the
oxide community has made it possible to study the PV-to-BM phase transition in LSCO in a
free-standing form. In such form, the structural flexibility of LSCO during topotactic phase
transitions presents significant potential for a variety of applications. To minimize the influence
of the substrate (e.g., strain) on the LSCO film in potential applications, this thesis extended
the study to free-standing LSCO membranes. These membranes were successfully fabricated
using wet-etching methods by Marcus Wohlgemuth and Anton Kaus at PGI-7. The as-grown
samples exhibit flat surfaces and a PV structure for both the STO and LSCO free-standing
layers, demonstrating a good lattice coherence. After annealing the sample for 2 hours at
450°C in a 1075 mbar vacuum environment, the sample completely transitioned to the BM
phase, with the typical BM peaks appearing at similar angles to those in LSCO thin films.
Furthermore, during the PV to BM structural phase transition, the electronic and magnetic
properties of the membrane undergo significant changes, specifically the metal-insulator and
the ferromagnetic to non-ferromagnetic transition. These changes are consistent with those
observed in the thin films, indicating that the LSCO membrane maintains a similar structural,
electronic, and magnetic phase transition behavior as the thin film. This consistency suggests

that free-standing LSCO membranes retain the advantageous properties of LSCO thin films,
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5. Summary and Discussion

enabling the study of phase transitions as a function of external strain, and increasing their

potential for future applications.
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6. Outlook

Further investigation is essential to deepen the understanding of the magnetic subsystems ob-
served in LSCO. The origins of these subsystems, particularly in relation to the cracks within
the thin film, remain unclear. High-resolution transmission electron microscopy (HR-TEM)
could be utilized to analyze the strain fields in the cracked regions of the sample. This would
provide insights into how the cracks influence the spin states of cobalt and lead to the formation
of magnetic subsystems. Understanding these subsystems is crucial for applications that rely
on stable ferromagnetic properties, such as spintronic devices. In this context, a clearer under-
standing of the role of cracks could allow for better design strategies in thin-film fabrication,

helping to minimize redundant magnetic subsystems.

The theoretical exploration of the breakdown of the double-exchange mechanism in LSCO also
needs further attention. This process may be closely related to the percolation threshold of the
double-exchange mechanism, which is influenced by both oxygen content and the Co3*/Co**
ion ratio. Using percolation theory, one could simulate which of these factors primarily leads
to the breakdown of the double exchange and determine the critical oxygen content associated
with this phenomenon. A deeper understanding of these factors is crucial for optimizing the
electronic and magnetic properties of LSCO thin films, particularly for devices requiring fine-
tuned electronic states. The ability to predict and control this breakdown could lead to more
efficient oxide-based devices, such as memory and switching devices, where precise control of

electronic states is crucial.

The dynamics of the topotactic phase transition in platinum-assisted LSCO samples should
also be studied further. The rate of color change near the platinum region could provide
valuable information on the speed of oxygen diffusion or the nucleation rate of the BM phase.
Accelerating the phase transition process, especially in devices where fast switching between
the PV and BM phases is critical, could have significant implications for the development
of high-performance oxide-based devices. Platinum catalysis, for example, could be used to
enhance the phase transition kinetics, making LSCO more viable for real-world applications

where switching speed is essential, such as in-memory devices and catalysis.

Finally, more research is needed on the free-standing LSCO membranes, particularly to inves-
tigate the origin of the increased nuclear scattering density in the BM phase. Techniques like
HR-TEM or alternative characterization methods could help uncover the underlying causes of
these changes. This research is interesting because the free-standing membrane approach could

enable the use of LSCO phase transitions on a silicon framework. Such integration would open
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6. Outlook

up new possibilities for combining the unique properties of LSCO with the widely used sili-
con substrate, potentially leading to flexible electronics or advanced sensor technologies. This

would provide a new path for applying oxide thin films in a broad range of innovative devices.
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7. Conclusions

This thesis has revealed deep insights into the atomistic and ionic processes involved in the
topotactic phase transition of LaggSrg4CoO3_5 (LSCO) thin films and membranes, revealing
their structural, electronic and magnetic properties. In particular, the study emphasizes the
critical role of oxygen vacancies in driving the phase transition between the perovskite and
brownmillerite structures, as well as their influence on the associated electronic and magnetic
transitions. The results show the importance of oxygen defects in driving the phase transitions,
with small changes in the oxygen vacancy concentration having a significant effect on the mate-
rial properties. This study advances the understanding of complex oxides and their behaviour

under different conditions in the field of oxide electronics.

The ability to induce reversible phase transitions in LSCO films and membranes presents pos-
sibilities for practical applications in electronics. Specifically, the control over metal-insulator
transitions and tunable magnetic properties opens ways for the development of advanced elec-
tronic devices, such as non-volatile memory cells, sensors, and spintronic devices. Moreover,
the successful fabrication of free-standing LSCO membranes, which maintain similar properties
to thin films while eliminating substrate effects, could have applications in flexible electronics.
Such a study is an important step in reducing the influence of substrates on the material’s

performance.

Furthermore, this work contributes to the control of ionic and ionotronic phenomena in oxide
materials. By exploring the dynamics and reversibility behind the oxygen vacancy-driven phase
transitions, this study provides important insights for future research aimed at manipulating
ionic transport and charge carrier dynamics in oxide-based systems. The findings could lead
to developments in energy storage, catalysis, and environmental sensing technologies, where

precise control over ionic movement and electronic states is essential.

While the research focuses on LSCO, the principles discussed could be extended to other com-
plex oxide materials, leading to further advancements in the field of oxide electronics. Building
on the insights from this study, future research could investigate how these materials can be
used in new devices and technologies that take advantage of their unique ionic and electronic

properties.
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A. Error Bar Summary

Table A.1l.: Summary of experimental parameters and their statistical and systematic errors.

Parameter Statistical Error Systematic Error
Film thickness (nm) +0.3 +1.0
Lattice constant (A) +0.002 +0.005

Curie temperature (K) +2 +5
Resistance (€2) +3 +5
Magnetization (ug/Co) +0.02 +0.06
Oxygen content +0.02 +0.03
Nuclear scattering length density (106 A-2) +0.08 +0.12
Magnetic scattering length density (106 A-2) +0.02 +0.03
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B. List of Abbreviations

Abbreviation Full term and explanation

2D Two-Dimensional

AFM Atomic Force Microscopy

ALS Advanced Light Source

AP-XPS Ambient Pressure X-ray Photoelectron Spectroscopy
BM Brownmillerite (crystal structure)

DC Direct Current

FC Field-Cooled

HAPEX Hard X-ray Photoelectron Spectroscopy
HAADF-STEM High-Angle Annular Dark Field Scanning Transmission Electron Microscopy
HT-XRD High-Temperature X-ray Diffraction

LSCO Lag Srg4Co0Os3_s

MIT Metal-Insulator Transition

MPMS Magnetic Property Measurement System
MSLD Magnetic Scattering Length Density

NSLD Nuclear Scattering Length Density

PNR Polarized Neutron Reflectometry

PLD Pulsed Laser Deposition

PPMS Physical Property Measurement System

PV Perovskite (crystal structure)

RBS Rutherford Backscattering Spectrometry
RHEED Reflection High-Energy Electron Diffraction
RSO Reciprocating Sample Option

RSM Reciprocal Space Mapping

SQUID Superconducting Quantum Interference Device
rf-SQUID Radio-Frequency Superconducting Quantum Interference Device
STEM Scanning Transmission Electron Microscopy
STO SrTiO3 (Strontium Titanate)

TMOs Transition Metal Oxides

VSM Vibrating-Sample Magnetometer

XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

SNS Spallation Neutron Source
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[ustration of the magnetic moment alignment in a ferromagnetic material.
Temperature dependence of the field-cooled (FC) magnetic moment. (a) Simu-
lated FC curve showing a clear paramagnetic-to-ferromagnetic transition. The
Curie temperature (T¢) is identified as the temperature where the magnetic mo-
ment starts to increase sharply upon cooling. (b) Experimental FC curve of a
15nm LaggSrg4Co03_s thin film on a SrTiO3 substrate. T¢ is estimated using
the dashed line as a guide to the eye. Note that the paramagnetic contribu-
tion in the measured curve appears comparatively exaggerated relative to the
ferromagnetic component, which may affect the clarity of the transition.
[lustration of hysteresis loop. a) Single ferromagnetic system hysteresis, which
does not exhibit a "step-like" shape. b) Hysteresis with three magnetic subsys-
tems, where the subsystems can be determined by their corresponding coercivi-
ties (Hery, Heoy and Heg). o oo oo o oo e
Representation of the magnetic moments in an antiferromagnetic system. Adja-
cent magnetic moments point in opposite directions, leading to zero net magne-
tization in absence of a magnetic field. . . . ... ... o o o Lo
Temperature dependence of the parallel () and perpendicular (x,) magnetic
susceptibilities, illustrating the behavior of an antiferromagnetic material as it
approaches the Néel temperature (7). This figure is taken from Ref [49].

The double-exchange mechanism involves the hopping of to, electrons between
Co?* high spin (HS) and Co** (HS) ions through an intermediate oxygen ion.
[lustration of the superexchange mechanism in cobalt oxides: (a) 180° Co-O-
Co bond leading to antiferromagnetic interactions, (b) 90° Co-O-Co bond also
resulting in an antiferromagnetic alignment. . . . . . . ... ..o L0000
Magnetic phase diagram of La;_,Sr,CoO3_s illustrating various magnetic phases
for various x. PS = paramagnetic semiconductor, PM = paramagnetic metal,
FM = ferromagnetic metal, SG = spin glass, MIT = metal-insulator transition,
and T;,, is the irreversibility temperature which marks the bifurcation of ZFC

(zero-field-cooled) and FC dc magnetization curves. This figure is adapted from
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2.9. Schematic of the perovskite structure. a) The "A’ cations are at the corners of the
cube, ‘B’ cations at the body center, and "X’ anions at the face centers, forming
an octahedral coordination around the 'B’ cation. The figure is drawn using
the VESTA software [70, 71]. b) The repeating octahedral units characterize in
particular the structure of perovskite-type materials. . . ... ... ... ... ..

2.10. Schematic of the Brownmillerite structure: Alternating octahedral and tetrahe-
dral units with oxygen vacancies. . . .. ... .. ... ... ...

2.11. Schematic representation of oxygen diffusion in perovskite oxides. Oxygen ions
move through the lattice by hopping between oxygen vacancies, driven by ther-
mal energy. . ...

2.12. Illustration of the oxygen surface exchange process in perovskite oxides. Oxygen
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