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Abstract

Assuming that one could deterministically inject, transport, manipulate, store and de-
tect spin information in solid state devices, the well-established concepts of charge-based
electronics could be transferred to the spin realm. This thesis explores the injection,
transport, manipulation and storage of spin information in metallic conductors, semicon-
ductors, as well as electrical insulators.

On the one hand, we explore the spin-dependent properties of semiconducting zinc
oxide thin films deposited via laser-molecular beam epitaxy (laser-MBE). After demon-
strating that the zinc oxide films fabricated during this thesis have excellent structural,
electrical, and optical properties, we investigate the spin-related properties by optical
pump/probe, electrical injection/optical detection, and all electrical spin valve-based ex-
periments. The two key results from these experiments are: (i) Long-lived spin states
with spin dephasing times of 10ns at 10 K related to donor bound excitons can be op-
tically adressed. (ii) The spin dephasing times relevant for electrical transport-based
experiments are < 2ns at 10 K and are correlated with structural quality.

On the other hand we focus on two topics of current scientific interest: the compar-
ison of the magnetoresistance to the magnetothermopower of conducting ferromagnets,
and the investigation of pure spin currents generated in ferromagnetic insulator /normal
metal hybrid structures. We investigate the magnetoresistance and magnetothermopower
of gallium manganese arsenide and Heusler thin films as a function of external magnetic
field orientation. Using a series expansion of the resistivity and Seebeck tensors and the
inherent symmetry of the sample’s crystal structure, we show that a full quantitative
extraction of the transport tensors from such experiments is possible. Regarding the
spin currents in ferromagnetic insulator/normal metal hybrid structures we studied the
spin mixing conductance in yttrium iron garnet/platinum heterostructures using two in-
dependent experiments based on the spin pumping effect. The yttrium iron garnet thin
films were again deposited via laser-MBE and are state-of-the-art. Our results establish
ferromagnetic insulator /normal metal structures as efficient spin current sources. Finally,
we show that a new magnetoresistance effect due to spin currents is present in these fer-
romagnetic insulator /normal metal hybrids. This magnetoresistance effect in particular
provides a simple means to establish spin current flow across the interface.
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Kurzfassung

Diese Dissertation behandelt die Injektion, den Transport, die Manipulation und die
Speicherung von Spininformation sowohl in metallischen Leitern und Halbleitern, als auch
in elektrischen Isolatoren. Dadurch wird die Grundlage fiir die vollstandige, determinis-
tische Kontrolle des Spinfreiheitsgrades in festkorperbasierten Systemen geschaffen und
somit die Ubertragung der bereits etablierten Konzepte der ladungsbasierten Elektronik
auf den Bereich des Spins ermoglicht.

Im ersten Teil betrachten wir die spinabhéangigen Eigenschaften von halbleitenden Zink-
oxid-Diinnfilmen, welche durch Laser-Molekularstrahlepitaxie (laser-MBE) hergestellt
wurden. Nachdem gezeigt wird, dass die Zinkoxid-Diinnfilme, die im Rahmen dieser
Arbeit hergestellt wurden, exzellente strukturelle, elektrische und optische Eigenschaften
besitzen, untersuchen wir im weiteren die spinabhangigen FEigenschaften mit Hilfe von
rein optischer Anregung/Detektion, elektrischer Injektion/optischer Detektion und rein
elektrischen, auf Spinventilen basierenden Experimenten. Die zwei Schliisselergebnisse
dieser Experimente sind: (i) Es ist moglich langlebige Spinzusténde, die mit Donator-
gebunden Exzitonen verkniipft sind, mit einer Spindephasierungszeit von 10ns bei 10 K
optisch anzusprechen. (ii) Die Spindephasierungszeiten, die fiir elektrische Transportex-
perimente relevant sind, betragen < 2ns bei 10 K und korrelieren mit der strukturellen
Qualitat der Proben.

Im zweiten Teil konzentrieren wir uns auf den Vergleich des Magnetwiderstands mit der
Magnetothermokraft elektrisch leitender Ferromagnete und die Untersuchung von Spin-
stromen, die in ferromagnetischen Isolator- /Normalmetall-Hybridstrukturen erzeugt wer-
den. Wir untersuchen den Magnetwiderstand und die Magnetothermokraft von Gallium-
Mangan-Arsenid- und Heusler-Diinnfilmen in Abhéangigkeit von der Orientierung des
auBeren Magnetfeldes. Aus solchen Messungen lassen sich die vollstandigen Tensoren
der Transportkoeffizienten quantitativ mit Hilfe einer Reihenentwicklung der Wider-
stands- und Seebeck-Tensoren und unter Beriicksichtigung der inharenten Symmetrie
der Kristallstruktur der Probe gewinnen. Aus Experimenten zu Spinstromen in ferro-
magnetischen Isolator/Metall-Hybridstrukturen, die auf dem Spinpump-Effekt basieren,
haben wir die Spinmischleitfdhigkeit in Yttrium-Eisen-Granat-/Platin-Heterostruktur-
en bestimmt. Die Yttrium-Eisen-Granat-Diinnfilme wurden ebenfalls mittels laser-MBE
hergestellt und entsprechen in ihren strukturellen und magnetischen Eigenschaften dem
aktuellen Stand der Forschung. Unsere Ergebnisse etablieren ferromagnetische Isolator-
/Normalmetall-Hybridstrukturen als effiziente Quelle von Spinstrémen. AbschlieBend
zeigen wir, dass in diesen ferromagnetischen Isolator-/Normalmetall-Hybridstrukturen
ein neuer Magnetwiderstandseffekt aufgrund der Spinstrome existiert. Er erlaubt es,
nur mit Hilfe eines Ladungsstroms Spinstrome tiber die Grenzflache der Hybridstruktur
flieen zu lassen.
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Chapter 1

Introduction

”Non est ad astra mollis e terris via.”

"There is no easy way from earth to the stars.”

This quotation taken from the tragedy ”Hercules furens” written by Seneca (4 BC - 65
AD) has been widely used in science to describe the hardship it takes to reach great and
unbelievable achievements. It inspired for example the expression ”Per aspera ad astra”
used by the National Aeronautics and Space Administration (NASA), which attributes for
the tough challenges and disasters mankind had to master for the still ongoing exploration
of outer space. In a more general view, science would not be where it is today without the
countless humans that were able to accomplish new breakthroughs in their field of research
while mastering frustrating obstacles. Starting with the invention of fire, language and
the wheel in the early beginnings of mankind, going over the foundations of mathematics,
philosophy and written poetry in ancient Greek and Rome, the industrialization (e.g. the
steam engine and electricity) in the 18th and 19th century and ending in the great
advancements of the 20th century, among them the theory of relativity, nuclear fission,
modern ways of communication and miniaturization[l]

In the field of miniaturization of the late 20th century the fastest progress has been
achieved by semiconductor based electronics. The rapid development of semiconductor
devices started with the invention of the transistor by Shockley, Bardeen, and Brattain
in 1947, which awarded them the Nobel Prize in Physics in 1956 "for their researches
on semiconductors and their discovery of the transistor effect”. Over a period of three
decades the miniaturization of semiconductor devices allowed the development of inte-
grated circuits, which are nowadays based on complimentary metal-oxide-semiconductors
(CMOS). These integrated circuits are the foundation of modern information technology
utilizing the charge of an electron to store digital information. While this technology
approaches in a fast pace the fundamental physical limits, it still produces even faster
transistors, like the development of a 100 GHz graphene transistor [I]. Unfortunately,
the accompanied Joule heating of charge currents becomes ultimately the limiting factor
for a downscaling of these devices.

For future advances in modern information technology new ways of storing and pro-
cessing information are currently investigated. Among them is the field of spin elec-
tronics (”spintronics”) exploiting the spin degree of freedom of an electron. Spintronics

IThe author admits to be unable to cover and remember all important inventions of mankind in this
thesis. Therefore this is just a short compilation of examples for the accomplishments of mankind.



2 Chapter 1 Introduction

has already proven its relevance via the success story of giant magnetoresistance effect
discovered by Albert Fert and Peter Griinberg in 1988 [2, 3], which awarded them the
Nobel prize in physics in 2007. Until now, commercially available spintronic devices are
used for the nonvolatile storage of information using the magnetization orientation of
ferromagnets, such as hard disks and magnetic random access memories. The control of
magnetization orientation in these devices is mainly achieved by the external magnetic
field generated by an electrical current. Thus, when scaling down such devices power
consumption and heat dissipation are still relevant problems. Novel concepts utilizing
pure spin currents, which is the flow of angular momentum without the net transport
of charge, might be a way to solve this issue, as pure spin currents are predicted to be
dissipationless [4]. Therefore, the search for pure spin current sources is one hot topic
in the field of spintronics. The generation of a pure spin current is driven by a non-
equilibrium condition of the magnetic degrees of freedom in a ferromagnet, such as the
relaxation of collectively excited magnetic moments [5HI6] (”spin pumping”) or a thermal
gradient [I7H30] (”spin Seebeck effect”).

Besides the search for pure spin current sources, the transport of spin information across
long length scales and an efficient way of manipulating the spin information are additional
key ingredients for novel spintronic devices. To allow an easy integration of these devices
into standard CMOS production technologies a large part of current spintronic research
focuses on the transport and manipulation of spin information in semiconductors. A
major obstacle in this field is the efficient injection and extraction of a spin current in
and from a semiconductor, due to the conductivity mismatch problem [31]. A remedy for
these problems may be provided by the use of pure spin current sources, tunnel junctions
or ferromagnetic semiconductors.

In summary, novel spin electronic devices rely on the efficient transport and manip-
ulation of spin information over large length scales and on short timescales. These re-
quirements could make spin based information processing competitive to the already
established charge based information processing.

The main topic of this thesis is the study of spin transport-phenomena in a variety of
materials covering the whole range of electrical conductivity from metals, over semicon-
ductors to insulators. It is structured as follows:

After this introduction, Chapter [2]deals with the investigation of spin related properties
of the wide band gap semiconductor zinc oxide. After a short introduction into zinc oxide,
we first present the excellent results obtained for the structural, electrical and optical
properties of zinc oxide layers grown on sapphire via the laser-MBE (Molecular Beam
Epitaxy) setup, after carrying out a careful growth optimization.

We then use these zinc oxide thin films to demonstrate in all-optical time-resolved
Faraday rotation experiments the successful, long-lived (> 10ns) storage of spin infor-
mation on donor bound exciton states at liquid helium temperatures. Advancing a step
further we show that it is possible to electrically address these states by injecting a spin
polarized current from a ferromagnet into zinc oxide using a combination of electrical
injection and optical detection.

For a comparison to the spin properties obtained by optical means, we extract the spin
diffusion length in ZnO from all-electrical measurements in ZnO-based spin valve het-
erostructures. The temperature dependence of the spin dephasing time extracted from



all-electrical measurements reveals that there are two different regimes. At low temper-
atures (T < 25K) the spin dephasing time is dominated by the Dzyaloshinsky-Moriya
while at elevated temperatures (T > 25K) the dominating spin dephasing mechanism
is D’yakonov-Perel’. Moreover, this temperature dependence qualitatively agrees to the
one obtained by all-optical measurements demonstrating that both experimental tech-
niques observe the same spin dephasing mechanisms and that the spin dephasing time is
sensitive to the structural quality of the sample.

In Chapter [3] we first report on the structural and magnetic properties of cobalt-based
Heusler compounds and yttrium iron garnet thin films grown via laser-MBE. The state-
of-the-art properties of these thin films are the foundation for the further experiments
presented in the rest of Chapter [3, which is divided into two main parts.

In the remaining first part we establish a theoretical model to allow the full quantitative
extraction of the resistivity and Seebeck tensors of a ferromagnetic material from magne-
totransport experiments. As a proof of principle, we then investigate experimentally the
validity of our theoretical model by evaluating the magnetoresistance and magnetother-
mopower in thin films of the ferromagnetic semiconductor gallium manganese arsenide
and cobalt-based Heusler compounds. These first experiments show that it is in princi-
ple possible to extract quantitatively full magnetotransport tensor properties for single
crystalline thin films of cubic and tetragonal symmetry.

In the second part we investigate pure spin currents in ferromagnetic insulator /normal
metal hybrid structures based on yttrium iron garnet as the ferromagnetic insulator. In
a set of two independent experiments we proof that the injection of a pure spin current
from yttrium iron garnet via the spin pumping effect is as effective as from a conducting
ferromagnet. This establishes ferromagnetic insulators as a convenient and effective spin
current source. In addition, we investigate using conventional magnetotransport tech-
niques a new magnetoresistance effect in ferromagnetic insulator/normal metal hybrid
structures, that is based on the spin Hall effect in normal metals and the selective spin
current sink generated by the ferromagnetic insulators. These first experiments pave the
way for future applications of this effect.

Finally, the obtained experimental results are summarized in Chapter [} In this chap-
ter we also give an outlook on possible future experiments based on the results of this
thesis, which highlight the relevance of this thesis.

In Appendix [A] we introduce the extensions and upgrades added to the laser-MBE
setup during the work of this thesis.

In the end, let me make a personal statement: Working on this PhD was sometimes
frustrating and not always easy, but in some unique moments I felt like I could reach the
stars.






Chapter 2

Spin electronics in epitaxial zinc oxide
thin films

Abstract

In this chapter we demonstrate how epitaxial ZnO thin films with excellent crystalline
quality (full width at half maximum (FWHM) of the ZnO (0002) rocking curve < 0.03°)
can be grown by pulsed laser deposition (PLD) after a careful growth optimization. The
optical properties of these films are also state-of-the-art: photoluminescence spectra show
well pronounced donor bound exciton peaks at Ig (aluminum donor bound exciton) and
I3 (ionized donor bound exciton). Optical pump and probe experiments (time-resolved
Faraday rotation (TRFR) measurements) performed in collaboration with the group of B.
Beschoten at the RWTH Aachen reveal a strong dependence of the exciton spin dephasing
times on the wavelength of the pump and probe beams. In particular, the TRFR data
demonstrate that long spin coherence times in excess of 10ns at liquid He temperatures
can be achieved using laser wavelengths appropriate to selectively excite particular donor
bound excitons. Our results thus establish that spin information can be stored in ZnO
by taking advantage of donor bound excitons. Going a step further, we demonstrate
that the donor bound excitons can be spin-polarized by electrically injecting a current
via a ferromagnetic cobalt electrode into the ZnO thin film. This enables an electrical
addressing of excitonic spin states. Last but not least we compare the optically measured
exciton spin decoherence times with all-electrical measurements of the spin diffusion
length in ZnO-based spin valve heterostructures. The temperature dependence of the
spin dephasing time extracted from these measurements agrees qualitatively with the one
extracted from TRFR. This temperature dependence of the spin dephasing time exhibits
two different regimes: at low temperatures the temperature independent Dzyaloshinsky-
Moriya mechanism dominates, while at high temperatures the temperature dependent
D’yakonov-Perel” mechanism is dominating.
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2.1 Introduction into zinc oxide

The direct band gap semiconductor zinc oxide (ZnO) is a very versatile material for
device applications [32H37]. For example, the direct and wide band gap of 3.44 eV at low
temperatures and 3.37eV at room temperature in the near-UV spectral region [38-42]
makes ZnO an interesting candidate for future optoelectronic applications. Moreover, the
excitonic emission processes in ZnO persist even at or above room temperature [43], 44],
due to a large free exciton binding energy (60 meV) [39-H42]. ZnO crystallizes in the polar
wurtzite structure (a = 0.32496 nm, ¢ = 0.52042 nm [45]) and is already available as large
bulk single crystals [44], 46].

Over the past decade the quality of bulk and thin film single crystalline ZnO has
been greatly improved [32H37] and has led to a revival of device concepts based on the
semiconductor ZnO. The progress in deposition of epitaxial crystalline ZnO thin films is
demonstrated in the increase of mobility [47] and realization of a 2 dimensional electron
gas (2DEG) [48-52], leading to the observation of the quantum Hall effect [53, 54] and
fractional quantum Hall effect [55], 56] in ZnO. These results prove that ZnO is still a
promising material for device applications and will play an important role in oxide based
electronics.

Despite the study of the electronic and optical properties of ZnO since the beginning of
semiconductor physics [57], a reproducible bipolar control and tunability of the electrical
conductivity in ZnO could not be achieved, posing a major obstacle for the use of ZnO
in semiconductor device applications. Almost all ZnO crystals show n-type conduction,
while p-type ZnO is elusive. The origin of this phenomenon has been a matter of extensive
debate and research [32H37]. The problem in controlling the conductivity in ZnO arises
from the fact that even relatively small concentrations of native point defects and impuri-
ties can significantly affect the electrical and optical properties of semiconductors [58, [59].
In the case of ZnO for a long time it has been postulated that the unintentional n-type
doping is caused by the presence of oxygen vacancies or zinc interstitials [60-63]. Recent
optically detected electron paramagnetic resonance on high quality ZnO crystals and the-
ory calculations have shown that oxygen vacancies are actually deep donors and cannot
contribute to n-type conduction [64H67]. Instead the unintentional incorporation of im-
purities, acting as shallow donors, such as interstitial and substitutional hydrogen [68],
or substitutional aluminum, gallium and indium [69], might explain the origin of the
n-type conduction in ZnO. The presence of such impurities depends on the growth con-
ditions, methods and base materials used, and might explain the strongly varying carrier
concentration reported in literature. The achievement of a stable p-type conductivity
in ZnO is still a very difficult task [32H37]. Despite a number of reports on successful
p-type doping of ZnO [70H80], there are no reports on reproducible p-n junctions raising
questions about the reliability of the observations and the reproducibility and stability
of the p-type doping. The most promising candidate for achieving a stable p-type con-
duction in ZnO is the substitution of oxygen by nitrogen [81], but only a few reports on
a successful application are available [70} [73]. An additional problem for determining the
type of conduction arises from the difficulties in interpreting Hall effect measurements
due to surface conduction channels and inhomogeneities in ZnO [82H86]. Nevertheless,
the reproducible and stable control of carrier type and concentration is a key element for
future device applications.

The observation of possible room temperature ferromagnetism in transition metal
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doped ZnO [45], 87-94] has fueled the interest in ZnO for spintronic applications, be-
cause ferromagnetic semiconductors are an efficient means of generating spin polarized
currents in semiconducting materials. Unfortunately, the origin of the observed ferro-
magnetism is not an intrinsic feature of transition metal doped ZnO, but is generated by
a secondary phase of transition metal clusters formed during deposition in the ZnO thin
films [95] 96].

In contrast to the hassle in obtaining ferromagnetic ZnO, the small spin-orbit cou-
pling [40] and interesting optical properties [32H37] make ZnO still an versatile candidate
for spin electronic devices. Only very few publications have investigated quantitatively
the spin dependent properties of ZnO [97H99] or shown a successful realization of spin in-
jection into ZnO [I00HI03]. A fundamental understanding of the spin injection efficiency
and the underlying spin dephasing mechanisms in ZnO are an important mile stone for
a successful implementation of ZnO into spintronic devices.

In the following sections we present the results obtained with our optimized epitaxial
Zn0O thin films on sapphire substrates regarding their structural, electrical and opti-
cal properties. We then investigate their spin dependent properties using time-resolved
Faraday/Kerr rotation and all-electrical transport experiments. In section we first
report on the optimization of the ZnO films grown on c-plane sapphire and present the
characteristic results for these optimized films obtained from high resolution x-ray diffrac-
tion (HRXRD), temperature dependent Hall effect (TDH), high resolution transmission
electron microscopy (HRTEM), and temperature dependent photoluminescence (PL) ex-
periments. Section then summarizes the information on the spin dephasing times,
their temperature and characteristic excitation wavelength dependence in our optimized
ZnO thin films extracted from time-resolved Faraday rotation (TRFR) experiments. In
addition, we discuss the role of donor bound excitons for the long spin life-time in ZnO.
Results and a discussion on electrical injection and optical detection via Kerr rotation
(KR) are presented in section [2.4f Moreover, we show in this section that it is possible
to spin polarize donor bound excitons by the injection of a spin polarized current into
Zn0O. Finally, section summarizes all-electrical spin injection experiments utilizing a
spin valve structure based on ZnO. The fit of the experimental data to a giant magne-
toresistance (GMR) model enables us to extract quantitative data on the spin dependent
transport properties. In the final section we summarize the key results obtained with
ZnO thin films in this thesis.

2.2 Optimization of the laser-MBE growth of ZnO films

A first crucial step in obtaining reproducible and trustworthy results for a material sys-
tem grown via laser assisted molecular beam epitaxy (laser-MBE) onto a single crystalline
substrate is the careful investigation of the influence of deposition parameters on char-
acteristic material parameters. For the oxide semiconductor ZnO, we have analyzed the
growth of (0001) ZnO thin films on (0001)-oriented sapphire (AlyO3) substrates. In the
following we first present a study of the influence of the deposition parameters on the
structural quality of the ZnO thin films, which leads in the end to the optimization of
our laser-MBE grown samples. After this careful optimization we look into the typical
properties of these films using HRXRD, TDH, HRTEM, and PL measurements. The
results obtained from these measurements indicate that the optimized ZnO thin films on
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Figure 2.1: (a) Graphical illustration of the structural alignment between the (0001) sapphire
substrate and the (0001) ZnO thin film. The wurtzite ZnO consists of two inter-
penetrating hep lattices for Zn and O, respectively. (b) At the oxygen terminated
substrate the Zn atoms will align with respect to the hexagonal O-sublattice of
the AlsO3. This leads to an O-termination of the film and the epitaxial in-plane
relations between substrate and ZnO: Al;03(0001)[1120] || ZnO(0001)[1010].

sapphire are state-of-the-art, exhibiting excellent structural, electrical and optical prop-
erties. In addition, we finally propose further ways of optimizing the growth of ZnO on
sapphire, which might lead to an improvement in the mobility of the charge carriers in
our thin films.

2.2.1 Structural optimization with buffer layer

Zinc oxide thin films have already been deposited on many different substrate materials
with varying results regarding their structural, electrical and optical quality [42, 47, 104~
109]. For the studies in this work, we focused on the deposition on sapphire substrates,
where a successful growth of single crystalline thin films by various growth techniques is
already reported [42 52, 109, T10]. In contrast to homoepitaxial growth, this heteroepi-
taxial approach enables us to clearly separate film and substrate physical properties in
our measurements. One of the main disadvantages of this approach is the formation of
dislocations in the zinc oxide due to the large lattice mismatch between sapphire and
ZnO. In the following we focus on the growth of (0001)-oriented ZnO on (0001)Al,O3
substrates in our laser-MBE system. More details can be found in Appendix [A] The
structural analysis via x-ray diffraction(XRD) has been carried out at room temperature
using a Bruker Discover 4-circle diffractometer.

The c-plane of sapphire consists of alternating layers of oxygen (sixfold symmetry) and
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aluminum (threefold symmetry). In contrast, the wurtzite structure in ZnO results in
a sixfold symmetry for both Zn and O along the c-axis. Under the assumption of an
oxygen terminated sapphire substrate the Zn sublattice of the zinc oxide will align itself
to the O sublattice of sapphire [42] [I11]. This is illustrated in Fig. and leads to
the following epitaxial relationship between substrate and thin film: Al,O3(0001)[1120] ||
ZnO(0001)[1010]. This 30° rotation between the a-axes of sapphire and zinc oxide lead
to an effective reduction of the lattice mismatch to 18.4%, which is still an extremely
large value. The large misfit and the resulting high dislocation density will dominate
the physical properties of the ZnO thin film. One should also note that due to the bulk
inversion asymmetry of the wurtzite structure (i.e. the [0001] and [0001] direction are
not equivalent), the alignment of the Zn sublattice of ZnO to the O-sublattice of AlyO3
leads to the orientation of the [0001]-direction pointing towards the substrate, implying
that the polarization in ZnO points toward the film surface [49]. One of the major goals
during this thesis was to optimize the growth of ZnO on (0001) sapphire, which should
in the end lead to a reduction of structural disorder and improvement of electrical and
optical properties of the zinc oxide layer.

The improvements of the laser-MBE system (Appendix implemented in the course
of this thesis, i.e. the installation of a new optical lens system and a new software control,
enables us to monitor and control all important growth parameters with high precision
and reproducibility during each stage of growth in our deposition chamber. The most
important parameters for the pulsed laser deposition (PLD) process are substrate tem-
perature Ty, energy density pgp at the target and repetition rate of the ablating excimer
laser, pressure p, type of background gas, and target-to-substrate distance. During the
optimization process we kept the target-to-substrate distance at a constant value of 60 mm
and varied systematically the other deposition parameters.

The first step towards high quality ZnO thin films on sapphire was the determination
of optimal ggp. Therefore we studied the structural properties of ZnO layers grown at
Tup = 600°C, po, = 1 pbar, 2 Hz repetition rate, and a constant value of 2000 laser pulses
with different ggp ranging from ggp = 0.75J/cm? up to ggp = 1.5J/cm?. The goal of
this study was to determine a gogp where we achieve an optimum in all of the following
properties: high structural quality, maximum growth rate and low film roughness. The
experimental results are summarized in Fig. 2.2fa)-(e). From the 26 — w scans in the
vicinity of the ZnO (0002) reflection ("film peak”) depicted in Fig. [2.2(a), we find that
the film peak has its maximum in intensity and narrowest line width indicating a high
growth rate with good structural properties for ggp = 1J/cm? and ggp = 1.125J/cm?,
All (0002) film reflections are close to the 26 bulk value of ~ 34.44° pointing to a relaxed
growth of the film on the substrate. This relaxed growth is due to the large lattice
mismatch and has been observed for all films grown. Moreover, the optimum pgp lying
between 1J/cm? and 1.125 J/cm? is also supported by the minimum in the 26 full-width
at half maximum (FWHM) of the ZnO (0002) reflection as shown in Fig. [2.2|c) at exact
the same ggp values, indicating a smaller in-plane mosaic spread. An additional indicator
for superior structural quality at ggp = 1J/cm? and ggp = 1.125 J/cm? is the minimum
in FWHM for the ZnO(0002) rocking curve plotted in Fig. 2.2(d). Regarding the surface
roughness and growth rate we investigated the obtained reflectometry data in Fig. (b)
and extracted the corresponding film thicknesses and surfaces roughnesses by fitting the
experimental data with a simulation via LEPTOS [112]. The results for ¢z,0 are shown

in Fig. 2.2(e). From the reflectometry data in Fig. 2.2(b) we can clearly see that the
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Figure 2.2: XRD results of the laser-MBE energy density optimization: (a) 20 —w scans around
the Zn0O(0002) reflection for ZnO films deposited on (0001)Al;O03 at Ty, = 600 °C,
po, = 1 pbar, gpp = 0.75J/cm? (black line), ggp = 0.875J/cm? (red line), ggp =
1J/cm? (green line), opp = 1.125J/cm? (blue line), ggp = 1.25J/cm? (cyan line),
and ogp = 1.5J/cm? (magenta line). (b) Obtained reflectometry data for the
very same films as in (a) (same color code). (c) Extracted 20-FWHM of the ZnO
(0002) as a function of energy density from (a). (d) Dependency of the FWHM of
the ZnO(0002) rocking curve on ggpp. (e) Calculated tz,o from the reflectometry
measurements for different energy densities. All the results obtained show that the
optimum ggp lies between 1J/cm? and 1.125 J/cm?.

exponential decay, which is an indicator for the film surface roughness, is lowest for
ogp = 1J/cm? and gpp = 1.125J/cm?. In addition, the oscillation period of the beating
pattern modulating the exponential drop is highest for these energy densities, indicating a
thicker ZnO thin film at these values. This is supported by the film thickness dependence
on ogp in Fig. (e), where we find maximum growth rate for ggp = 1.J/cm?. For smaller
oep the kinetic energy of the plasma plume is lower and less target material arrives at
the substrate reducing the growth rate. If ggp > 1J/cm? the kinetic energy of the target
material is further increased, at the substrate the particles may then destroy partly the
already deposited film and this leads to a reduction of the growth rate. In summary, this
energy density optimization yielded a value of 1J/cm? for the growth of zinc oxide thin
films with a high growth rate and good structural properties.

The epitaxial in-plane relationship between sapphire and ZnO depends on the relative
alignment of the oxygen sublattice of Al;O3 and the zinc sublattice of ZnO. In recent
publications it has been proven that an additional substrate annealing step at elevated
temperatures 7' > 800 °C in oxygen atmosphere leads to an improvement of the substrate
surface and epitaxial quality of the ZnO thin film [T13] [114]. We carried out an experi-
mental study on the effect of substrate annealing on the structural quality and found a
large improvement by annealing the substrate at Ty, = 850°C for 1 hour in an oxygen
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Figure 2.3: Structural characterization of ZnO(0001) thin films on (0001)AlyO3 for a systematic
variation of substrate temperature, while keeping opp = 1J/cm? and po, = 1 ubar
constant. (a) Development of the 20 — w scans around the ZnO(0002) reflection
for Tsup = 600 °C (black line), Tgup = 550 °C (red line), Ty, = 500°C (green line),
Tsub = 450°C (blue line), Ty, = 420°C (cyan line), Ty, = 400°C (magenta line),
Tsup = 380°C (yellow line), and Ty, = 320°C (dark yellow line). (b) Evolution
of the reflectometry for different substrate temperatures during growth (same color
code as in (a)). (¢) FWHM of the 20 for the ZnO as a function of Tyy,. Tsup
dependent trend of the FWHM of the ZnO(0002)(d) and (1010)(e) rocking curve.
(f) Extracted tzno for different Ty, from reflectometry measurements. The red
lines in (c)-(f) are guides to the eye.

atmosphere of po, = 1 pbar. In the following, we annealed the substrate in situ prior to
deposition in po, = 1 pbar at Ty, = 850 °C for one hour to obtain an oxygen terminated
sapphire surface improving the quality of the ZnO thin film. To achieve such high sub-
strate temperatures we have deposited a 180nm thick Pt layer on the back side of the
sapphire substrate to increase the absorption of the infrared laser heater (cf. App. .
Another important parameter that influences the epitaxial quality of the ZnO thin
film is the substrate temperature Ty, during deposition. To study the influence of T,
we deposited ZnO thin films on in situ annealed Al,O3 substrates at various deposition
temperatures, while keeping ggp = 1J/cm?, po, = 1 ubar, repetition rate at 2 Hz and
the number of laser pulses at 2000. The quality of the ZnO layer was then examined by
HRXRD, the results obtained are depicted in Fig. [2.3(a)-(f). If we look at the curves for
the 20 — w scans around the ZnO(0002) reflection in Fig. [2.3|(a), we can clearly see that
for deposition temperatures between 380 °C and 500 °C satellites due to Laue oscillations
are visible, reflecting a coherent growth in the out-of-plane direction. Moreover, when
we compare the 20 FWHM values of the ZnO(0002) reflection in Fig. 2.3|c) for the dif-
ferent deposition temperatures, the values are as low as 0.1° for 400°C < Ty, < 500°C.
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In addition, the FWHM of the x-ray rocking curve (XRC) for the symmetric (0002)
diffraction in Fig. [2.3(d), implying the tilt component of the in-plane mosaic misorienta-
tion [115], has its lowest value of 0.04° for 400 °C < Ty, < 500 °C. The FWHM of XRC of
the asymmetric ZnO(1010) reflection in Fig. (e), reflecting both the twist component
of the in-plane mosaic misorientation, which strongly influences the mobility of charge
carriers [I15] in ZnO on sapphire, and tilt component, has the lowest value of 0.4° at
Tsar, = 500°C. To further narrow down the optimum growth temperature we now look at
the XRD reflectometry data for the various films in Fig. [2.3(b), where all curves exhibit
oscillations allowing a determination of the film thickness. In addition the reflectometry
data show, that the exponential drop is smallest for a deposition temperature between
400°C and 450 °C. From the film thickness versus growth temperature it is evident, that
the final film thickness nearly stays constant at 100 nm for Ty, < 500 °C and then slowly
drops for higher deposition temperatures. This decrease in growth rate also explains
the reduction in structural quality at high temperatures (T, > 500°C). From these
results we conclude that the optimum deposition temperature lies at T, = 400°C. For
this decision we have also considered, that a lower substrate temperature is desirable
because it will allow the growth of sharp interfaces and lowers interdiffusion. The re-
duction of interdiffusion of Al from the substrate to the ZnO film is important to reduce
the residual carrier concentration in ZnO because Al forms a shallow donor in ZnO [69)].
The good structural quality verifies that the previous carried out optimization of ggp
at Ty, < 600°C remains still valid for the lower substrate temperature. This is also
further supported by a rough energy density optimization with two additional samples,
not shown here.

A further increase in thin film quality can be achieved by introducing a buffer layer
between the substrate and the thin film, which reduces the lattice mismatch. Several
groups reported on an improvement of structural and electrical quality by using differ-
ent complex buffer layer systems including an annealed ZnO buffer layer [105] 110} 116],
a (Mg,Zn)O buffer with different Mg content [109, 117], and a double buffer layer of
Zn0O/MgO [47, [115]. But the introduction of a buffer layer will also complicate the anal-
ysis of the measurement of physical properties, because the origin of observed effects can
be both, the thin film on top or the buffer layer below. In order to reduce the complex-
ity of the buffer layer system we first investigated the influence of a high temperature
annealed ZnO buffer layer onto the structural properties of a ZnO layer grown on top.

In Fig. [2.4(a)-(f) we have collected all information from growth and HRXRD for the
optimum deposition conditions of buffer layer and film. The time dependent substrate
temperature evolution for the whole growth process in the laser-MBE chamber is summa-
rized in Fig. [2.4(a): First the sapphire substrate is heated up to 850 °C and annealed for
one hour in po, = 1 pbar, the inset in Fig. (a) shows corresponding in situ reflection
high-energy electron diffraction (RHEED) patterns for characteristic stages of growth.
During the substrate anneal additional diffraction peaks appear in the RHEED pattern
and the sharpness of the pattern increases indicating the surface reconstruction with an
oxygen termination. T, is then lowered to 400 °C, where the ZnO buffer layer with a
thickness of 15 nm is grown at ggp = 1J/cm?, po, = 1 ubar, and a repetition rate of 2Hz.
After the growth of the buffer layer the RHEED pattern has changed to a spotty pattern
indicating a rough surface and the spacing between the streaks has increased. The buffer
layer is then annealed at 7Ty, = 600°C for 30 min and po, = 1 pbar. The buffer anneal
changes the observed the RHEED pattern into a streaky one arising form the increased
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Figure 2.4: Results obtained for buffer layer optimization: (a) Time dependent evolution of
the substrate temperature during growth of a ZnO thin film on a ZnO buffer layer.
The insets show typical RHEED patterns at different stages during growth, the
relation to the corresponding stage of growth is indicated by the green arrows.
(b) 260 — w scan for a 120nm ZnO thin film on a 15nm ZnO buffer layer. Only
reflections of the (0001)-oriented ZnO and the substrate are visible. Comparison
of the 20 — w scans around the ZnO(0002) reflection for different ZnO thin films
on (0001) sapphire substrates: 120nm ZnO on 15nm ZnO buffer (black), 120 nm
ZnO thin film (red), and 350nm ZnO thin film (blue). (d) w rocking curve of the
Zn0(0002) reflection for a 120nm ZnO film on a 15nm ZnO buffer layer. The red
and green lines represent two Gaussian fits to the data. (e) Corresponding rocking
curve of the ZnO(1010) reflection with a FWHM of 0.46° obtained from a Gaussian
fit (red line). (f) XRD reflectometry data for the very same film as in (d) and (e).

smoothness of the surface. Now the substrate temperature is again lowered at a rate of
10 K/min to 400°C and the final 120 nm thick ZnO film is deposited at the same con-
ditions as the buffer layer. After a few pulses the streaks in the RHEED pattern are
overlayed by spots, representing a 3d growth on the buffer layer. After the deposition the
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substrate is cooled down to room temperature at a rate of 10 K/min and po, = 1 ubar.
At the end of cool down the RHEED pattern remains a streaky one with super imposed
spots, showing an increase in surface roughness.

The corresponding 26 — w scan of this buffered ZnO thin film is depicted in Fig. (b)
The occurrence of peaks that can either be attributed to the (0001)-oriented substrate or
the (0001)-oriented film evidently negate the existence of any secondary phases present
in the sample. A magnification in the vicinity of the ZnO(0002) diffraction can be found
in Fig. 2.4c), where we also compare the buffered film with two ZnO films with differ-
ent thicknesses and without buffer layer deposited on c-plane sapphire under the same
optimum conditions reported above. Laue oscillations are observed in all 3 samples, but
for the thinner buffer-less ZnO film the (0002) reflection is slightly asymmetric, which
is an indicator for a strain gradient in the sample. In contrast, the 120nm thick ZnO
with buffer shows a symmetric peak comparable to or even better than a 300 nm thick
7m0 film without buffer. This result shows that the introduction of an annealed buffer
layer significantly reduces the strain in the ZnO layer grown on top of it. The curve in
Fig.[2.4(d) represents the XRC of the ZnO(0002) reflection for the buffered ZnO film. On
the logarithmic scale it is evident that the peak has two components, a broader peak with
a low intensity and a narrow one with high intensity. We used a Gaussian fit to the data
to extract the FWHM for both peaks and obtained 0.08° for the broad and 0.04° for the
narrow one. We attribute the broad peak to the ZnO buffer, which has a slightly higher
mosaic spread than the narrow ZnO top layer. Both values are excellent and indicate only
a small tilt component of the buffer and the top ZnO film. This result also suggests that
the mosaic spread of the ZnO layer is reduced with increasing film thickness. In contrast,
the XRC of the asymmetric (1011) reflection indicates a large twist component as the
data in Fig. (e) suggests. Again from a Gaussian fit to the data we extracted the value
of the FWHM of 0.46°. Compared with results from other groups both FWHM values
of the XRC for the symmetric and asymmetric reflection are on par or exceed already
published data [105, 109 115, 116] for the growth of ZnO on c-plane sapphire. Last but
not least we extracted from the XRD reflectometry measurement shown in Fig. [2.4(f)
the total film thickness of 135nm and a surface roughness < 0.5nm for the ZnO layer.
These results are clear evidence, that the introduction of a buffer layer in our samples
lead to an improvement in structural quality of our samples with a low interface and
surface roughness.

Triggered by recent reports on the influence of oxygen pressure on the growth mode
and electrical and optical properties of ZnO thin films [I18] [119] we also investigated the
influence of different pp, on our buffered ZnO thin films. For a first analysis we have grown
three different samples: One grown under the very same conditions as described in the last
paragraph, one sample grown at po, = 0.4 ubar during deposition of buffer and ZnO layer
and another one grown at po, = 5 pubar. For each sample the number of pulses for the
buffer and the film were identical (300 and 2000 respectively) and the other deposition
parameters remained unchanged (T, = 400°C,ogp = 1J/cm?, 2Hz repetition rate).
The annealing of the sapphire substrate was always carried out at po, = 1pbar for
all three samples. The data obtained from HRXRD are summarized in Fig. [2.5(a)-
(¢). From the peak position for the three samples in the 20 — w scan in Fig. 2.5(a), a
systematical shift to higher 26 values is observed for increasing po,. Moreover, a higher
asymmetry and less pronounced Laue oscillations are visible for the sample grown at
po, = b pbar. From the HRXRD reflectometry measurements in Fig. (b), an increase
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Figure 2.5: Structural evolution of the ZnO buffer layer system for different oxygen pressures
during growth: (a) 260 — w scan around the ZnO(0002) reflection for po, = 1 ubar
(black), po, = 0.4 ubar (red), and po, = 5 ubar(blue). (b) HRXRD reflectometry
measurements for the three very same films as in (a) (identical color code). (c)
XRC of the ZnO (0002) diffraction for all 3 films.

in surface roughness for po, = 5 pbar is indicated by the much steeper drop in intensity.
In addition, the oscillation frequency has its highest value for po, = 1 ubar. The XRC for
the ZnO(0002) reflection for each sample are shown in Fig. [2.5(c). Each sample exhibits
the already described double peak structure with a broad low intensity and a narrow high
intensity peak. The width of the narrow peak does not depend on pg,, but the broader
peak increases in width with increasing pressure. Combining all these results, the used
po, of 1pubar seems to give the samples the highest structural quality, but it might be
possible that a further reduction of po, below 0.4 ubar leads to a further increase in
sample quality. Unfortunately, due to technical limitations it is currently not possible
to stabilize pressures below 0.4 ybar in a highly reproducible way. This makes a reliable
further pressure related study impossible.

Summing up the results, the growth optimization yields high quality samples for the
following deposition parameters: po, = 1 ubar, ggp = 1J/cm?, Ty, = 400°C. Prior to
thin film deposition it is crucial to first anneal the sapphire substrate at T, = 850°C
for 1h in an oxygen atmosphere of po, = 1 ubar. To further increase the quality of ZnO
films with thicknesses below 300 nm the introduction of a ZnO buffer layer leads to a
significant increase in structural quality.

2.2.2 Characteristics of optimized ZnO thin films

After the successful growth optimization we present below the typical physical properties
obtained for our samples grown under the optimized conditions from HRXRD, TDH,
TEM and PL experiments.

2.2.2.1 HRXRD results

In many ZnO films grown on c-plane Al;O3 via various deposition techniques the existence
of rotational domains has been reported [42, [IT1]. These rotational domains have a
negative influence on structural, electrical and optical properties [42]. In order to study
the presence of rotational domains in our samples and the in-plane epitaxial relationship
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Figure 2.6: ¢-scans for the AloOs {1126} and ZnO{1011} reflections for a 300 nm thick ZnO
layer without buffer. The reflections from the substrate and the thin film coincide
perfectly, exhibiting a sixfold symmetry and indicating a successful realization of
the following epitaxial relationship: AlyO5(0001)[1120] || ZnO(0001)[1010]. The
absence of any additional reflections in the ¢-scan of the ZnO provide clear evidence
for the existence of only one rotational domain.

between substrate and film, we conducted ¢-scans for the Al,O3 {1126} and ZnO{1011}
diffraction peaks for all samples grown under the optimized deposition conditions with
and without buffer layer. The data from a sample grown at po, = 1 ubar, ggp = 1J/cm?,
Tsar, = 400°C and a thickness of 300 nm are shown in Fig. and reflect the typical
results obtained for all of our samples. Both ¢-scans exhibit a sixfold symmetry and
no additional reflexes in the ZnO {1011} scan can be found. From this we conclude
that no additional rotational domains in our ZnO thin films are present. The reflections
from the substrate and film coincide at the same ¢ values, which is due to the parallel
alignment of the oxygen sublattice of sapphire and the zinc sublattice of zinc oxide. This
finally leads to the already expected in-plane epitaxial relationship of Al,03(0001)[1120] ||
Zn0(0001)[1010]. One should remember that this epitaxial relationship also implies that
the [0001] direction in ZnO points to the substrate. These results are also obtained
for ZnO films grown on either ZnO or (Mg,Zn)O (maximum Mg content 10%) buffer
layers, if the optimized deposition parameters are used. The HRTEM images presented
in Sect. support this finding (Fig. [2.14)).

For a deeper insight into the epitaxial quality and an extraction of in-plane and out-of-
plane lattice constants we have carried out reciprocal space mappings (RSM) for various
ZnO thin films grown on (0001) oriented sapphire. The results are outlined in Fig. [2.7)(a)-
(f), while the relevant structural quality and lattice parameters for each film presented
in Fig. 2.7|(a)-(f) are summarized in Table 2.1} We first focus on the results obtained for
ZnO layers of different thickness as grown on an oxygen annealed substrate. From the
position of the (1014) reflection in Fig. (a) we extracted the lattice parameters for a
300 nm thick ZnO film az,o = 0.3250 nm and c¢z,0 = 0.5205nm. For the 1000 nm thick
ZnO layer in Fig. [2.7(b) we obtained az,o = 0.3248 nm and c¢z,0 = 0.5205nm. Both sets
of lattice parameters are very close to the bulk values of ZnO (az,0 = 0.32496 nm,cz,0 =
0.52042nm [45]) attesting a relaxed growth of ZnO on the c-plane sapphire. In addition,
both diffraction peaks exhibit an elliptical shape stemming from the difference in the
FWHM of the tilt and twist components of the peak. With increasing film thickness
the (1014) ZnO diffraction peak increases in sharpness. To further quantify this, we
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also conducted w-XRC around the (0002) and (1011) reflection of ZnO and extracted
the FWHM. For the 300 nm film we obtained FWHMggo2) = 0.02° and FWHM 441,y =
0.4°, whereas in the case of a 1000nm thick film we extracted FWHM g2y = 0.02°
and FWHM, o1y = 0.27°. This shows that the width of the symmetric reflection stays
constant, which means that the tilt component of the in-plane mosaic misorientation
does not decrease. But the width of the asymmetric peak, which is dominated by the
twist component, decreases with increasing thickness, indicating a reduction of the twist
component for the in-plane mosaic misorientation.
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Figure 2.7: RSM of the ZnO (1014) diffraction for different ZnO thin films grown using the op-
timized deposition parameters for our laser-MBE setup:(a) (1014) RSM for a buffer-
free 300 nm thick ZnO thin film. (b) (1014) RSM for a 1000 nm thick film without
buffer layer. (c¢) (1014) RSM for a 120 nm thick ZnO film on a 15nm ZnO buffer
layer. (d) (1014) RSM for a 500 nm thick ZnO film on a 50nm (Mgp.06,Z1n0.94)O
buffer layer.(e) (1014) RSM for a 80 nm thick ZnO film on a 10 nm ZnO buffer layer
grown in nitrogen atmosphere pn, = 0.8 ubar under irradiation by the nitrogen
atom source (P = 400W). (f) (1014) RSM for a 200 nm thick (Mgg.o6,Zn0.94)O

film on a 1000nm ZnO layer. In each panel, the dashed lines indicate the position
of maximum intensity.
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This reduction in the twist component might originate from the mutual annihilation
of dislocations with increasing film thickness [120].

When we compare the results obtained for ZnO films grown on different buffer systems
in Fig.[2.7(c)-(e), we first see a shift in the position of the ZnO diffraction peak depending
on the used buffer layer. For a standard 15 nm ZnO buffer the position remains unchanged
compared to the films without buffer layer, indicating no change in lattice parameters.
For the thicker 50nm (Mgp o6,Zn0.94)O buffer layer the lattice parameter changes to an
increased a-lattice and a slightly decreased c-lattice constant. For the 10 nm ZnO:N buffer
small deviations from the standard values are visible. When comparing the structural
quality of the ZnO films on a buffer with those without a buffer (cf. Table , it is
evident that comparable FWHM in the XRC are obtained for thinner ZnO samples if
a buffer layer is used. We note that the use of a 50 nm (Mgg g6,Z1n0.94)O buffer results
in an improvement of crystalline quality of the samples. This is also supported by the
results of the TDH measurements, presented below (cf. Sect.. We also investigated
the influence of nitrogen incorporation on the structural properties of buffered ZnO thin
films. The buffered sample has been grown on an annealed sapphire substrate, using the
optimized deposition parameters (ggp = 1J/cm?, Ty, = 400°C), in a nitrogen growth
atmosphere of py, = 1 ubar. To increase the efficiency of N incorperation into ZnO we
used the installed radio frequency (RF-) atom source, which was running at a RF-power
of 400 W during deposition of buffer and film, and a buffer anneal at T}, = 600°C for
30min. The RSM of this sample is shown in Fig. [2.7(e). The reduced sample quality
for a nitrogen doped ZnO buffer might originate from the difficulty of stabilizing the
deposition conditions, while the RF-atom source is running (cf. Appendix [A]).

The structural analysis attests an improvement in ZnO film quality if a buffer layer is
used. This is due to the reduction of lattice mismatch by the buffer layer, but we expect a
buffer layer with a high density of dislocations as the lattice mismatch is accommodated in
the buffer itself. This will become important for the measurement of integral properties,
where a separation of contributions from buffer layer and the film on top might be difficult
to achieve. A viable way of reducing the lattice mismatch in the buffer layer is the use
of a more advanced buffer system consisting of a (Zn,Mg)O buffer grown on a MgO
buffer [115]. The lattice parameters of MgO range in between the ones of sapphire and
zinc oxide, thus effectively reducing the lattice mismatch.

In proof-of-principle experiments, we looked also into the growth of heterostructures
of ZnO and (Mg,Zn)O. In Fig. 2.7(f) we show the RSM of a sample with a 200nm
(Mgo.06,Z1m0.094)O film grown on a 1000 nm thick ZnO layer, deposited on c-plane sapphire
under the optimized deposition conditions. In the RSM a weak intensity peak of the
(Mg 06,Z10.04)O layer and a strong ZnO diffraction are visible. This is a first evidence,
that our optimized growth parameters allow the growth of more complicated heterostruc-
tures such as single quantum wells or multiple quantum wells [47, 52]. These quantum
well structures might allow the investigation of 2DEGs and the quantum Hall effect in
ZnO in our laser-MBE grown samples [54] 56]. Nevertheless, prior to such expeiments a
further improvement in sample quality needs to be achieved.

In another set of test experiments, we fabricated three different samples grown on
differently oriented sapphire substrates and analyzed the structural quality via HRXRD
measurements to demonstrate the versatility of the optimized growth parameters. All
the samples were grown without a buffer layer but with a preceding substrate annealing
step in Oy at 850°C. The first sample investigated is a 300nm thick (0001)-oriented
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RSM in FWHMoag 00 | FWHM 40, FWHMW(lom azno[nm| | ezno[nm]
Fig. 2.7(a) 0.04° 0.02° 0.4° 0.3250 | 0.5205
Fig. 2.7(b) 0.06° 0.02° 0.27° 0.3248 | 0.5205
Fig. 2.7c) 0.07° 0.03° 0.46° 0.3250 | 0.5205
Fig. 2.7(d) 0.03° 0.01° 0.28° 0.3252 | 0.5202
Fig. 2.7(e) 0.08° 0.03° 0.48° 0.3251 | 0.5204
Fig. [2.7(f) 0.07° 0.06° 0.27° 0.3247 | 0.5205

Table 2.1: Collection of all relevant properties of differently grown ZnO films with and without
buffer layer on c-plane sapphire.

ZnO layer grown on c-plane sapphire ((0001)-orientation of the substrate) as a reference
sample. The x-ray diffraction results for this sample are summarized in Fig. 2.8(a)-
(c). As a second sample we have chosen a 300nm thick (0001)-oriented ZnO layer on
a-plane sapphire ((1120)-orientation of the substrate), where recent reports indicated a
uniaxially locked epitaxy due to the nearly multiple integer match of the ZnO a-lattice
and the c-lattice parameter of Al,O3 [12I], 122]. This uniaxial locked epitaxy should
lead to a reduction of rotational domains and thus increase the quality of the ZnO thin
film. The HRXRD results for this sample are shown in Fig. 2.§(d)-(f). To achieve an
in-plane orientated c-axis of ZnO we have also grown a 750 nm (1120)-oriented ZnO layer
on r-plane sapphire ((1102)-orientation of the substrate).

For the ZnO grown on (0001)-oriented sapphire, the Laue oscillations visible in the
20 — w scan (Fig. 2.§(a)) indicate a nice coherent growth of ZnO parallel to the out-of-
plane direction. We further find again the double peak type XRC for the (0002) reflection
in Fig. (b), which might be attributed to a splitting of the ZnO layers into two phases
with different in-plane mosaic spread. The FWHM of 0.02° for the narrow peak attest
a high structural quality. The twist component of the in-plane mosaic misorientation
can be evaluated by the XRC of the (1011) displayed in Fig. 2.§(c). The FWHM of
0.40° is an excellent value for a buffer-free ZnO layer on c-plane sapphire. The obtained
results clearly show how our very well tuned deposition parameters lead to a formation
of excellent quality ZnO thin films on c-plane sapphire.

We turn now to the sample grown on (1120) sapphire (a-plane). First, the absence
of Laue oscillations in the 26 — w scan in Fig. 2.§(d) is an indicator for a ZnO film
with reduced structural quality as the one on c-plane sapphire grown under identical
conditions. Moreover, we only observe a single peak in the ZnO(0002) XRC, with a
broad FWHM of 0.28°, which is one order of magnitude larger than for the sample on c-
plane sapphire. Interestingly, the FWHM of the (1011) XRC remains unchanged at 0.4°.
This implies that the twist component of the in-plane misorientation remains unchanged
by going from c-plane to a-plane sapphire, but the tilt component is increased. The
origin might be related to the fact, that the growth has not been optimized for a-plane
sapphire. Nevertheless, the deposition parameters allow the growth of (0001) oriented
7Zn0O on a-plane Al,O5 .

We also investigated the growth of (1120)-oriented ZnO on (1102)-oriented AlyO3 (r-
plane). The thin film obtained is highly (1120) oriented, only a low intensity ZnO(0002)
diffraction peak (intensity below 10cps) has been found. Fig. 2.§(g) displays a 26 — w
scan for the (1120) diffraction of ZnO. The peak is broader than the ones for a-plane
and c-plane sapphire and no Laue oscillations are visible, indicating a low coherence in
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Figure 2.8: XRD data obtained for ZnO thin films grown under the optimized laser-MBE depo-
sition conditions on differently oriented sapphire substrates: (a) 260 —w scan around

the ZnO(0002) diffraction for a 300 nm thin ZnO layer on c-plane sapphire (0001),

Laue oscillations are clearly visible. (b) Corresponding w-XRC for the ZnO film in
(a) of the (0002) reflection. The form of the peak indicates the existence of two lay-
ers with different mosaic tilt spread. (¢) w-XRC of the zinc oxide (1011) reflection,
with a FWHM of 0.4°. (d) 26 — w scan recorded in the vicinity of the ZnO(0002)
diffraction for a 300 nm thin film on a-plane Al;O3 (1120). Corresponding (0002)
(e) and (1011) (f) XRC of the very same sample as in (d). (g) 20 — w scan of the

Zn0(1120) reflection for a 750 nm thick ZnO layer grown on r-plane sapphire(1102).

In (h) and (i) the corresponding (1120) and (1012) w-XRC are shown, respectively.
Red lines in the XRC curves represent a Gaussian fit to the data.

the out-of-plane direction. Furthermore, the XRC of the (1120) in Fig. 2.8(h) has a
FWHM of 0.47°, which is a relatively large value but comparable to already reported

values [123, 124]. For the asymmetric (1012) XRC (Fig. R.§[i)) we extracted a FWHM

of 0.56°. These numbers prove that there is still room for further optimization of the

growth of ZnO on (1102)-oriented AlyO3 and that a high (1120) orientation of the thin

film can be achieved using c-plane optimized deposition parameters.

From the results obtained from the HRXRD measurements on samples grown with the
optimized laser-MBE parameters, it is safe to say that the achieved structural quality is
on par to results that other groups have obtained [105] 109, [115] [116].
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We expect a further increase in structural quality by employing a double buffer layer
of MgO and (Mg,Zn)O on sapphire, which should primarily reduce the still large FWHM
of the XRC for the ZnO(1011) reflection. By overcoming this obstacle the electrical and
optical properties of ZnO thin films on sapphire will be further improved. The other route
to increase the epitaxial quality of ZnO thin films, would be the use of lattice matched
substrates, such as homoepitaxy on ZnO and growth on ScAIMgOQOy.

2.2.2.2 Electronic transport measurements

A high structural quality verified by HRXRD is only the first step towards ZnO thin films
with excellent physical properties. A tunability of carrier concentration and mobility is
a desirable goal for the development of more complicated structures and for applications
involving ZnO. In order to extract quantitative values we have conducted temperature
dependent Hall effect measurements in Van-der-Pauw geometry with the external mag-
netic field perpendicular to and the electrical current in the film plane. The samples
have been placed in an Oxford Spectromag 4000 magnet cryostat system (puoH < 7T,
1.8 K < T < 350K) after contacting them with aluminium wires via wedge bonding. Lab-
view programs were used to record the magnetic field dependent resistance at different,
stabilized sample temperatures. From the resistance values we calculated the longitudinal
and transverse resistivity using the Van-der-Pauw formula [I25]. We further increased
the accuracy of our measurement by taking advantage of the symmetry or respectively
antisymmetry of the longitudinal and transverse signal by only further evaluating the
symmetric or antisymmetric part of the signal (for more details see Appendix . From
these measurements we extracted the Hall resistance Ry and the longitudinal resistivity
Plong at poH = 0. Using these two values and the film thickness ¢4, one can calculate
the carrier concentration ny,; and mobility pga.y of the thin film (assuming single band
transport [126])

1
NHall = 5
Rutgime
1
HHall = ——,
PlongNHall€

with e representing the elementary electron charge. Various deposition parameters will
influence ny.y and py.y. In the following, we present some selected dependencies found
for our optimized laser-MBE grown ZnO thin films. The results presented here have all
been obtained for ZnO on c-plane sapphire. The use of a buffer layer will be explicitly
mentioned in the text; if a buffer is not mentioned no buffer layer has been used for the
growth of the samples.

One might expect that the purity of the target material plays an important role for
the values of carrier concentration and mobility of the thin film. For a quantitative in-
vestigation, we have grown two samples from ZnO target material with 99.99%(4N) and
99.9995%(5N5) purity. Both ZnO films had a total thickness of 300 nm grown under the
same, optimized deposition conditions. The comparison of the temperature dependence
of nyan and pay are depicted in Fig. (a) and (b) respectively. For the 4N thin film, we
obtain g = 3.8cm?V~!s™ and ngan = 1.8x10'7 cm ™2 at room temperature, in contrast
for the 5N5 ZnO film we extracted ppay = 11.3cm?V=1s™! and ny.y = 1.3 x 1017 em 3.
The use of 5N5 target material leads to an increase in Hall mobility by a factor of 3 and a
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Figure 2.9: TDH measurement results for two 300 nm thick ZnO films on c-plane AloO3 grown
from target material with 4N and 5N5 purity. In (a) the extracted temperature
dependence of pyra is shown. For the sample with higher purity material the
mobility is increased by at least a factor of 2 over the whole temperature range.
The temperature dependent carrier concentration ny,y is depicted in (b).

decrease in measured carrier concentration by 28%. This illustrates that it is beneficial to
use high purity materials. But the increase in mobility and decrease in carrier concentra-
tion by less than one order of magnitude is a strong indicator that we are not limited by
the purity of the target material to obtain ZnO films with low carrier concentration and
high mobility. Other factors must dominate the observed mobility and carrier concen-
tration. During growth it is possible that an interdiffusion of aluminum from the Al,O3
substrate into the zinc oxide thin film occurs. Al forms a shallow donor when substituted
on a Zn site, effectively influencing the residual carrier concentration and the mobility
due to scattering on ionized and neutral impurities. Still the contribution from ionized
and neutral impurity scattering can not explain the low mobility values obtained [I15].
Another major factor limiting the mobility is the existence of edge type dislocations due
to the large lattice mismatch between substrate and film. These dislocations allow the
thin film to relax the misfit strain from the substrate. An indicator for the density of
dislocation sites is the FWHM of the ZnO(1011) XRC [115]. For our two films we ex-
tracted a FWHM of 0.40° for the 4N and 0.43° for the 5N5 film. These values should
be compared to the FWHM of 0.01° for a single crystalline ZnO substrate measured in
the very same diffractometerf] The thin film values exceed the bulk ones by a factor
of 40, which explains the low mobility values and enables us to use structural data for
a first qualitative estimation of electrical properties. Moreover, the target material is
not influencing the number of dislocation sites, other parameters during growth limit the
reduction of dislocations. By means of a buffer layer the strain transferred into the thin
ZnO film can be significantly reduced lowering the density of dislocations in the ZnO thin
film.

An interesting point is also the non-intuitive temperature dependence of Hall mobil-
ity and carrier concentration observed. The mobility for both films in Fig. 2.9(a) first
increases with increasing temperature, as it is expected for a mobility limited by impu-
rities and defects in the material, and then seems first to saturate at 7" = 100K but

ITypical values for a bulk hydrothermal grown ZnO crystal are np.n = 7 x 103 em™3, ppan =
200 cm?V 1~ [127]
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by further increasing the temperature the mobility again increases reaching a maximum
of 11.4cm?V~1s7! at 250K for the 5N5 film, whereas the 4N film increases its mobility
value up to the maximum temperature measured. In contrast, the carrier concentration
in Fig. [2.9(b) is nearly constant at low temperatures for both type of films, and starts to
decrease for T" > 100 K, this occurs at the same temperature where we saw the surpris-
ingly mobility increase with temperature. This drop in carrier concentration continues
for the 4N sample up to the highest temperature measured, for the 5N5 sample the con-
centration reaches its minimum value of 1.2 x 10!"ecm™3 at T' = 250 K, the temperature
where the mobility reaches its maximum. All these findings are a strong indicator that
the (at first sight) single ZnO layer consists of two parallel conducting channels with dif-
ferent mobilities and carrier concentrations. In the Hall measurements we extract values
which are a combination of both conducting channels. This will be investigated in more
detail in the following.

It has been already reported [120, 128] that the observed temperature dependence of
mobility and carrier concentration in the ZnO thin films on Al;O3 can be understood in
the picture of a two layer model, where a highly degenerate layer at the interface between
substrate and film with a high dislocation density is formed due to the relaxation of misfit
strain and a relaxed semiconducting film with lesser defects on top. We have grown two
Zn0O thin films on c-plane sapphire with different thicknesses of 300 nm and 1000 nm
to verify, that this is also the case for our laser-MBE grown thin films. For the thicker
sample the influence of the semiconducting layer on the Hall properties should be stronger
than for the thinner one. The extracted temperature dependent Hall mobility and carrier
concentration can be found in Fig. [2.10(a) and (b), respectively.
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Figure 2.10: TDH measurement results for two ZnO films on c-plane AlsO3 grown from 5N5
target material with a thickness of 300nm and 1000nm. In (a) the extracted
temperature dependence of up,y is shown. For the sample with larger thickness
the mobility is increased by at least a factor of 2 over the whole temperature range.
The temperature dependent carrier concentration ny,) is depicted in (b).

We first focus on the temperature dependence of the carrier mobility in Fig. [2.10(a).
The increase in thickness also increases the measured mobility over the whole temperature
range. Moreover, when looking at the position of maximum mobility for both films we
clearly see that it is shifted from 7" = 250 K for the thinner to 7" = 175 K for the thicker
sample. Looking now at the temperature dependence of ny,y in Fig. [2.10(b), a reduction
in carrier concentration by about one order of magnitude for the thicker sample is clearly
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visible. Moreover, the minimum in carrier concentration at elevated temperatures shifts
from T = 250 K for the thinner to 7' = 175 K for the thicker sample. In addition, we see
that at low temperatures the carrier concentration for the thick sample is temperature
independent, which is typical for a degenerate system. Therefore, we conclude that at low
temperatures the Hall characteristics are dominated by the degenerate layer, and with
increasing temperature the contribution from the semiconducting layer becomes more
important.

The thickness related change in temperature dependence and absolute values for Hall
mobility and carrier concentration irrefutably confirms, that our laser-MBE grown ZnO
films on Al,O3 also suffer from the contribution of a low mobility degenerate layer formed
at the interface of substrate and thin film. A more quantitative evaluation by fitting the
Hall data with a theoretical model will be conducted at the end of this section.

Up to now, we have only investigated ZnO films without a buffer layer, which show a
temperature dependency, that is reminiscent of a two layer system. For the buffered ZnO
thin films, we already expect a two layer character in TDH measurements, since both
the buffer and the film on top are electrically conducting and will both contribute to the
integral measured Hall mobility and carrier concentration. To confirm this assumption
and also investigate the influence of the repetition rate of the excimer laser, we have grown
3 samples with a 15nm (Mgg.o,Z10.94)O buffer layer annealed at 600°C and a 300 nm
AN ZnO layer on top with a repetition rate of 2Hz, 5Hz and 10Hz. The extracted
values of ipan and npay from TDH measurements are summarized in Fig. 2.11fa) and
(b), respectively.
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Figure 2.11: Extracted temperature dependent Hall mobility (a) and carrier concentra-
tion (b) for three samples consisting of a 300nm 4N ZnO layer on a 15nm
(Mgo.06,Z10.94)O buffer layer grown with a repetition rate of 2Hz (green),
5Hz(red) and 10 Hz(black).

For all 3 samples with buffer layer, we observe that the Hall mobility remains nearly
constant over the whole temperature range. Only for the sample with 2 Hz repetition
rate the mobility drops for temperatures below 150 K. For a repetition rate of 10 Hz we
obtain a mobility of ~ 7 cm?V ~!s~! which is slightly higher than the value of 5 cm?V ~!s!
obtained for the buffer free sample in Fig[2.10[a). More interestingly, the carrier concen-
tration for the samples with buffer layer has increased by almost two orders of magnitude
compared to the buffer free sample in Fig. (b) We attribute this significant change in
carrier concentration to the annealing process of the buffer layer and the related strong
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exponential increase of Al diffusion from the substrate into the buffer at the elevated
annealing temperature of 600°C. This leads in the end to a degenerate buffer layer with
a low mobility, which dominates the Hall measurements.

This fact is supported by the TDH results of an annealed 15 nm (Mgg o6,Z10.94)O buffer
layer shown in Fig. [2.12(a) and (b). The carrier concentration of the buffer layer in
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Figure 2.12: Temperature dependence of Hall mobility (a) and carrier concentration (b) for a
15nm (Mgg.06,Z19.94)O buffer layer extracted from TDH measurements.

Fig. [2.12|b) is independent of temperature for 7 = 10K and remains at 1.5 x 1019 cm =3,
which is greater than the Mott criterion of 2 x 10*® cm™ for degenerate conduction in
Zn0O. In contrast to the temperature independent mobility of a combination of buffer layer
and ZnO, the mobility of the buffer alone drops for decreasing temperatures by almost
an order of magnitude. This difference in behavior might be explained by assuming
the formation of a low mobility 2DEG at the interface between (Mg,Zn)O buffer and
ZnO layer [47]. The formation of the 2DEG arises from the difference in band gap and
polarization in (Mg,Zn)O and ZnO.

For an extraction of quantitative data regarding doping level, density of dislocations
and activation energies, we follow the approach described in recent reports [115] 120, [128),
129]. Following this approach the measured temperature dependent Hall mobility and
carrier concentration is fitted by using a theoretical description of a two layer system.
The two layer system has different thicknesses t; of a degenerate layer 1 and t, of a

semiconducting layer 2. This leads to a weighted average of the total measured g (7)
and nyan(7) [129):

(T) = 83 (T)na (T) + topia(T) pro,ran(T) 1o (T)
P = T (T (T) + tajia(T)na(T)
(t1p1 (T2 (T) + topa(T)no(T))?
(ty + t2) (t1p3 (T)na (T) + topo(T) pio,ran(T)n2(T))

(2.1)

nHau(T) =

(2.2)

Here 11(T') and po(T') are the drift mobility of layer 1 and layer 2, respectively. While
o, mau(T’) stands for the Hall mobility of layer 2E| Here the carrier concentration of the
degenerate layer 1 is temperature independent and determined by the donor N4, and

2For the degenerate layer Hall and drift mobility are identical, while for the semiconducting layer the
two mobilities need to be calculated separately from the average scattering time (See Appendix
and [129]).
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acceptor N, ; concentrations ny(7") = Nq1 — Na 1. The temperature dependency of layer
2 is modeled by:

no(T) = %(@(T) + Nao) (\/l + 4(1)((;:2;{;[(:’_2];&7]:)&’2) - 1) , (2.3)

where ®(T) = (2(2rmoksT)? /h*)(go/g1) (M /mo) 2 exp(—Eq,/ksT) describes the activa-
tion of a hydrogen like donor. The degeneracy (go/g1) is set to 1/2, Eq 4 is the activation
energy of the donor, kg the Boltzmann constant, mg the mass of a free electron, m,,
density-of-states effective mass and h the Planck constant. The description of py(7),
po.man (1), and po(T) is achieved by taking into account different scattering mechanism,
including scattering on ionized and neutral impurities, scattering at dislocations (these
three contributions dominate at low temperatures), scattering by acoustic, piezoelectric,
and polar optical phonons (phonon scattering dominates at high temperatures). The
effective scattering time is obtained from Mathiessen’s Rule, more details can be found
in [120, 129]. The Mathematica syntax used for the simulation can be found in Ap-
pendix The input parameters were manually optimized until a satisfying agreement
between simulation and experimental data was achieved. In the following, we present
the obtained simulation curves in comparison to the experimental data for two samples:
First for a 1000 nm thin ZnO film grown directly on c-plane sapphire with the optimized
deposition parameters in Fig. [2.13|(a) for mobility and Fig. [2.13|(c) for carrier concentra-
tion, and second a 500nm ZnO film on a 50 nm (Mg 6,Zn0.94)O buffer layer grown on
(0001)Al,O3 in Fig. 2.13|(b) and (d). The fit via the simulation allows for a quantitative
understanding of the transport phenomena in the buffer free ZnO layer leading to the ob-
served temperature dependence of ppay and nyg.;. The thickness value for the degenerate
layer is t; = 60nm. For 7' < 70 K the integral Hall mobility and carrier concentration is
dominated by the degenerate layer 1 as there is only a vanishing number of free electrons
in layer 2 contributing to the Hall effect. By increasing the temperature above 70 K an
increasing number of free electrons is thermally activated in layer 2, increasing its contri-
bution to the total pug.y and ng.y. For temperatures above 100 K, the total mobility and
carrier concentration is dominated by the semiconducting layer 2. The extracted acti-
vation energy of 55 meV corresponds nicely with the one reported for aluminium donors
in [I30, I3T]. Moreover, the extracted values for the donor concentration are by one
order of magnitude lower than the ones in [I20] and equal to the ones in [128]. This
indicates that our samples have a low residual carrier concentration. In contrast, the
mobility values obtained for our films are at least one order of magnitude lower than the
ones reported in [120] [128]. This is mainly due to the high density of dislocations present
in our samples limiting the maximum py,;. The dislocation density in our samples are
more than two orders of magnitude higher than the ones in [120]. But one should note
that these lower values where obtained by using a high temperature MgO buffer layer on
sapphire.

For the simulation of the ZnO film on the (Mg,Zn)O buffer layer, we assumed a thick-
ness of t{ = 50 nm and ¢, = 500 nm. For the buffer layer, we have used the measurements
on the buffer alone as a reference. As it is evident from Fig. 2.13|(b), the total theo-
retical approach underestimates the measured mobility by a factor of 3 for T > 150 K.

This originates from the fact that the donor concentration Ng; = 4.5 x 10 cm™ in
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Figure 2.13: Application of the two layer Hall simulation model for the extraction of quanti-
tative data for the density of dislocations Ngis 1, Ngis2, density of donors Ny 1,
Ng 2, and the corresponding activation energy Fq2. In all graphs simulations are
indicated by differently colored lines: black represents a simulation for the whole
system, blue layer 1 alone and red layer 2 alone. Data points are displayed as
black open symbols. The temperature dependence of the mobility (a) and carrier
concentration (c) in experiment and simulation for a 1000 nm thick ZnO film on
sapphire show an excellent agreement between theory and experiment. The results
obtained for the mobility and carrier concentration of a 500 nm thick ZnO film
on a 50nm thin (Mgp.06,Z10.94)O buffer on c-plane sapphire are shown in panels
(b) and (d). respectively. The sample sketch explains the orientation of the ZnO
[0001] direction in our buffer sample, which allows the formation of a polarization
induced 2DEG at the interface between (Mg,Zn)O and ZnO in the ZnO layer.

the degenerate buffer layer leads to a domination of the mobility by ionized impurities.
But at such high impurity concentration the formation of an impurity band is possible,
making an application of the used theoretical model impossible. In addition, the high
number of free electrons in the buffer dominates the measured Hall mobilities and carrier
concentration in the total system. Unfortunately, this dominating buffer layer makes the
extracted quantities of the semiconducting ZnO layer highly questionable. Nevertheless,
the low residual carrier concentration that has already been found in the buffer free layer,
remains unchanged by the growth on a buffer layer with an activation energy pointing to
aluminium as the main impurity in our samples.

At temperatures below 100K, there exists a huge difference between the measured
and theoretical mobility of our buffer sample. One should also remember that we saw a
decrease in mobility also for the degenerate buffer layer alone, which is clearly not the
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case when combining a (Mg,Zn)O buffer with a ZnO layer. This indicates the formation
of a low mobility 2DEG at the interface between ZnO and (Mg,Zn)O, which is related to
the difference in band gap and polarization of ZnO and (Mg,Zn)O forming a triangular-
potential at the interface. More details and a more elaborate description can be found
in [54]. Still the Hall mobility is rather small when compared to the values of several
100 cm?V~1s™t in [52]. This is related with the still high number of dislocations in the
ZnO which will drastically reduce the mobility of the 2DEG.

Summing up the results obtained from TDH measurements, the experimental data
can be understood in the model of a two layer system, with a degenerate and a semi-
conducting layer. Our samples show a low residual carrier concentration caused by the
small interdiffusion of aluminium from the substrate into the film and the purity of our
target material. The carrier concentration measured is comparable to results obtained
by other groups. In contrast, our extracted mobility values are rather poor regardless
if a (Mg,Zn)O buffer layer has been used or not, when compared to results from other
groups.

This issue could be addressed by analyzing the influence of a MgO buffer layer on the
one hand and optimizing the ZnO growth parameters on a buffer layer on the other hand.
The use of a MgO buffer layer has two advantages over our used (Mg,Zn)O buffer system,
as the lattice mismatch to sapphire is smaller the dislocation density at the substrate-
buffer interface should be greatly reduced. Moreover, it might be possible to reduce
influence of the interdiffused aluminium depending on the donor activation energy of Al
in MgO, which might allow the growth of an insulating buffer layer. The introduction of
an additional (Mg,Zn)O buffer (without an annealing step) between the MgO buffer and
the ZnO layer could lead to a further optimization of the quality of our ZnO films. From
the still high number of dislocations present in the ZnO even with a (Mg,Zn)O buffer
when compared to results from other groups, we clearly need to optimize the growth of
ZnO on the buffer layer. The aim of this optimization should be a significant reduction in
the FWHM of the (1011) XRC by at least a factor of 3, while still remaining the narrow
FWHM for the (0002) XRC, indicating a reduction of dislocations in the ZnO.

The need for an optimized buffer layer growth is supported by the following results
obtained from HRTEM measurements.

2.2.2.3 TEM analysis of ZnO thin films with buffer layer

HRTEM images of a 120nm thick ZnO layer on a 15nm thick ZnO buffer layer on c-
plane sapphire, were measured in the group of W. Mader at the university of Bonn by
Sven-Martin Hithne. The results obtained are collected in Fig. 2.14](a)-(e).

From the two TEM micrographs in Fig.[2.14(a) and (b), we conclude that we were able
to grow a buffer layer with a sharp interface to the substrate. Interestingly no interface
between buffer and ZnO layer is visible in [2.14|(b).

The diffraction pattern in Fig. [2.14|(c) confirms our HRXRD measurements. ZnO grows
relaxed on sapphire with the epitaxial relationship of Al,03(0001)[1120] || ZnO(0001)[1010].
This proves that at the start of the growth the Zn sublattice of ZnO orients parallel to
the O sublattice of sapphire.

The bright field and dark field micrographs in Fig. [2.14(d) and (e) allow us to in-
vestigate the density of dislocations. The red arrow in each figure indicates the same
sample position. Within the ZnO buffer layer we can estimate a dislocation density of
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L» [0170] [1210]

Figure 2.14: High resolution TEM images of a 120nm thick ZnO film on a 15nm thin ZnO
buffer layer. (a) Cross-sectional TEM image at the interface between substrate
and thin film, with a nice abrupt and smooth interface, indicated by the dashed
line. (b) Large area TEM image of the same sample. An abrupt change at the
interface of buffer and film is not visible. (¢) TEM diffraction image. Diffraction
peaks of sapphire are marked and labeled in red, the ones of zinc oxide in blue. The
diffraction image confirms the epitaxial relations from XRD (indicated by arrows
with corresponding crystal directions): Alo03(0001)[1120] || ZnO(0001)[1010]. (d)
Bright field and (e) dark field micrograph, making the present dislocations and
stacking faults visible.

1 x 10'3 cm?. Interestingly, the density of dislocations is not significantly reduced in the
ZnO layer on the buffer. Moreover, the ZnO layer shows no correlation of dislocations
from the buffer and even forms new ones. The obtained bright field and dark field images
show the same ZnO quality as the ones presented in [120] for a buffer free ZnO layer on
sapphire.

Again these results encourage a further optimization of the buffer layer system and the
growth of ZnO on the buffer. In [120] the introduction of a high temperature grown 3 nm
thin MgO buffer has significantly reduced the number of dislocations in the ZnO grown
on top and might be a possible way for improving our samples.

2.2.2.4 Photoluminescence of ZnO layers

To investigate the optical properties of our samples we have conducted temperature
dependent PL measurements. These experiments have been carried out in the group of
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B. Beschoten at the RWTH Aachen by Christoph Schwark and Christian Weier. In the
following we compare the results obtained for a 300 nm thick ZnO film directly grown
on (0001)-oriented sapphire and a 100nm thick ZnO film on a 15nm thin ZnO buffer
layer on (0001)-oriented AlyO3. For the temperature dependent PL experiments, the
samples were mounted in an Oxford Spectromag 4000 magnet cryostat system (sample
temperature 10 K — 300 K), excited via a HeCd laser (3.815eV) and the luminescence
light was detected by an Acton SpectraPro 500i spectrometer with a liquid nitrogen
cooled CCD-sensor. The temperature dependent PL is summarized in Fig. [2.15(a) for

the buffered and in Fig. [2.15(b) for the thick unbuffered ZnO layer.
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Figure 2.15: Evolution of the photoluminescence with temperature for two different ZnO sam-
ples: (a) PL for a 100nm thick ZnO film on a 15nm thin ZnO buffer and (b)
PL for a 300nm thick ZnO film on c-plane sapphire. For clarity, the PL curves
at each temperature are colored differently and have been shifted with respect
to each other. The corresponding temperature is summarized in the legend posi-
tioned between the two graphs. The square symbols represent the fitted position
of the Ig line, triangles the position of the I3 and circles the position of the free
exciton (FX) emission line. The lines connecting the symbols are guides to the

eye.

For the buffered film in Fig. 2.15(a) the PL at 10K, going from higher two lower
energies, first shows a broad high intensity peak between 3.35eV and 3.38eV and a
second one with lower intensity located between 3.33eV and 3.34 eV, all below the band
gap (3.44eV [38]) of ZnO. Taking a closer look at the high intensity peak we find that
the broad peak actually consists of a main high intensity peak located at 3.364eV and
the tail towards higher energies shows two shoulders located at 3.367eV and 3.378eV.
All these excitations are below the band gap energy of ZnO, such that they must be
related to excitonic excitations, which have been extensively studied in literature. Using
the nomenclature of [I30} [I3T] we can attribute the high intensity peak at 3.364 eV to
the Ig line, which is an exciton bound to a neutral aluminium donor. The shoulder at
3.367¢eV is related to the I3 line, an exciton bound to an ionized donor. And finally
the low intensity shoulder at 3.378eV corresponds to a free exciton (FX). The second
peak at energies below 3.34eV is the two electron satellite (TES) of the donor bound
excitons. More details of these excitonic transitions can be found in [32 131]. The
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existence of aluminium donors in our samples arises due to the aluminium impurities,
which are the main impurities in high purity ZnO material [I32] in the target, and
diffusion of aluminium from the substrate. Moreover, these findings prove that Al is the
main impurity in our samples, which supports our results from TDH measurements.

With increasing temperature the intensities of the I and I3 lines decrease, while the
intensity of the free exciton emission line stays constant and becomes more visible with
increasing temperatures. For temperatures above 60 K the donor bound exciton peaks
vanish, due to a thermal dissociation of donor and exciton, as the donor exciton bind-
ing energy has a value of several meV. For the free exciton emission, the increase in
temperature leads to a broadening of the peak, due to thermal fluctuations. A thermal
dissociation occurs at much higher temperatures than for the donor bound excitons, as
the free exciton binding energy is one order of magnitude larger.

A comparison between the temperature dependent PL data of the buffered (Fig.[2.15(a))
and unbuffered (Fig. [2.15(b)) ZnO film shows that for the thicker unbuffered sample the
donor bound exciton and free exciton lines become more pronounced and for 7' = 10K
the TES peaks are clearly separated. But nevertheless, the by a factor of 3 thinner buffer
Zn0O sample exhibits the same features as the unbuffered one, indicating that the optical
properties of our samples remain unchanged by introducing a buffer layer in the system.

For a more quantitative analysis we extracted peak position, FWHM and peak area
as a function of temperature for each sample from the PL data by fitting a multiline
function (3 Lorentzian shaped peaks) to the broad high energy peak. This allows us to
monitor separately the evolution of the Ig, I3 and FX line with temperature. The results
for both samples are shown in Fig. [2.16|a)-(f)

From Fig. [2.16[a) and (b) we see that the position of the donor bound excitons and
free excitons shift to lower energies for increasing temperatures. Both samples show in
principle the same peak position evolution with temperature. One should note that the
difference in the absolute position comes from a different wavelength calibration applied
to each data set. When we compare the extracted FWHM for the two different samples,
we find that both have the narrowest value for the I excitation at 7" = 10 K of 3.8 meV
for the buffered and 3.5 meV for the thick unbuffered ZnO layer. Both values are nearly
identical and show the improvements achieved by the application of a buffer layer for thin
Zn0 films. Compared to reported values of the FWHM for the dominant bound exciton
transition in literature of 3meV [42] for ZnO on sapphire, our values for both samples
are nearly on par to this value, indicating the high optical quality of our samples.

For the temperature dependence of the peak area, we observe a sharp decrease in peak
area for the Ig, I3 lines for increasing temperatures, because of the already mentioned
thermal dissociation of donor and exciton. For the Ig line the reported localization energy
is 15.1 meV and for I3 9.4 meV [I31]. This temperature dependence can be found in both
samples indicating the same origin of these donor bound excitons. The peak area of
the free excitonic transition is constant for temperatures above 40 K and increases for
temperatures below.

Summarizing the results obtained for the temperature dependent PL our samples ex-
hibit 3 excitonic emission lines, two of them are related to donor bound excitons (Ig,I3)
and one representing the free exciton emission (FX). The assigned origin of our dominant
donor bound exciton Ig line are aluminium impurities, which act as shallow donors in
7Zn0O and are in accordance to our TDH measurements. Moreover, the extracted narrow
FWHM of the dominating emission line proves the high optical quality of our samples
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Figure 2.16: Extracted peak parameters from a multipeak fit to the temperature dependent
PL in Fig[2.15 In all graphs black squares represent results for the Ig line, red
triangles results for the I3 line, and blue circles results for the free exciton emission
line (FX). Temperature dependence of the peak positions of each line determined
from the multipeak fit for (a) the buffered sample and (b) the unbuffered thicker
zinc oxide thin film. FWHM values of the Lorentzian fit extracted for each peak
for (c) the buffered and (d) he unbuffered layer system. Evolution of the area of
the fitted peaks with temperature is illustrated for the buffered and unbuffered
sample in panel (e) and (f), respectively. The drastic decrease in area for the
donor bound exciton lines I and I3 correspond to the thermal quenching of these
excitations for temperatures above 60 K

compared to literature.
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2.3 Optical orientation experiments in ZnO thin films

In the following section we report on the results obtained from time-resolved Faraday
rotation (TRFR) experiments on our high quality ZnO thin films on sapphire substrates.
All the data presented in this section have been measured in the group of B. Beschoten
at the RWTH Aachen by Christoph Schwark, Christian Weier, and Vera Klinke.

The principle setup for TRFR measurements is illustrated in Fig. [2.17(a). The ps laser
pulses of a Ti:sapphire-laser (12.5ns duty cycle) are first frequency doubled (which allows
to scan the laser frequency in the spectral region between 300 nm and 550 nm wavelength)
by a second harmonic generation (SHG) crystal. After SHG, the beam is split into two
propagating beams: A high intensity circularly polarized pump and a low intensity lin-
early polarized probe beam. The beams propagate along different optical beam paths,
but are focused onto the same spot on the sample, which is mounted in a Oxford Spec-
tromag 4000 magnet cryostat system (sample temperature 10 K — 300 K, magnetic fields
poH < 7T). By using a mechanical delay line in the optical path of the probe beam, it is
possible to systematically vary the time delay (fgely < 3.3 ns) between pump and probe
light pulse at the sample. In the following tqelsy = 0 describes simultaneous arrival of the
pump and probe pulses at the sample. The sample is oriented in such a way, that the
probe laser beam is parallel to the surface normal and the magnetic field is applied in the
film plane (Fig. [2.17(a)). When the wavelength X of the circularly polarized pump beam
ranges in the region of the band gap of zinc oxide, the optical selection rules for ZnO [133]
lead to the generation of spin polarized electrons in the film. The generated spins are
aligned parallel to the propagation direction of the pump pulse, i.e. a large part is parallel
to the surface normal of the sample corresponding to an effective magnetization. Due to
the applied external magnetic field poH oriented in-plane the electron spins start to pre-
cess around the magnetic field direction. The frequency of this precession is connected to
the g-factor of the electrons. To monitor the time evolution of this precession the Faraday
rotation of the linearly polarized probe beam is measured in transmission with a diode
array and LockIn technique. As the magnitude of the Faraday rotation is sensitive to the
effective magnetization of the spin polarized electrons parallel to the surface normal, we
expect an oscillation of the Faraday rotation angle ¢ in time due to the precessing spins
in ZnO. In a typical TRFR measurement, 0 is recorded while changing the time delay
between pump and probe beam, such that p(t) can be reconstructed. In addition, the
effective magnetization due to the spin polarized electrons decays over time, because the
initial coherent ensemble of spin polarized electrons is destroyed by various dephasing
mechanisms. This effectively leads to an exponential reduction of the amplitude of the
oscillating fr signal. By fitting the exponential decay of the amplitude, one can then
extract the spin dephasing time 75 from a TRFR measurement.

For the TRFR measurements we have grown two different samples on c-plane Al;Og,
a 100 nm thick ZnO film on a 15nm thin ZnO buffer and a 300 nm thick zinc oxide film
without buffer layer using the optimized deposition conditions described in section [2.2]
After the growth of the samples via laser-MBE the backside of the substrates was me-
chanically polished to optimize optical transmission through the sample. In Fig. (b)
and (c) the TRFR signal is displayed at T'= 10K and poH = 500mT for the buffered
sample at A = 368.90 nm and the unbuffered sample at A = 368.80 nm respectively. The
coherent precession of spins is observed over the full laser repetition interval of 12.5ns,
as evident from the oscillations at negative delay which originate from the excited spin
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Figure 2.17: (a) Illustration of the principle configuration for TRFR measurements. The cir-
cular polarized pump beam generates a coherent spin packet, which precesses
around the in-plane applied magnetic field. By varying the time delay of the lin-
early polarized probe beam with respect to the pump beam, one can monitor the
precession and dephasing of the spin ensemble by measuring the Faraday angle
fr. TRFR data measured for (b) a 100 nm thick (0001)ZnO film on a 15nm ZnO
buffer layer and (c) a 300 nm thick ZnO film, both grown by laser-MBE with the
optimized growth parameters on c-plane sapphire. Both TRFR curves consist of a
fast decaying contribution (excitonic recombination) and a slow one, which is still
visible after the laser repetition interval of 12.5ns (negative delay). The decay
time T3 given for each sample is extracted from the long-lived contribution to the
Faraday signal.

packet of the previous pump pulse. The estimated 73 from the exponential decay of the
oscillating 0 is of the order of 15ns, which is nearly one order of magnitude larger than
previously reported values of 2ns for ZnO thin films on sapphire [97]. In addition, there
is nearly no difference in 75 for both samples. Interestingly, these long spin dephasing
times are observed at excitation wavelengths corresponding to energies well below the
band gap of ZnO. This demonstrates that the coherent electron spins are either bound to
unintentional dopants or originate from optically excited excitons. Using time-resolved
transmission experiments not shown here, an excitonic recombination time of &~ 100 ps
has been determined. This recombination time is also visible in the TRFR experiments
as an initial fast reduction of the oscillation amplitude after excitation of the spin packet
at zero delay. As the measured T exceeds the measured exciton radiative lifetime by
two orders of magnitude, we conclude that the initially generated spin polarization is
transferred to other electron states.
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To further explore the origin of the long spin dephasing times we carried out TRFR
measurements at different excitation wavelengths and compared the spectra to the PL
measurements. Fig[2.1§(a)-(c) summarizes the results obtained at 7' = 10K and poH =
500mT for our buffered 100 nm thick ZnO film on sapphire.

= ; 3.356
369.4 ‘=(a)_\__TRFR -
fb—~ 100 nm ZnO on — |
369.2 | ~—_15 nm ZnO buffer l 3.358
—————A—T=10 K, p,H=500 mT-a_: 1
L I J
A AAAAAAAAAAAAAAAANAAAANAAAAAAAA
rw A NAMANAVWANVANVV NNV 1
368.8 v a A AN MAVAMANAAAAANAAL- 3.362
'WWW‘MM’\/\/\A/VVWVVV\NVW\N\NVV\NVVVVVW’C' 4
m""«/v\/V\NV\M/VWV\I\N\ANVW\A/VV\NVW'
e A AAAAAAAAAAAAAAA AN AN~
3686 A 3.364
e A 1 >
c T SR Q9
~368.4 M ] w
< I 3.366
o J
368.2 |
I~ 3.368
W J
368.0 _
3.370
367.8 \
A 13.372
367.6“11““‘1“‘11“ ]
0 1000 2000 10°
tdelay (pS)

Figure 2.18: (a) Evolution of the TRFR Signal with excitation wavelength for a 100 nm ZnO
film on a 15nm ZnO buffer layer at T = 10K and poH = 500 mT. (b) PL signal at
T = 10K for the very same sample (black line), the dashed green line indicates a
fit to the PL data by the addition of two Lorentzian curves (dashed red and blue
lines). (c) Extracted T3 from the wavelength dependent TRFR measurements in
(a). The reported energy positions [131] for the Ig, I3 and Iy donor bound excitons
are indicated by blue lines. For excitation energies near donor bound excitons the
observed oscillation amplitude is greatly enhanced and maxima in 73 occur.

The range of the excitation wavelength for the TRFR measurements in Fig. [2.18(a)
covers the spectral region of the donor bound excitons in zinc oxide [I31]. At energies
corresponding to the Ig, I3 and Iy donor bound exciton lines indicated by blue lines, the
TRFR signal amplitude is strongly increased and vanishes for wavelengths lying between
these excitation energies. The largest signal is observed for excitation energies near
Ig, which corresponds to an exciton bound to a neutral aluminum donor. The energy
dependence of the TRFR signal amplitude corresponds nicely with the PL spectrum in
Fig(b) measured at the very same temperature. At the energy near Ig corresponding
to the maximum in PL we also observe a maximum in the TRFR signal amplitude. We
note that the position of the maximum in PL. and TRFR signal amplitude deviates from
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the reported position of the Ig line. This might be attributed to the influence of growth
parameters on the position of the donor bound exciton lines [I3T]. Moreover, the TRFR
signal amplitude is strongly increased when the excitation energy approaches 3.367 eV
(I¢), where the PL spectra shows a shoulder feature. This provides further evidence
that a correlation between the resonant excitation of donor bound excitons and long spin
dephasing times must exist. The resonant amplification is also evident from the energy
dependence of Tj extracted from TRFR in Fig. [2.18(c). Ty is longest right at the energies
corresponding to the excitation energies of donor bound excitons Ig,I3 and Iy and drops
sharply to a short dephasing time for energies in between. The obtained spin dephasing
times for all 3 donor bound exciton lines are well above 10ns providing an efficient way
of storing spin information on long time scales. As the physical origin of the I3 and I
donor bound excitons is still under controversial discussion, we focus on the excitonic Ig
state, i.e. the exciton bound to Al

Under the assumption, that the observed long spin dephasing times are correlated to
excitons bound to donors, we also expect a reduction of 75 with increasing temperatures
due to the thermal dissociation of donor bound excitons. In Fig. [2.19(a) we show a
comparison between the temperature dependence of the PL intensity of the I line and
the extracted Ty from temperature dependent TRFR measurements conducted at the
excitation wavelength of Ig. All measurements have been carried out on the buffered
100 nm thick ZnO sample. The PL intensity of the I line is nearly constant for 7' < 20 K
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Figure 2.19: (a) Temperature dependence of the PL intensity (black squares, left axis) and the
corresponding T3 (red circles, right axis) extracted from TRFR for excitons bound
to an aluminium donor (Ig). Both, the PL intensity and the spin dephasing time,
show about the same temperature dependence, for 7' > 60 K the spin dephasing
time remains nearly constant at 1ns. Our spin dephasing times exceed the values
reported by Gosh et al. [97] for a 100nm thick ZnO film (carrier concentration
n =19 x 10! em~3) grown by pulsed laser deposition on c-plane sapphire (green
triangles). But the temperature dependence nicely agrees with our observation.
(b) Illustration of spin transfer mechanism. By the recombination of the exciton
hole and the donor bound electron it is possible to store the spin polarized electron
of the exciton on the aluminium donor.

and then starts to rapidly drop by two orders of magnitude for temperatures above 20 K.
This temperature dependence is also reflected in 75: Increasing T from 10K to 60 K
the spin dephasing time is reduced from 15ns to 1ns. For temperatures above 60 K, 75
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remains at 1ns. Moreover the spin dephasing time is independent of the photon energy
for T' > 70 K. The two different regimes in temperature indicate that the TRFR probes
two different spin states depending on the temperature. For low temperatures, donor
bound excitons allow the storage of spin information on long time scales. At elevated
temperatures, the excitons are thermally decoupled from the donor and an itinerant
state, storing the spin information, dominates. Compared to the temperature dependence
of T3 reported by Gosh et al. [97] for a 100nm thick ZnO film (carrier concentration
n = 1.9 x 101 cm=3) grown by pulsed laser deposition on c-plane sapphire (indicated as
green triangles in Fig. [2.19(a)) we can deduce two things. On the one hand, the T3 of our
films exceed the reported values by a factor of 5. On the other hand, the temperature
dependence of the spin dephasing time is qualitatively identical. This suggests that the
spin dephasing mechanisms are identical for both types of samples. We will discuss these
mechanisms in more detail in Section 2.5.3.3l

A possible explanation for the long spin dephasing times at temperatures below 60 K is
illustrated in Fig. [2.19(b). The donor bound exciton with a spin polarized electron (the
spin polarization of the hole dephases on ps time scales) is generated by the circularly
polarized pump beam. The recombination of the exciton hole with the donor bound
electron allows the transfer of the spin polarized electron from the excitonic state into
the localized donor state. Thus, the long T3 stems from localized electron states bound
to donors. As the probability for this mechanism depends on the trapping of an exciton
near a donor, the effect is enhanced at temperatures where donor bound excitons exist
(T < 60K) and is ineffective at higher temperatures, at which free excitons dominate the
excitations below band gap. Localized electronic states and itinerant electronic states are
subject to different spin dephasing mechanisms [99], which explains the different regimes
in the temperature dependence of 7.

For the I3 and Ij lines it is highly debatable if the same mechanism might explain
the long spin dephasing times at low temperatures as they have a completely different
ground state than Ig. Nevertheless, all these excitonic excitations have in common that
they represent excitons bound to a donor and exhibit long 75 at 7' = 10 K.

Summarizing these results, our samples show long spin dephasing times above 10ns at
T = 10 K. The excitation energy and temperature dependence suggest, that a long-lived
spin information storage is possible by the transfer of the spin polarized electron from
the donor bound exciton to the donor state. At temperatures above 60 K the excitons
are dissociated from the donors and we observe Ty = 1ns, which is independent of
temperature and excitation wavelength.

The localized spin information storage at spectrally separated states provides the op-
portunity to investigate the coupling strength between these states by using two color
TRFR experiments. Here, two pulsed lasers tuned to different excitation energies, corre-
sponding to different localized states, are used. We can then generate a spin polarization
in one localized state with a pump pulse by one laser and then monitor the influence of
this spin packet on a second spin packet pumped by the other laser. A sufficient coupling
between those localized states would allow the use of donor bound excitons in the frame-
work of quantum information processing (QIP) and thus combine an optical control and
solid state based storage of quantum information in one system. At the moment, cor-
responding experiments are conducted at the RWTH Aachen, which hopefully will yield
a deeper insight into the efficiency of coupling between localized states and the possible
application in QIP.
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2.4 Electrical injection and optical detection of
spin-polarized charge carriers

The promising results obtained from TRFR experiments on our high quality laser-MBE
grown ZnO films, with long spin dephasing times related to localized donor bound ex-
citons, raised the interesting question if it is possible to convert an electrically injected
spin polarization, carried by delocalized electron states, to a spin polarization in localized
states. To answer this question we have grown ferromagnet (FM)/ZnO heterostructures
on (0001)-oriented sapphire in our thin film deposition facility. First we deposited a 15 nm
thin ZnO buffer layer by laser-MBE on an annealed Al,O3 substrate using the optimized
deposition parameters (ogp = 1J/cm?, 2 Hz repetition rate, po, = 1 ubar, Ty, = 400 °C)
and annealed the buffer at po, = 1 pbar and T, = 600°C for 30 min. After the buffer
annealing we have grown a 150 nm thick ZnO layer using the following deposition pa-
rameters: opp = 1J/cm?, 2 Hz repetition rate, po, = 10 ubar, Ty, = 500°C. After the
laser-MBE deposition process, the sample was cooled down to room temperature with
po, = 10 pbar. Afterwards the laser-MBE chamber was evacuated to its base pressure
~ 1 x 10~®mbar and the sample in-situ transferred to an electron beam evaporation
(EVAP) chamber. There we deposited a 30 nm thick cobalt layer on top of the sample.
Using photolithography and argon ion milling we defined a disc-shaped Co electrode on
the ZnO film with 400 pm diameter. With an additional photolithography step, we pat-
terned gold contacts by DC-sputtering and lift-off. An optical micrograph of the final
spin injection structure is shown in Fig. 2.20(a). From a structural characterization (not
shown here) carried out by HRXRD we obtained a FWHM of the XRC of the ZnO(0002)
reflection of 0.03°, demonstrating the excellent quality of the sample.

For further characterization we conducted electrical injection/optical detection exper-
iments using Hanle magnetooptical Kerr effect (Hanle MOKE) [134], 135] measurements.
These measurements have been carried out in the group of Bernd Beschoten at the RWTH
Aachen by Christoph Schwark and Christian Weier. For the experiments the sample was
mounted in an Oxford Spectromag 4000 magnet cryostat system (sample temperature
10 K — 300 K, magnetic fields poH < 7T).

A graphical illustration of the principle of spin injection/detection is shown in Fig.
(b). By applying a dc bias voltage Vi;.s between the ring shaped gold contact and the
cobalt electrode we can inject a spin polarized current from Co into ZnO (curved green
arrows). The application of an external magnetic field, leads to a precession of the
injected spins in ZnO (red arrows), which is possible due to the non vanishing angle
between magnetization mg, and external magnetic field ugH. The spot of a linearly
polarized picosecond laserpulse, emitted by a frequency doubled Ti:Sa laser with tuneable
wavelength )\, is positioned right on top of the cobalt electrode and allows for the detection
of the spin polarization by measuring the rotation angle 6k of the linear polarization of
the reflected laser beam. By increasing the applied magnetic field, the spin polarization
gets destroyed by the Hanle [I36] effect. This loss of spin polarization can be detected
by measuring fk as a function of the external applied field H. One should note that we
require a finite angle between magnetization of the ferromagnet and external magnetic
field for the precession of spins in ZnO. As the deposited Co layer exhibits no in-plane
magnetic anisotropy, we have aligned the sample in a configuration, where the field
includes an angle of 45° with the surface normal of the sample as illustrated in Fig. [2.20]c).
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Figure 2.20: (a) Optical micrograph of the final mesa structure for electrical injection/optical
detection experiments. (b) Illustration of the setup for Hanle MOKE measure-
ments. By applying a bias voltage Vjias to the contact, a spin-polarized current
j is injected into ZnO. Due to a non vanishing angle between external magnetic
field and magnetization, the injected spins start to precess and dephase on shorter
timescales for larger field values. The spin polarization is detected optically via
the rotation of polarization direction of a reflected ps laser pulse. (¢) Orientation
of magnetization and external field in an oblique configuration. (d) Hanle MOKE
signal for the upsweep (black squares) and downsweep (red squares) at T'= 10K,
A = 366.8 nm, and V},jus = —5 V. The sweep direction is indicated by black and red
arrows. For both sweep directions the typical peak-dip structure is visible, which
indicates successful spin injection into ZnO. (e) Bias dependence of the observed
Hanle MOKE signal at T'= 10K, A = 366.8 nm. The respective Vjas is given right
of the graph. For positive V4,5 the signal is very weak and vanishes completely
for Vhias = 0V. The signal increases in amplitude when going to negative bias
voltages.

Due to the magnetic shape anisotropy of the thin film, the magnetization of the cobalt
electrode will remain in the film plane, for o H < 300mT. This allows the decomposition
of the magnetization into one component parallel (longitudinal) and one perpendicular
(polar) to the external field. Only the polar component of the injected spins will precess
and therefore dephase in ZnO, while the longitudinal component remains unaffected by
the external field. The detection by MOKE will be sensitive to both spin components, but
only the polar component is sensitive to the field magnitude, as long as the magnetization
remains oriented in the same direction.

Experimental Hanle MOKE data obtained for our sample at T'= 10K, A = 366.8 nm
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and Vs = —5 'V are depicted in Fig. (d) The black symbols represent the data
obtained when increasing the external magnetic field from -100mT to 100 mT (upsweep)
and the red symbols when decreasing the field from 100 mT to -100mT (downsweep).
Following the upsweep we observe a peak located at pgH = 6.2mT followed by a dip
at higher positive fields poH = 26.0mT. For the downsweep we observe first a dip
located at pugH = —6.2mT and then a peak at uoH = —20.3mT. Comparing upsweep
and downsweep, we note that the dip-peak structure is reversed. The origin of this
reversal is due to different orientations of magnetization for up- and downsweep around
o = 0mT, which leads to an inversion in the polar projection of the magnetization
for the two sweep directions.

The observed peak in the upsweep and dip in the downsweep can be explained by the
depolarization of the polar spins by the Hanle effect. By fitting a Lorentzian function
to the peak, one can extract the FWHM AH of the peak/dip and calculate the spin
dephasing time by:

=2
gusAH

with i = h/(2m) the Planck constant, g = 1.942 the effective g-factor of the electrons,
and pup Bohr magneton. From our experiment we extracted 73 = 1ns [137].

The dip/peak for the up-/downsweep after the Hanle peak/dip originates from the
reorientation of the magnetization at the coercive field poH. = 16.3mT. The coercive
field has been determined by taking the average of the position for up- and downsweep
and calculating the in-plane projection of this field for the given field configuration. The
coercive field value is about a factor of 6 larger than values measured for the unstructured
sample from in-plane SQUID magnetometry at 7' = 10K (cf. Section [2.5.3). The reason
for this increased coercive field value is currently unknown.

Interestingly, the maximum signal in the Hanle MOKE experiment has been obtained
for A = 366.8 nm, which is not energetically related to any donor bound or free excitonic
excitation in ZnO. A possible explanation will be discussed below, when we look at the
wavelength dependence of the Hanle MOKE signal.

To prove that the observed Hanle MOKE signal is due to the injection of a spin-
polarized current from the cobalt electrode into zinc oxide, we varied Vi;,s from -5V
to +5V, negative Vj;,s values represent an injection of spin-polarized electrons from
Co into ZnO, positive values an extraction of spin-polarized electrons. The results are
summarized in Fig2.20|(e) at T = 10K and A = 366.8 nm, each line represents a different
applied bias voltage measured for the upsweep. At Vi.s = 0V no field dependent signal
is visible, which strongly suggests that the signal for non zero bias voltage is due to the
injection/extraction of spin-polarized electrons in/from the zinc oxide. For negative Vias
the magnitude of the signal increases linearly, which is directly related to the increase in
the number of spin-polarized electrons injected due to the higher electrical current flowing
through the device. In case of positive Vj,.s, we see only a very weak signal, which is
independent of the applied bias voltage. This clearly demonstrates that the extraction
of spin polarized electrons is highly inefficient compared to the injection from the Co
electrode into the ZnO.

From the TRFR measurements we already know that different excitonic states are
reflected in the wavelength dependence of the TRFR signal. For a basic understanding of
the underlying physics, it is therefore important to check, whether we can spin polarize
these excitonic states via injecting a spin polarized current into the ZnO. For this we

(2.4)
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conducted wavelength dependent Hanle MOKE measurements in oblique geometry at
T = 10K and Vis = —5V, a collection of the obtained data is shown in Fig. [2.21|(a) for
the magnetic field downsweep and (b) for the upsweep.
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Figure 2.21: Wavelength dependence of the Hanle MOKE signal at T = 10 K for the downsweep
(a) and upsweep (b) (sweep direction indicated by black arrows in the graph). Each
line represents one detection wavelength going from 366.4nm (top) to 367.0 nm
(bottom) in 0.1nm steps. The curves highlighted in blue and green represent
detection wavelengths corresponding to excitation energies of donor bound and
free excitons, labeled according to [131]. The red curves show the maximum

Hanle MOKE signal at 366.9nm (3.38¢eV).

In each graph we highlighted the signal curves which probe donor bound excitons by
coloring the line in blue, free excitons in green, and an energy of 3.38¢V in red. In
both sweep directions, we can clearly see, that the signal is enhanced when the detection
energy corresponds to an actual excitonic state or the high energy of 3.38eV (see also
Fig. (a)). This demonstrates that the spin-polarization injected by the ferromagnetic
electrode is also transferred into the excitonic states of the zinc oxide. In other words,
the spin information of the mobile electrons contributing to the electrical transport can
be transferred to the localized excitonic states. A possible explanation is the trapping
of conduction electrons in localized states. We have already shown in Fig. [2.19(b), that
the long-lived spin storage has to be related to localized donor states. Another interest-
ing feature is the inversion of the signal when lowering the detection wavelength below
368.6 nm. A possible explanation will be given below, when we discuss the quantitative
wavelength dependence.
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For each wavelength measured in Fig. [2.21)(a),(b) we have extracted the amplitude
Af of the Lorentzian peak/dip and calculated T3 from the FWHM. More precisely, the
average of the values for up- and downsweep at each wavelength has been calculated. In
addition, we measured for the very same sample TRFR as a function of wavelength at
T =10K and pgH = 500mT and extracted the amplitude Afr and T3 from these mea-
surements. The results are depicted in Fig. [2.22(a) and (b) respectively. The extracted
Ts for Hanle MOKE is displayed in Fig.[2.22)c) and for TRFR in Fig. [2.22{d)
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Figure 2.22: Comparison of the extracted wavelength dependence of (a)fkx by Hanle MOKE
and (b)fr by TRFR measured in the electrical spininjection sample at 7' = 10 K.
The amplitude of both signals shows clear maxima at certain detection energies
corresponding to the excitation of donor bound and free excitons. An additional
maximum is visible at £ = 3.38 meV which energetically corresponds to the Al
donor level (binding energy 55 + 5meV). Evolution of the spin dephasing time
extracted from Hanle MOKE (c) and TRFR (d) experiments. For the electrical
injected spin polarization, 73 is independent of excitation energy. In contrast, the
TRFR signal shows distinct maxima at energies corresponding to the excitation
of donor bound and free excitons. Moreover, around £ = 3.38 meV a maximum
of Ty is visible in the TRFR experiments.

For the TRFR amplitude Afr we observe the same behavior already found in zinc
oxide alone, near excitation energies of donor bound excitons the amplitude assumes a
maximum. (The corresponding states of donor bound excitons are indicated by blue
dashed lines, those of free excitons by dashed green lines.) We have also increased the
excitation energies to higher values and find a new increase in absolute amplitude near
366.8nm (3.38¢eV) indicated by the red dashed line, with a sign reversal. For the Hanle
MOKE amplitude Afx we also find a slight increase in amplitude at detection wave-
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lengths correlated to donor bound excitons, but the feature is not as pronounced as in
the TRFR data. But the increase in absolute amplitude at 366.8 nm and sign reversal
is clearly visible. The corresponding excitation energy of 3.38 eV is about 50 meV below
the band gap, which nicely corresponds to the donor binding energy of aluminium, and
the separation to the I related maxima is about 20 meV, which is nearly the value of the
localization energy of 15.1 meV [I31]. This leads us to the impression that the delocalized
spin polarized electrons in the conduction band get partly trapped in localized Al donor
states, which can then be detected by Hanle MOKE. In addition, the spin-polarization
of the donor states influence the selection rules of the spin states of the donor bound
exciton, which leads in the end to an antiparallel alignment of the trapped electron spin
and the electron spin of the exciton, which might explain the change in the sign of the
amplitude.

Interestingly the spin dephasing time from Hanle MOKE is constant over the whole
wavelength interval measured. In contrast, we clearly observe maxima in spin dephasing
time for the TRFR data, when resonantly exciting donor bound excitons. For a resonant
excitation of the aluminium donor state at 3.38 eV we extract from TRFR experiments a
low spin dephasing time of 1ns (red dashed line in Fig. [2.22(d)). This value corresponds
to the wavelength independent dephasing time of 1ns for Hanle MOKE experiments.
This strongly supports our assumption, that the mobile spin polarized electrons become
trapped in localized, unoccupied Al donor states and influence then the excitons bound
to an Al donor. This gives us the possibility to electrically address the Al donor related
local storage of spin information by injection of a spin-polarized current into zinc ox-
ide. Unfortunately, these results also show that our simple picture for the transfer of
spin polarization from excitonic states to donor states in our TRFR experiments (see
Fig. (b)) is not correct, as we find no enhancement in spin dephasing time for the
electron donor state located at 3.38eV. To this end we are unable to explain this en-
hancement in spin dephasing time indicated by our TRFR experiments. Hopefully, a
deeper understanding of the underlying physics and a theoretical model will be obtained
in the future. Nevertheless, the trapping of delocalized spin polarized electrons into donor
states explains the observed wavelength dependence of the Hanle MOKE signal.

We expect that the trapping of conduction electrons must be temperature dependent,
as on the one hand the time for the electron being trapped in the localized state will
be reduced by increasing the thermal energy. On the other hand the existence of a
higher number of ionized donors with increasing temperature leads to an increase in
possible trapping sites. The competition between these two effects should lead to an
optimum temperature at which the mechanism of transferring spin information from free
conduction electrons into localized states is most efficient. To confirm this assumption we
have carried out Hanle MOKE measurements as a function of temperature. In Fig.[2.23|a)
the obtained signal is shown for the upsweep at a detection wavelength of 366.8 nm. The
extracted Kerr amplitude and 75 from these curves is shown in Fig. 2.23(b) and (c)
respectively.

From the Hanle MOKE signal and the extracted 6k we can deduce a maximum in signal
amplitude for T = 15 K. Unfortunately, we could collect only one additional data set
at lower temperatures, which makes the existence of the maximum in amplitude highly
debatable. For temperatures above 30 K we could not detect any Hanle MOKE signal,
which might either be attributed to the temperature related destruction of the transfer of
spin information from mobile into localized states or the shift of the corresponding energy
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Figure 2.23: (a) Temperature dependent evolution of the upsweep Hanle MOKE signal at A =
366.8 nm. Each line represents a different temperature (curves have been offset
for clarity). Extracted 0k (b) and Ty (c) from these temperature dependent
measurements for A = 366.8 nm. The amplitude assumes a maximum at 7' = 15 K
and then decreases for higher temperatures. The extracted spin dephasing time
is independent of temperature.

of the donor states with temperature. Moreover, we find a constant spin dephasing time,
which indicates under the assumption of the temperature dependence of the localization
mechanism, that the spin dephasing time is not limited by the lifetime of the electron in
the localized states but other spin dephasing mechanisms must dominate. By a deeper
investigation of the dominating dephasing mechanism it might be possible to increase 75
up to the life time of the trapped electronic state.

In summary, our detection wavelength dependent Hanle MOKE experiments showed
that by electrically injecting spin polarized mobile electrons into ZnO we can transfer
spin information from mobile states into localized states. This mechanism might be
explained in the picture of a trapping of mobile charge carriers in unoccupied localized
donor states. This mechanism can explain the observed wavelength dependence and
sign reversal of the Kerr amplitude. Further this localization of spin information is only
efficient at low temperatures and is thermally destroyed at T" > 30 K. A possible way of
improving the temperature dependence is the use of deep acceptor states (for example
lithium in ZnO [I38]) to trap the mobile charge carriers by a first optical depletion
of these states and then localizing the spin information. This mechanism is efficient at
elevated temperatures and might allow the electrical, localized storage of spin information
at even higher temperatures. Moreover, a time-resolved investigation of this localization
mechanism by pulsed electrical injection and variable delayed optical detection might
allow a deeper insight into the mechanisms involved.
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2.5 All-electrical injection and detection of spin
transport in Zn0O

From the results of section we already know that it is possible to electrically inject
spin-polarized carriers via a ferromagnetic cobalt electrode into ZnO. But our results from
TRFR and Hanle MOKE experiments using an optical detection scheme also suggest that
we investigate the spin dephasing times of localized electron states, rather than the spin
dephasing times of the delocalized conduction electrons. Thus we will put our focus in
this chapter on an all electrical injection and detection scheme based on a vertical spin
valve trilayer exhibiting a giant magnetoresistance (GMR) effect, which enables us to
directly investigate the spin dephasing of the conduction electrons in ZnO. The trilayer
consists of two ferromagnetic electrodes (cobalt and nickel) separated by a ZnO spacer
layer (cf. Fig. . By measuring the magnetoresistance (MR) as a function of the ZnO
thickness and fitting the obtained data with the Valet-Fert model [139] it is possible to
extract the spin diffusion length of the ZnO thin film. In the following, we will first
present the theoretical model to describe the observed giant magnetoresistance effect,
then present the experimental transport data and corresponding fits to the model. In
the end the obtained parameters for spin dependent transport in ZnO will be compared
to the data obtained from the optical TRFR measurements.

2.5.1 Introduction into giant magnetoresistance

The giant magnetoresistance (GMR) effect] and it’s application are one of the most
prominent success stories in the field of spinelectronics, which in the end led to the Nobel
prize in 2007 for Albert Fert and Peter Griinberg. Only a decade after the discovery of
GMR in 1988 [2, 3] devices based on this phenomenon were commercially available, such
as hard disk read-heads, magnetic field sensors and magnetic memory chips. This semi-
nal achievement would have been impossible without a fundamental understanding of the
GMR effect and its underlying physics based on spin-dependent transport in magnetic
structures. The discovery of GMR was linked to the huge progress in thin film fabri-
cation in the late 1980s, which made it possible to grow multilayer systems of different
materials with a high precision in thickness. A typical sample for GMR consists of two
ferromagnetic layers separated by a non-magnetic, metallic layer.

For the observation of GMR one has to provide a possibility to reorient the magnetic
moments of the ferromagnetic layers with respect to one another. This can be achieved for
example by introducing different coercivities of the ferromagnetic layers as illustrated in
Fig. (a) for the simple case of two ferromagnetic layers sandwiching a non-magnetic
layer. As it is evident from the magnetization versus applied magnetic field (M (H))
curve in the figure, the two ferromagnets posses two different coercive fields H.; < H,s.
If one follows the orientation of the two magnetizations from large positive fields to
large negative fields (down sweep), the two magnetizations M;,M, (each depicted by
one of the red arrows) of the ferromagnetic layers will first be aligned parallel for a large
external magnetic field H (He. < H). When one sweeps the field to negative values

3In principle the GMR effect is only observed in ferromagnetic layers that are coupled anitferromagnet-
ically to each other and with a normal metal sandwiched between these two FMs. In the following,
we will investigate spin valve structures (decoupled FM layers), but will equivalently use the term
GMR for these structures.
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Figure 2.24: Tllustration of the spin valve effect. (a) M(H) loop of a spin valve system. The
two ferromagnetic layers switch magnetization direction (red arrows) at differ-
ent external magnetic fields. For fields in the range of H,; < H < Hg and
—He < H < —H. the two magnetizations are aligned in an antiparallel config-
uration. The resulting R(H) curve exhibits a sharp increase in resistance, when
the magnetization are aligned antiparallel. (b) Illustration of the origin of the
increased resistance for antiparallel magnetization alignment in a two spin current
model. Due to the increased density of states at the Fermi energy for one spin
species, the scattering rate is increased leading to a lower current. The thick ar-
rows connecting the density of states indicate a high conductivity (low scattering
rate) for the spin species. Accordingly, the thin arrows indicate a low conductivity
(high scattering rate).

—Heo < H < —H¢, M; will change its direction and the two magnetizations are aligned
antiparallel. For larger negative fields —H., > H, M, will also be reoriented parallel to
the applied field leading again to a parallel alignment of the magnetizations. If one then
reverses the sweep direction of the external magnetic field, an antiparallel alignment can
be achieved for pugH. < poH < poHes.

The two different relative orientations of the magnetizations (parallel or antiparallel)
are also evident in resistance versus applied magnetic field (R(H)) measurements. One
observes a high resistance state for an antiparallel alignment of M; and M, and a low
resistance state for parallel alignment. The resistance change AR is of the order of
10...100% of R [2,B]. AR is at least one order of magnitude larger than the few percent
change expected from anisotropic magnetoresistance. This giant change in resistance as
a function of applied magnetic field coined the term GMR.

The two different resistance states depending on the relative orientation of the two mag-
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netizations can most easily be understood within a two-current spin dependent transport
formalism already proposed by Mott [I40]. In this model, one divides the current trans-
ported through the structure into two spin channels, one for spin up and one for spin
down electrons. Spin-flip processes are neglected, such that each spin channel can be
treated individually. In addition, for ferromagnetic metals, the scattering rates of spin
up and spin down electrons are quite different. One explanation for this phenomenon
is the role of the d-bands as additional final states for scattered electrons carrying the
electrical current. In ferromagnetic metals the d-bands are exchange split leading to a
different density of states at the Fermi energy for spin up and spin down electrons as
depicted in Fig. [2.24](b).

We first consider the case for parallel alignment of the ferromagnetic electrodes. The
illustration shows that the spin-up electrons are scattered strongly (thin curved arrows)
while the spin-down electrons are only scattered weakly (thick curved arrows). Since the
two spin channels can be considered as a parallel resistor network, the highly conduct-
ing spin-down channel leads to a low total resistance of the device. In contrast, if we
consider the antiparallel case, both spin species will be scattered strongly in one of the
ferromagnetic layers leading to a high total resistance of the multilayer.

The investigation of GMR started with metal-based multilayer systems. In later studies
the non-magnetic spacer layer has been replaced by semiconducting materials [T41H144],
with the aim to integrate GMR devices into established semiconductor fabrication tech-
niques and to provide an effective mechanism for spin injection into semiconductors for
novel devices such as the spin transistor or spin-light emitting diode. Different semicon-
ductor materials have been successfully used as the spacer layer in GMR based devices,
among them ZnO [I00HI03]. Although these publications all prove that it is possible to
transport a spin polarized current trough the ZnO layer even at room temperature [T0T-
103], only little quantitative information on the spin dependent transport parameters,
e.g. the spin diffusion length Ay, is to be found in those publications. This is mainly due
to the limited ZnO layer thickness range (1.3nm < ¢ > 10nm) of the ZnO layer studied,
prohibiting a systematical evaluation of the measured MR data. An important goal of
this thesis thus was to fabricate epitaxial ferromagnet/semiconductor spin valve systems
based on cobalt, zinc oxide, and nickel with different ZnO thicknesses and to extract
quantitative information on the spin dependent transport in theses structures.

For the data analysis, we rely on a full quantitative model based solely on material
parameters for GMR in ferromagnet/semiconductor heterostructures, described in the
following.

2.5.2 Theory of giant magnetoresistance

After the discovery of the GMR effects in metallic multilayers [2], 3] many different the-
oretical models have been proposed to describe quantitatively the experimental data
obtained for current flowing in the plane of the layers (CIP) [145] [146] and also for cur-
rent perpendicular to the plane (CPP) [139, 1T47HI50]. We will use the approach of Valet
and Fert [139]. In this macroscopic model the spin diffusion in a multilayer stack of ma-
terials is characterized by spin diffusion equations. We here consider interfaces parallel
to the xy plane and a current density J parallel to the z axis (see Fig. . The spin
diffusion in this multilayer structure is driven by differences in electrochemical potentials
Ap = (puy — py)/2 for charge carriers with spin +1/2 and —1/2. The subscripts used
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here refer to the carriers with spins up and down, respectively. Thus the spin diffusion
equation can be written as:

A Ap

022 N\

The parameter Ay is called the spin diffusion length and is related to the spin relaxation
time 7 and the density of carriers for nondegenerate semiconductors as follows [151) [152]:

(2.5)
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Figure 2.25: Schematic drawing of the structure of a trilayer for the observation of the GMR
effect. The trilayer consists of two ferromagnetic layers separated by an non-
ferromagnetic spacer layer. Using electrical contacts at the top and bottom of the
structure one can drive an electrical current perpendicular to the layers along the z
direction (cpp-geometry). The measured resistance is a function of the orientation
of the magnetizations of two ferromagnetic layers. The spin dependent transport
through the structure depends on the material parameters of the ferromagnetic
layers, the non-ferromagnetic spacer layer and the interface between them. Large
red arrows represent the magnetization of each ferromagnetic layer M, Ms. The
green spheres represent electrons with spin direction (red arrows) and direction of
movement (black arrows). For an explanation of the parameters see text.
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The spin diffusion length is determined by the transport mean free path ¢ = /(v?)7 and
the spin-flip length ¢y = /(v?) 7, where 7 is the mean free time between collisions, which
can be derived from p using the simple Drude relation 7 = n’:;p and (v?) is the mean square
velocity of the charge carriers, which can be calculated for a nondegenrate semiconductor
using the thermal energy (v?) = 3kgT/m*. Here kg is the Boltzmann constant, T is the
absolute temperature, e the elementary charge, n the carrier concentration and p the
resistivity of the materiaffl Note that the additional factor of 1/2 in Eq.(2.6) is due to
the two spin species considered (cf. [152]).

In addition to the spin diffusion equation, current continuity is also maintained in the
trilayer:

oS —Jy)  Plop +oypy)
P = 952 =0, (2.7)

with o4 and o being the conductivities for carriers with spins up and down respectively.
The spin dependent conductivities can be expressed in terms of a spin dependent pa-
rameter 5 (This parameter is related to the spin polarization of the ferromagnet) and a
resistivity parameter p:

= 91— (1)) = prow. (28)
1)

With the general solutions for the spin diffusion equation and current continuity provided
in [I39] we can now describe the spin dependent electrochemical potential i1y by

M?(l\f)l(z) = [1 — B PeprmiJ [z — 2zean] + KT+ (<)[1 + (=) Bran ¥
Z—z z—z (2.9)
oo )

while the current density Jy) is given by

J 1
T (2) = [ = (H)Brut) 5 + (=) 5 ¥
2 26pFM1>\Sf
L. L. (2.10)
— ZFM1 — ZFM1
<o {Sgne ) - rren {5
and the difference in spin dependent electrochemical potential reads
1
Apt(2) = Sl () — M () =
(2.11)

2 — ZFM1 Z — ZFM1
= {KQFMl exp {—)\FMI } +K3FM1 exp{——)\FM1 }} ,
sf sf

4Using this formula and the parameters obtained from TDH and TRFR experiments (T = 10K,
n=3x107cecm™3, p = 0.027Qm) we calculate a spin diffusion length of 27nm for our laser-MBE
ZnO thin films. This value is relative small compared to 3 um for Si [153] (7' = 10K, n = 5x 10! cm 3
at room temperature) and 11 um for GaAs [135] (T = 4K, n = 2 x 10!% cm ™3 at room temperature).
This lower value for ZnO is mainly due to the low electron mobility of our samples.
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for the first ferromagnetic layer. Here zpyy = (—tn — trvn)/2 is the middle of the first
ferromagnetic layer in z direction, where ¢ty and tpy;; are the thicknesses of the N layer
and the FM1 layer, respectively. KT™M  KIM! and KIM! are constants, which will be
calculated from the boundary conditions, i.e. , the continuity conditions to the next layer.
The parameters Spmi, pruvi, and )\SfMl are the material constants of the FM1 layer.

Following the same scheme for the non ferromagnetic layer N we obtain:

;ﬁm(z) = epnJ[z — o]+ KT+ (—)1 x (2.12)
z—z zZ—Z
X {K;\Iexp{)\—NN}—i-Kyexp{— )\NNH
sf sf
J 1
N

X {Kg exp {Z _NZN} — K exp {—Z _NZN }}
)\sf )\sf

ApN(z) = {ngxp{Z;_NzN} —i—Kyexp{—Z;NzN H . (2.14)
sf sf

For the N layer zy = 0, according to our chosen coordinate system (cf. Fig. . In
addition the constants K, KY¥, and KY can be later calculated from the set of equations
describing the boundary conditions of the trilayer system. The two material parameters
px and AN will depend on the material used for the N layer.

In the end, we obtain for the second ferromagnetic layer FM2 for the electrochemical
potential and the current density:

pray(2) = (1= Bemal’eprmad [z — 2zpnia] + K12 + (2)[1 4 (=) Beme] X (2.15)
2 — ZFM2 2 — ZFM2
: [KQFMQ o { AT } i e {_ AT H
TREE) = (L= ()l + () X (2.16)
) FM2]5 2e prnia >\ng2 :
Z— X Z— X
: [KZFMQ eXp{ AFfMF?MZ} e {_ o H
Z— Z Z — Z
ApfM () = {KQFMz exp {—)\Ffl\gvm } + K3M exp {——)\P;JQM2 H . (2.17)

Here zpye = (tn + tpue)/2 and the other parameters KTM2 KIM2 0 IM2 03000 prae,
and A\M? are analogous to the FM1 layer. All equations hold for a parallel alignment
of the two ferromagnetic layers FM1 and FM2, for an antiparallel alignment one has to
simply exchange /ULEM2 with ,uEMQ and vice versa (Same applies for JTF M2 and JfMQ).

As already pointed out in the paragraphs before, the constants Kj, Kj, and Kj
(ie{FM1, N, FM2}) need to be calculated from a set of equations describing the bound-
ary conditions. For parallel alignment of the two ferromagnetic electrodes we obtain the

following set of equations assuming current continuity and an electrochemical potential
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difference proportional to the interface resistance parameters r, and ~:

KM =0
KM =0
KM =0
t t t
i (=) = WM (=) = 2em (1= DI (=)
t t t
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N N
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t tx
M ;“ ) =i (5) = 2erb<1 +7>Ji < )
FM2 in FM2 IN =y =

(2.18)

The conditions for KM and KI™? are obtained for a semi infinite ferromagnetic layer
where Ay vanishes for z — doo. KIM! = 0 can be used without loss of generality.
The interface resistance area product 7, and the spin selectivity parameter v describe
a spin dependent scattering at the interface between two adjacent layers and lead to a
discontinuity in the electrochemical potentials. These parameters are defined in analogy
to Eq. and for v = 0 the discontinuity is identical for spin-up and spin-down elec-
trochemical potential. We will show later that these spin dependent discontinuities will
lead to an enhancement of the measured MR and the spin polarized current density in

the N layer, for a trilayer with large conductivity mismatch (oA} > pryAfM

31] as it

is the case for a trilayer consisting of ferromagnetic metals and a semiconductor spacer
layer. For an antiparallel alignment of the two ferromagnetic layers the first 6 equations

remain unchanged, while the last 3 change to:

KM =0
KM =0
KM =0
N In FM1 In FM1 In
iy (=) = M (=) = 2emy (1= ) M (=)
t t t
WY (=) = uM (=) = 2er(149) T (=)
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RN =5) =T =5) = Ji <2>J (—3)
t t
ufm(;N) — 5 ( g) = 2ery(1+7)J l 5)
t t
M ;“ ) = (D) = 2ery(1 = )N (D)
FM2 tN FM2 ZfN Nt_N N Nt_N

(2.19)
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With those two sets of equations it is possible to calculate the parameters K}, K}, and K}
in each layer for both parallel and antiparallel alignment of the ferromagnetic electrodes.
The mathematica source code used for this calculation can be found in Appendix [C] For a
more complex layer structure, it is possible to use a transfer matrix formalism to describe
the connection conditions between each layer [I54]. After solving the boundary conditions
Eq. and , the spin dependent chemical potentials and current densities only
depend on material parameters.

In Fig. [2.26{a)-(d) we have plotted the corresponding chemical potentials and current
densities as a function of z, for the material parameters given in the caption. For parallel
alignment of the magnetizations of the ferromagnetic layers the calculated electrochemical
potentials g4 (black line) and g (red dashed line) in Fig. [2.26(a) have a crossing point
at z = Onm for r, = 2.5n0Qm?2 This results in a change of sign for Ay, which leads
to a minimum for the spin polarization at z = Onm as can be seen in Fig. [2.26c).
Moreover, the discontinuity at the interface due the interface resistance parameter and
interface selectivity parameter are evident from the graph. Note that the changes at the
two interfaces are identical for 4 and also for p. Moreover, due to the linear scale and
domination of the spacer layer the change in electrochemical potentials for spin-up and
spin-down in the two ferromagnetic layers is not visible in the graph.

For r, = 0 the influence of the large conductivity mismatch (pnAN > ppyAfM) of
the used parameters can be seen in the identical evolution of py (grey line) and g
(green dashed line) in Fig. [2.26[a). Thus the difference in spin dependent electrochemical
potentials is zero for r, = 0 and the current spin polarization in the N-layer is zero (cf.
Fig. 2.26|c) grey curve.) This shows how important the interface parameters are for the
observation of a GMR effect in a trilayer structure with a large conductivity mismatch.

Looking now at the spin dependent electrochemical potentials for antiparallel align-
ment of the ferromagnetic electrodes the difference in electrochemical potentials is nearly
constant through the whole N-layer (Fig.|2.26(b)). This is due to the fact that the dis-
continuity in potential at the two interfaces interchanges between p4 (black line) and
(dashed red line). The current spin polarization for antiparallel arrangement is depicted
in Fig. [2.26(d) (black curve), and shows a sign change at the middle of the N-layer.

Using the solutions obtained it is now possible to calculate the magnetoresistance of
the trilayer structure. From the electrochemical potentials we can define a corresponding
electric field F(z):

10(py +py)/2

F(z)= PR V. (2.20)

Applying this expression to the equations of the electrochemical potentials for the trilayer
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Figure 2.26: Calculated and normalized spin dependent electrochemical potentials p4, ) for (a)

parallel and (b) antiparallel alignment of the FM electrodes along the z direction.
Panels (c¢) and (d) show then the spinpolarization of the electrical current through
the structure for parallel (¢) and antiparallel (d) alignment calculated from the
Valet-Fert-model. For r, = 0 the spinpolarization in the N layer vanishes. Panels
(e) and (f) show the corresponding electrical field for parallel (e) and antiparallel
(f) magnetization alignment of FM1 and FM2. For the calculation we have used:
tn = 30nm, tpyn = ftpvme = 15nm, ppav; = 7500Qm, Bpvin = —0.46, )\EfMl =
60 nm, ppyz = 59 n0m, Brve = —0.33, AEM2 = 21 nm [139], px = 0.133 Qm, A} =
20nm, v = 0.5, 7, = 2.5nQm?; (For the ferromagnets we used the parameters of
Co and Ni and for the N-layer the values we determined for ZnO from TDH and
TRFR experiments.)
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system we obtain the following expressions for the electric field in each layer:

Brm
FP(E) = (1= Bh)pewn ] + i

X {Kng exp {—Z _Fi/[FlNH } — K3FM1 exp {——Z _Fi/[FlNH }1
/\sf /\sf
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Brm
FR2E) = (1= Bh)peved + i

Z — ZFM2 Z — ZFM2
X lKgMZexp{—/\FMQ } —KgFM2exp{——/\FM2 H )
sf sf

With the electric fields defined in each layer one can calculate the resistance area product
R x A of the whole structure by simply integrating along z over the whole structure:

1 trM2+Hin/2
RXA:j/ F(z)dz =

—tpM1—tN/2
1 [/ t t
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T A S T L R e
1 iN/24+trM2
+—/ F*™2(2)dz.
J tn/2

One should note that the additional terms with 7, arise due to the discontinuities of the
electrical field at the interfaces. Carrying out the integration of the single layers, one can
simplify this expression into:

RxA = (1- 51%M1)pFM1tFM1 + pnin + (1 = BEye) prnviatene (2.22)
T/ gFM1 FM1, N T gFM2 N Fu2 N
o= Ty e B T gpe ) e )
2Br1 FM1 2Brm2 ) trm2
+ = (KM — KM sin h( AFMl)Jr 7 (KM — K3™M?) sinh (me>

We can now use the obtained solutions of Ki, K}, and K} in each layer to calculate
the resistance area product (R X A)parana for parallel alignment of the ferromagnetic
electrodes and (R X A)antiparallel for antiparallel alignment. The MR of the structure can
then be determined via:

(R X A)antiparallel - (R X A)parallel NRXA

MR = = . 2.23
(R X A)parallel DRXA ( )

If we now substitute the set of solutions obtained from the boundary conditions for paral-
lel and antiparallel alignment we obtain the lengthy but exact solution for the nominator
Npgy 4 and denominator Dgy 4, which are given in Appendix [C] With these expressions it
is possible to investigate the evolution of the MR by varying one parameter and keeping
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the others fixed. To obtain a deeper insight for our Co/ZnO/Ni spin valve structure we
have chosen for these calculations typical material parameters for Co [I55] and Ni [I56]
as the two ferromagnetic electrodes and for the N-layer material parameters of ZnO ob-
tained from TDH and TRFR experiments on our laser-MBE grown samples (cf. Sect.
and [2.3). Figure 2.27(a) shows the dependency of the MR on the interface resistance
parameter 7y, for different fixed N-layer thicknesses ty. All curves exhibit maximum MR
in a certain range of 7,. In the case of the 2nm (black line) thick N-layer the range for
maximum MR stretches about one decade in values of the interface resistance indicated
by the black arrows. For thicker N-layers this window gets smaller, for the 30 nm (green
line) thick spacer layer the range for maximum MR is only a quarter of a decade indicated
by the green arrows. If the interface resistance lies below or above this window the MR
is greatly reduced. This shows that the measured GMR effect is strongly influenced and
can be tuned by the interface resistance parameter ry, [I51]. In addition, one can see in
Fig. (a), that the maximum of the MR shifts to larger r}, values for increasing N-layer
thickness due to the asymmetry of the two ferromagnetic electrodes. If one uses the iden-
tical material parameters for FM1 and FM2, this shift in the position of the maximum
is not observed (cf. [I51]). In figure 2.27(b) we have plotted the MR as a function of ty,

afied oveed sovd vy vviued sooed vovoed sooed soved vvvmd vooed voved soued 3

80 80 100
r, (@m?) t, (nm)

ST AR/ BRI BRI R | e 10’140 H— >0 L 4!0
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Figure 2.27: (a) Calculated dependency of the MR on the interface resistance ry, (a) for tx =
2nm (black line), tx = 15nm (red line) and ¢y = 30nm (green line). (b) MR as
a function of the spacer layer thickness ¢ty for v = 0.5 (black) and v = 0 (red).
For the calculations the following parameters were used: tpy; = tpve = 15 nm,
prv1 = 750Qm, Bpvn = —0.46, AEMY = 60nm, ppvz = 59 nQm, Brvz = —0.33,
)\EfMZ =21 nm, pny = 0.133 Qm, )\SN =4nm, v = 0.5, r, = 0.1 nOQm?.

the interface resistance parameter has been chosen to be slightly away from the optimal
value for maximum MR . For v = 0.5 (black) the curve has two distinctive regimes. On
the one hand for ¢ty > A, the MR is dominated by the exponential drop due to the
spin diffusion in the non ferromagnetic layer (o< exp(—tx/AY)). On the other hand for
txn < AN, we observe a sharp increase of the giant magnetoresistance, which is in this
regime dominated by the interface spin selectivity parameter . For small enough ¢x and
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for semi infinite FM layers the MR will reach the maximum value given by

72

MR = )
1—72

(2.24)

It is obvious that for v = 1 the MR will have its maximum value. Moreover, for v = 0
(spin independent interface scattering) it is evident from the red line in Fig. [2.27(b) that
the MR becomes drastically decreased by several orders of magnitude. This emphasizes
the importance of the spin dependent interface scattering to increase the MR to detectable
values.

In this theory part we have used the macroscopic model of diffusive spin transport to
develop the equation of the MR as a function of material and geometrical parameters of
the trilayer system. In the next section we will use this expression to fit the obtained
experimental data and extract quantitative values of the spin diffusion length in the ZnO
thin films.

2.5.3 Experimental

We will now focus on the actual measurement results obtained from our spin valve devices
based on a Co/ZnO/Ni trilayer system.

2.5.3.1 Growth and structural characterization of multilayer spin valve system

The investigated samples were grown on one side epipolished (0001)-oriented sapphire
(Al,03) substrates in an ultra-high vacuum (UHV) (base pressure p &~ 1078 mbar) thin
film deposition system equipped with chambers for laser-MBE and electron beam evap-
oration (EVAP). Prior to growth a 180nm thick platinum layer was deposited on the
backside of the sapphire substrates via DC-sputtering for a better absorption of the
infrared laser light used later for substrate heating during the laser-MBE process. A
transfer chamber allows an in-situ transfer between the two different deposition cham-
bers. The multilayer system deposited on the Al;O3 substrates consists from bottom
to top of a titanium nitride (TiN) layer (bottom electrode, 12nm thick), a ferromag-
netic Co layer(11nm), a zinc oxide (ZnO) layer with thicknesses varying from 15nm to
100 nm, a ferromagnetic Ni layer (11 nm) and a Au capping layer (24 nm). The multilayer
deposition started by growing the TiN thin film via laser-MBE by ablating a polycrys-
talline, stoichiometric TiN target (99.99% purity) with a pulsed KrF excimer laser at a
wavelength of 248 nm (More details on the system can be found in Appendix . The
deposition was carried out at a substrate temperature of Ty, = 600°C, a laser fluence
of pgp = 2J/cm? in an Ar atmosphere of py, = 7 x 10~*mbar and a repetition rate of
f=10 HZE] After deposition of the TiN, the sample was cooled down to room temper-
ature. Then the process chamber was evacuated to its base pressure. Afterwards the
sample was transferred in-situ into the EVAP chamber. There a 11 nm thick cobalt layer
was deposited at room temperature by evaporating a metallic cobalt target via electron
beam heating. A deposition controller monitored the deposition process via crystal bal-
ance and automatically opened or closed a mechanical shutter for exact thickness control.

5These parameters where obtained from a growth optimization for single TiN thin films on sapphire
substrates.
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The pressure during deposition did not exceed 5 x 10~ mbar. After the growth of the
cobalt layer the sample was again moved in-situ to the laser-MBE chamber and a ZnO
layer was grown on top under the following conditions: Ty, = 400°C, ggp = 1J/cm?
par = 1 x 1073 mbar, f = 10Hz (cf. Sect. . The purity of the target material was
99.99%. An argon atmosphere has been used to prevent oxidation of the Co layer. After
cooldown and evacuation the sample was transported in-situ to the EVAP chamber for
the final deposition steps. First a 11nm thick Ni film was evaporated onto the sample,
followed by a 24 nm thick Au capping layer, under the same deposition conditions as for
the Co thin film.

After growth the spin valve multilayer systems were first characterized by high reso-
lution X-ray diffraction (HR-XRD) in a 4-circle diffractometer (Bruker Discover) with
monochromatic (A = 0.1540562nm) X-rays at room temperature. In addition, mag-
netization measurements were performed in a SQUID-magnetometer (Quantum Design
MPMS) in a temperature range of 2 K — 350 K and an external magnetic field poyH of up
to 7T.

Fig. [2.2§|a) shows a typical 26-w scan for a spin valve multilayer system with a ZnO
layer thickness of 80 nm. The strong and sharp Al,O3 substrate (0003), (0006), (0009),
(000 12) reflections can be clearly identified in the scan. The occurrence of the weak and
normally forbidden (0003)- and (0009)-reflections could point to some lattice imperfec-
tions in the substrate, but have only negligible influence on the quality of the samples.
The additional reflections that can be seen in the scan stem from the epilayers grown
on the substrate. Using the bulk lattice values of the materials we can easily assign all
of them to reflections of one of the deposited layers. From the 26-w scan we rule out
the existence of secondary phases. The inset in Fig. (a) shows a high resolution 26-w
scan around the sapphire (0006) reflection, where we find additional evidence for the high
structural quality of our samples. Satellites around the TiN(111) reflection (20 = 36.60°),
the Au(111) reflection (260 = 38.17°), and the Co(0002)/Ni(111) reflection (20 = 44.50°)
due to Laue oscillations are clearly visible, an indicator for coherent growth of the multi-
layer system. A separation of the Co(0002)/Ni(111) reflection is not possible due to the
broad main peak, but note that the epitaxial quality of the cobalt layer should be higher
due to the deposition on the high quality TiN layer. We also note that it is not possible
to clearly distinguish between hep and fec structure for Co from the 260-w scan. From the
out-of-plane reflections we calculated the corresponding lattice constants for each layer:
czno = 0.521 nm, atiy = 0.425nm, ax, = 0.408 nm, cq, = 0.407 nm ay; = 0.352nm. All
calculated values are relatively close (relative change below 1072) to their bulk values,
indicating a relaxed growth of each epilayer on each other and an unstrained multilayer
system.

To obtain further information on the structural quality we also performed w rocking
curves at each layer reflection in the inset, the results are shown in Figs. [2.28(b)-(e). The
rocking curve of the ZnO (0002) reflection (Fig. [2.28(b)) is relatively broad with a full
width at half maximum (FWHM) of 0.62°. But one should keep in mind that the ZnO
has to grow on top of the Co layer leading to a larger in-plane lattice mismatch (> 25%)
than a direct growth on sapphire substrate making the achieved value still exceptionally
good. The FWHM value of 0.03° for the TiN (111) reflection (Fig. [2.2§c)) shows the
extremely good structural quality of the first grown layer, a prerequisite for the good
epitaxial quality of the samples, and pointing to well tuned deposition parameters. For
the rocking curve of the Au(111) reflection (Fig. [2.28(d)) we obtained a large FWHM of
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Figure 2.28: XRD data from the multilayer system grown on a (0001) oriented sapphire sub-
strate. The multilayer consists of a TiN (12nm) bottom electrode, Co (11 nm) as
the first ferromagnetic layer, a ZnO (15nm — 100 nm) spacer layer, Ni (11 nm) as
the second ferromagnetic layer and a Au (24 nm) capping layer. (a) 20-w scan of
a multilayer structure with a 80 nm thick ZnO layer. All observed peaks can be
correlated to the materials used in the multilayer, no secondary phases are visible.
The inset shows the selected area around the (0006) Al,Og for a better separation
of the reflections of the multilayer system. (b) w rocking curve of the ZnO(0002)
reflection for the same structure as in (a), the FWHM is 0.62°. (c) w rocking
curve for the TiN (111) reflection in (a), the FWHM of 0.03° approve the high
structural quality of the layer. (d) w rocking curve for the Au (111) reflection in
(a), the FWHM of 1.47° points to the full epitaxial relationship of all layers. (e)
w rocking curve for the Co (0002)/ Ni(111) reflection in (a), the FWHM of 0.04°
approves the high structural quality of the ferromagnetic layers. The red lines in
(b)-(e) indicate a Gaussian fit to the data, for the extraction of FWHM.

1.47°. For the rocking curve around the Co(0002)/Ni(111) reflection (Fig. [2.2§(e)) we
achieved a FWHM of only 0.04°, attesting a high structural quality of the cobalt layer.
An additional broad curve is visible in (Fig. [2.28(e)) which might be attributed to the Ni
layer with a FWHM of 0.28°. From this analysis it can be seen that the FWHM of the
rocking curves increases with each successive layer deposited for this multilayer structure.
Nevertheless, we obtained spin valve multilayer samples with good epitaxial quality.
The structural quality of the ZnO layer is relatively poor compared to the excellent
results obtained for our optimized laser-MBE grown ZnO thin films in Sect. For
example we achieved a FWHM of 0.03° for the XRC of the ZnO (0002) reflection in
our optimized thin films. The decrease in ZnO quality can be attributed to the TiN/Co
template on which the ZnO film for the spin valve system has been grown and the use of
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Figure 2.29: Phi(¢) scans of the Au (200) (a), Ni (200) (b), ZnO (1011) (c), Co (1011) (d), TiN
(200) (e), and AloOg (1126) (f) reflections. All 6 curves exhibit 6 peaks, which
line up at identical ¢ values illustrated by the vertical red dashed lines. This indi-
cates a well formed epitaxial in-plane orientation of all deposited layers and leads

to the following orientation relations: Au(111) [211] ||Ni(111) [211] ||ZnO(0001)
[1070] [|Co(0001) [10T0] | TiN(111) [211] ||AlO5(0001) [1120].

an Ar atmosphere during ZnO growth.

In order to get a deeper knowledge of the in-plane epitaxial relationships between
each successive layer, we performed phi(¢) scans for asymmetric layer and substrate
reflections. Typical results are depicted in Fig. [2.29(a)-(f) and have been obtained from
a spin valve multilayer with 80 nm thick ZnO. The ¢-scans carried out for each reflection
show six distinctive peaks at ¢ = —137°, ¢ = —77°, ¢ = —17°, ¢ = 43°, ¢ = 103°, and
¢ = 163°. Therefore we can now assume the following in-plane epitaxial relationships for
the layers: Au(111) [2T1] |Ni(111) [2T1] ||ZnO(0001) [1010] ||Co(0001) [1010] || TiN(111)
[211] [JAly03(0001) [1120]. As the chosen sapphire {1126} reflection directly reflects
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the orientation of the oxygen sublattice, it is evident, that each layer is aligned to this
sublattice. This alignment has been already observed for TiN (111) [157, [158], Co(0001)
[159], ZnO(0001) [42], and Au(111) [I60] thin films all directly grown on (0001)-oriented
Al; O3 substrates. Our results suggest that the previously reported in-plane orientations
of the single layers are preserved with excellent quality when growing the layers on top
of each other. This might explain why we were able to fabricate multilayers with relaxed
layer growth but still exceptionally good crystalline quality.
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Figure 2.30: HRXRD reflectometry scan of a spin valve multilayer structure with (a) a 20 nm
and (b) 80nm thick ZnO spacer layer. The black curve represents the mea-
sured intensity and the red curve a simulation with the following parameters:
trin = 12nm, tco = 11nm, tNx; = 11nm, o, = 24nm, and tz,0 = 20nm for (a)
and tz,o = 80nm for (b). Despite the complicated structure of the multilayer,
simulation and experimental data fit nicely together.

To further analyze the surface roughness and interface sharpness we also measured
HR-XRD reflectometry curves for each sample. Two curves for a sample with 20 nm and
80nm ZnO thickness are shown in Fig. 2.30[(a) and (b), respectively, as black lines. Both
curves show clearly visible oscillations even for 26 angles above 3°. This supports the fact,
that we have fabricated multilayers with low surface roughness and sharp interfaces. For
comparison we have simulated the reflectometry of the corresponding multilayer using
the Bruker LEPTOS software, by directly plugging in the previously mentioned thickness
values of each layer. The results are displayed as red curves in each graph. Although
there is no 100% agreement between simulation and measurement, some beating patterns
and oscillation periods are clearly identical in both curves. One should note that a direct
determination of the thicknesses of each layer is nearly impossible due to the complex
structure of the multilayer system.

After the structural characterization we further analyzed our spin-valve multilayers
by SQUID magnetometry. In Fig. 2.31a) we show typical in-plane hysteresis loops at
T = 25K obtained from a multilayer structure with a ZnO thickness of 15nm. The
two ferromagnets switch independently of each other at different coercive fields poHc,
as evident from the two step shape of the measured hysteresis loop. From additional
measurements with a multilayer structure without the nickel layer (not shown here), we
could verify that the sharp first switching step in the upsweep represents the reorientation
of the magnetization of the cobalt layer. The second more rounded one is attributed to
the switching of the magnetization of the nickel thin film. From the measurements at
25 K we extracted the following coercive fields (by extraction of the average field value at
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which the switching step was halfway completed in magnitude for up- and downsweep)
and saturation magnetizations: puoHS® = 1.5mT, poHY = 8.5mT, ME° = 1230 kA /m,
and MJI = 430kA/m. The saturation magnetizations for our thin films are 15% smaller
than the bulk values reported in literature (MS° = 1440 kA /m, MY = 485 kA /m [161]).
These deviations from the bulk values can be accounted for by the relative error (~ 10%)
for the determination of the volume of each layer and additional thin film effects. The
occurrence of this independent, separate switching of the two ferromagnetic layers allows

the realization of spin valve devices with our multilayers.
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Figure 2.31: In plane magnetization loops (a) measured for a multilayer thin film sample
with a ZnO layer thickness of 15nm at T = 25K. The separate switching
of the two ferromagnetic layers is clearly visible. The first abrupt change at
,ungo = 1.5mT is attributed to the cobalt layer with a saturation magnetiza-
tion ME? = 1230kA /m, the second broad switching at ,U[)Hgi = 8.5mT to the

sat

nickel thin film ML = 430kA/m. The inset shows the magnetization loop for
—7T < poH < 7T after a diamagnetic background substraction, with a total
saturation magnetization Mgy = 1660kA/m. (b) Temperature dependence of
the ip magnetization loops for 7' = 300K (black), T" = 100K (red), T' = 2K
(blue). The saturation magnetization is constant and the coercive fields change
for Co from poHSE°(300K) = 1mT to poHS°(2K) = 1.8mT and for Ni from
poHY(300K) = 5.2mT to poHY(2K) = 10.7mT. For the determination of M
we normalized the magnetic moment to the total volume of the ferromagnetic

layers.

Moreover, we investigated the temperature dependence of the in-plane hysteresis loops.
In Fig|2.31|(b) hysteresis loops at T'= 2K, T'= 100K, T' = 300 K are depicted for a spin
valve multilayer with a 20 nm thick ZnO spacer layer. With decreasing temperature the
coercive fields of the ferromagnets increase, and the two step switching process of the two
ferromagnetic layers becomes more pronounced.

All the samples investigated show a separate switching of the two ferromagnetic layers,
a magnetic coupling between the two layers could not be observed. In summary, we could
verify by in-plane hysteresis loops that for every sample, with a ZnO thickness ranging
between 15 nm and 100 nm, the two ferromagnetic layers have two different coercive fields,
which is a key requirement for a successful realization of spin valve devices based on our
multilayers.
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2.5.3.2 Electrical measurements with ZnO based spin valve structures

For the electrical characterization we first fabricated vertical mesa structures from the
spin valve multilayer samples, which allow a transport measurement in the cpp geome-
try. The fabrication of the spin valve devices was carried out in 3 steps using standard
photolithography. First we defined the contacts to the bottom TiN electrode using argon
ion beam milling. In a second step the vertical mesa structure is established by first
etching the mesa with Ar ion beam milling and then RF-sputtering a SiO, insulating
layer around the mesa using lift-off technique. In the final step the top contact to the
spin valve is formed by sputter deposition of 5nm Cr and 50nm Au and lift-off. A
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Figure 2.32: Fabrication process of the spin valve devices for cpp geometry. (a) Schematic
illustration of the designed spin valve structure. The multilayer is first patterned
into square mesas. Using insulating SiO» a separate electrical connection to the
top Au and the bottom TiN layer is realized, allowing a four point resistance
measurement of the spin valve device with the current perpendicular to the layers.
(b) Microscope image of a nominal 100 um? large spin valve contact after the
etching process and the SiOs sputter deposition. (c¢) Picture of the final structure
after the gold lift off with 9 contacts of different sizes.

schematical drawing of the fabricated mesa can be found in Fig. [2.32(a). Two Al wedge
bond contacts to the top and bottom electrode allow a current bias 4 point voltage mea-
surement. Figure [2.32)b) shows a 10 x 10 um? vertical mesa structure after the etching
and SiOy lift-off. The structure is well defined with slightly rounded edges. The final
sample can be seen in Fig. [2.32(c), it consists of a total of 9 spin valve structures with
three different sizes: 10 x 10 um?, 15 x 15 um?, 20 x 20 pm?. After the mesa structure
and electrical contacts were defined, the sample was mounted on our chip carrier system
and contacted via Al wire wedge-bonding. The chip carrier with the mounted sample
was then placed onto a dipstick in an Oxford Spectromag 4000 magnet cryostat system,
which allowed electrical measurements in external magnetic fields yoH < 7T and at
temperatures 1.8 K < T < 350K. A stepper motor rotated the dipstick inside the cryo-
stat, which enables us to freely orient the field direction in the film plane. All electrical
measurements were carried out by applying a constant current flowing from the bottom
electrode to the top electrode and measuring the voltage drop between top and bottom
electrode (cf. Fig. [2.32(a)). Current bias was applied using a Keithley 2400 Sourceme-
ter, and voltage measurements were carried out using a Keithley 2010 Multimeter or a
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Figure 2.33: Electrical characteristics of two spin valve multilayer structures. (a) I-V curve for
a Co/ZnO/Ni spin valve contact (area 400 um?, t7,0 = 20nm) at 300 K (black),
50K (red) and 1.5K (blue). The curves for T > 1.5K show a linear Ohmic
behavior and the resistance increases for lower temperatures. (b) Temperature
dependent 4pt resistance of the same contact. The measured resistance increases
by one order of magnitude over the whole temperature range, pointing to the
fact that the resistance of the contact is dominated by the ZnO layer. Panels
(c) and (d) show a comparison of the SQUID magnetometry data (c) and the
magnetoresistance (d) for a 400 ym? contact with tz,0 = 20nm at 7' = 2K. It is
evident that the MR effect observed is correlated to the switching fields observed
in magnetometry. The maximum of the M R = 1.93 % is located at ugH = 3.6 mT,
where the magnetization of Co and Ni electrodes are aligned antiparallel. Black
arrows in (c¢) and (d) indicate magnetic field sweep direction and red arrows the
orientation of the magnetizations of Co and Ni. The grey shaded area represents
the part of the graph described in the text.

Keithley 2182 Nanovoltmeter.

A first electrical characterization via current-voltage (I-V) curves at three different
temperatures T = 300 K, 50 K, 1.5 K is presented in Fig.[2.33|(a). The contact investigated
had an area of A = 20 x 20 um? and a ZnO thickness of tz,0 = 20nm. The I-V curves
measured at 300 K and 50 K exhibit a linear behavior for currents of up to 1mA (not
depicted in the graph). As it can be seen from the three measured curves, the resistance
of the contact increases with decreasing temperature. Current-induced heating results in
a deviation from linearity as can be seen at 7' = 1.5K for I > 25 uA. All the samples
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investigated display ohmic behavior. This indicates that the carrier concentration in the
ZnO layer is very high (nz,o > 5 x 10! cm™2) so that there is no Shottky contact effect.
The current bias in all the presented data has always been chosen to be within the linear
regime of the I-V curve, to avoid heating of the investigated contacts. We therefore can
directly calculate the 4pt resistance of such a device from Ohm’s law:

Rypt = @. (2.25)

I

A resistance versus temperature curve (R(T')) for the very same contact can be seen in
the graph of Fig.[2.33(b). The resistance of the contact increases by a factor of 5 when de-
creasing the temperature from 300 K to 10 K. From this observation we conclude, that the
resistance is dominated by the ZnO layer, because all other layers should show a metal-
lic type of conduction leading to a decrease of resistance with decreasing temperature.
Moreover, the resistivities of Co (pco(300 K) = 56.0n0m), Au (pay (300 K) = 20.5nQm),
Ni (pni(300K) = 59.0 nQdm), and TiN (prin(300 K) = 21.7 uQdm) are more than 4 orders
of magnitude lower than for ZnO (pz,0(300 K) = 0.133 Qm) [162], such that the observed
Ryt (300K) = 5.19Q = pz40(300 K)tzn0/Azno = 6.65 € is clearly dominated by the resis-
tance of ZnO. All investigated samples exhibit this semiconductor like R(7") evolution.
However, the rather small change (by one order of magnitude) between room temperature
and liquid Helium temperature supports the assumption of a nearly degenerately doped
Zn0O, leading to a nearly constant carrier concentration over the whole temperature range.
Under the assumption of a constant carrier concentration nyz,o = 5 X 107 cm™ one can
calculate the mobility of the carriers in ZnO

thO

_—. 2.26
R4ptAnZnO€ ( )

HznO =
The mobility of the carriers in our ZnO layer is quite low pz,o < 1em?V~1s™! and
varies as p oc T%? with temperature. This proves that the mobility of the ZnO layer is
dominated by scattering from ionized defects (e.g.: charged donators, dislocations), as
it would be expected because of the crystalline quality of our samples. In summary the
measured [-V and R(T") curves point to a domination of the resistance by a degenerately
doped, low mobility ZnO layer.
For further electrical characterization we also measured the dependence of Ry on the
external applied magnetic field (Ryp(H)) and extracted from these measurements the
magnetoresistance M R(H) as follows

_ Rapt(H) — Rape(—200mT)

MR(H
R( ) R4pt(_200 mT)

(2.27)

In Fig. [2.33(d) we have plotted the M R(H) for a spin valve contact with A = 20 x 20 ym?
and t7,0 = 20nm at T = 2K. The curve exhibits a hysteretic behavior, where the
MR(H) is different for up- and down-sweep. A high resistance state occurs at two field
ranges, one at 0mT < poH < 14mT (up-sweep) and another one at —15mT < pgH <
0mT (down-sweep). The M R(H) is axially symmetric with respect to poH = 0mT and

6We have chosen 200mT as the reference value as at those magnetic field values both ferromagnets are
in saturation (cf. Fig. [2.31a).
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has a maximum value of 1.98% for negative fields at pgH = —3.8 mT and a maximum of
1.93% for positive field values at poH = 3.6 mT. This observation can be explained by a
GMR, where the measured resistance depends on the relative orientation of the magne-
tizations of the two ferromagnetic layers. It is crucial for a later quantitative analysis of
the spin diffusion length in ZnO to exclude anisotropic magnetoresistance (AMR) or also
a tunneling magnetoresistance (TMR) as a possible origin of the observed MR. Another
possible explanation would be a combination of the AMR of both ferromagnetic layers
resulting in the observed M R(H) curve. The reported AMR ratio is 1.9% (T" = 300 K)
for Co [163] and 2.2% (T = 4.2K) for Ni [164], which is in the range of the observed ef-
fect. However, we already know from the R(T") behavior, that the resistance of the device
is dominated by the ZnO layer. As the total resistance of the mesa structure could be
represented by a series connection of resistors, one would expect that the total measured
AMR is greatly reduced due to the large non hysteretic contribution of the ZnO layer.
Comparing the magnetization data from SQUID magnetometry with the M R(H) data as
shown in Fig. [2.33(c) and (d) rather points to the presence of a GMR effect in our vertical
mesa structure. For a direct comparison we take a closer look at the up-sweep of both
data sets, the sweep direction is illustrated by black arrows in both graphs. In addition a
pair of red arrows indicate the orientation of the magnetizations of the Co (lower arrow)
and Ni (upper arrow) in certain field ranges. For large enough negative fields we know
from the magnetometry data, that the two magnetizations of Co and Ni are aligned par-
allel to each other. In the M R(H) we get a sharp increase of the MR from pgH = 0mT
to poH = 2.5mT, within the same field range the magnetization data also shows a sharp
switching which was attributed to the reorientation of the Co layer, changing the relative
orientation of the two magnetizations. The M R(H) curve then reaches its maximum of
1.93% at ugH = 3.6 mT, at this field value the magnetization curve changes its slope and
points to an antiparallel alignment of the Co and Ni magnetizations. For an antiparallel
alignment of the magnetizations we expect the maximum GMR value, which is observed
in our experiments. After the maximum the M R(H) curve at ugH = 3.6 mT decreases
slowly and reaches 0% at poH = 14.8 mT. For the magnetization data we observe in this
field range the reorientation of the Ni layer, such that the magnetizations of cobalt and
nickel are again aligned parallel, which would result in M R = 0 according to the GMR
model. Therefore it is possible to explain the observed M R(H) within the model of a
spin valve (GMR) using the magnetometry data and the information on the alignment
of the magnetizations of Co and Ni. This strongly supports, that the observed MR is a
GMR.

In addition, we have also investigated the electrical current bias dependence of the
contacts. M R(H) data obtained for t7,0 = 20nm, A = 20 x 20pum? and T = 1.5K is
represented in Fig. 2.34[(a) for a current bias of 5 A (black), 20 pA (red) and 100 pA
(blue). The measured M R(H) is nearly independent of the current bias. Only for the
100 pA curve we see a slight decrease in the maximum MR, which is related to the Joule
heating of the contact as can be seen from the I-V characteristics of the contacts (cf.
Fig.[2.33(a)). The temperature dependence of the MR will be discussed below. We have
investigated this current bias dependence for all samples and found a similar current
dependence of the MR for all other samples. These findings in combination with the
Ohmic I-V curves clearly rule out a TMR as a possible source of the observed MR.

A further important characteristic for a discrimination between the different MR effects
is the dependence of the M R(H) on the orientation of the external applied magnetic field.
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Figure 2.34: (a) M R(H) as a function of the applied electrical current: I =5 puA (black), I =
20 pA (red) and I = 100 pA (blue). (b) M R(H) for different in-plane orientations
of the external magnetic field: o = 0° (black), o = 20° (red), a = 45° (green),
a =90° (blue) and aw = 135° (cyan). The M R(H) is independent of the external
field orientation. Both findings indicate that the origin of the observed MR is
GMR.

We have conducted several M R(H) for different angles o between external in-plane field
and one diagonal of the square contacts. For tz,0 = 20nm, A = 20 x 20 um? and
T = 5K the obtained M R(H) are shown in Fig. 2.34{b) for a = 0° (black), a = 20°
(red), a = 45° (green), a = 90° (blue), and o = 135° (cyan). The drawing in the
graph illustrates the definition of « for the description of the field orientation. We clearly
observe a M R(H) loop that is independent of the orientation «. This indicates that only
the relative orientation of the magnetizations in the Co and Ni layer is important for
the observed M R(H) curves, which is the case for GMR. For an AMR type of effect one
expects a clear dependence on the orientation of the external applied field with respect
to the electrical current direction [I65]. As we have measured in the cpp geometry, we
would only expect a dependence on the in-plane orientation «, if the electrical current
path has sections within the film plane. In addition, for the observation of an AMR effect
in our cpp geometry the magnetizations of Co or Ni should have an in-plane field range,
where the magnetization has an out-of-plane (oop) component, which is highly unlikely
as the oop-direction represents a hard axis. In this context the orientation dependence
of the M R(H) is an evidence for the cause of the MR being GMR.

To further clarify the origin of the MR we have carried out additional angle dependent
measurements. The experimental procedure was as follows: At a fixed in-plane orien-
tation o = —20° we applied a positive magnetic field poH = 500mT large enough to
align both magnetizations along the field direction and parallel to each other. After this
initialization process we reduced this positive field to the value H,,;. The magnitude
of the external magnetic field was then kept constant at H,,; and the relative in-plane
orientation « between sample and external magnetic field was stepwise changed while
measuring the 4pt resistance of the contact (ADMR). A definition of the angle a describ-
ing the orientation of field and sample can be found in Fig. [2.35(a), together with the
magnetization mc¢, of the cobalt layer and the magnetization my; of the nickel layer.



68 Chapter 2 Spin electronics in epitazial zinc oxide thin films

12.0-('b') ' 't'no':z'o'nfn' 12.0
@11.9- @ 11.9
0 = =
< <
24 1
11.8L 11.8
f.
" i
-30 20 -10 0 10 20 0°  100° 200° 300°
uH (mT) o

Figure 2.35: Comparison of resistance measurements on a spin valve device with 20nm ZnO
spacer layer and an area of 400 um?. (a) Definition of the coordinate system.
The angle « describes the orientation of the external magnetic field in the film
plane. (b) Measured 4pt resistance of the device as a function of external magnetic
field (black symbols) at &« = —20° and 7" = 5K. The additional round open
symbols (red, green, blue and cyan) depict the start value for the angle dependent
magnetoresistance measurements at fixed external magnetic field. (c) ADMR
measurements at p19Hyor =11.3mT (red symbols), 1.3 mT (green), -8.7mT (blue)
and -18.7mT (cyan). For an external magnetic field of 1.3 mT and -8.7mT, a fit
with a cosine function is depicted by the green and blue lines.

For a contact with tz,0 = 20nm, A = 20 x 20 um? and T = 5K, we recorded first
the 4pt resistance as a function of the external magnetic field for o = —20° starting
at positive and going to negative fields (Ryp(H)). The corresponding data is shown in
Fig. [2.35|(b) as open black squares. We here observe a characteristic first sharp switching
at uoH = —2.5mT, which corresponds to the reorientation of m¢, and results in an an-
tiparallel alignment of mc, and my;. After this first measurement we carried out ADMR
measurements for pgH,,y = 11.3mT (red symbols), poHyor = 1.3mT (green symbols),
poHyor = 8.7mT (blue symbols), and poHyy = —18.7mT (cyan symbols), which are
represented in Fig. [2.35(c). The start values for o« = —20° are also displayed as a circle
of the corresponding color in Fig. [2.35(b). This comparison shows only a small devia-
tion (relative change at fixed field < 10™*) between ADMR and Ry (H) measurements.
These deviation are caused by different magnetic domain states of the ferromagnetic elec-
trodes for the ADMR and Ry (H ) measurements, originating from the different magnetic
field sweep rates for these two measurements (1T /min for ADMR and 0.05T/min for
Rup(H)).

If we compare the 4 measured ADMR curves we clearly see that for pgH,o; = 11.3mT
and poH,ot = —18.7mT the measured resistance is independent of o. But for pgH,o =
1.3mT and pgH,ot = —8.7m'T we observe a clear cosine and inverted cosine dependence
of Ryp on « respectively. This behavior can only be understood in the picture of a spin
valve, as discussed in the next paragraph.

We first take a look at the ADMR data measured for poH,,s = 1.3mT. From the
Ryt (H) we know that mc, || my; is the initial situation before we start changing the
orientation of the external magnetic field. The chosen field value pgH,ot = 1.3mT is
only large enough to influence the orientation of mg,, for simplicity we neglect any
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magnetic anisotropy and assume that mc, is always parallel to the external magnetic
field and my; will remain aligned along o = —20° for the whole field rotation. If we now
start to rotate the magnetic field in the film plane, m¢, directly follows this orientation
effectively changing the relative angle ¢ between mg, and my;. In a simple model, the
GMR changes Rap; as a function of relative orientation of the two magnetizations. This
change is proportional to cos(¢). This expected cosine behavior is perfectly reproduced
by our measured data. At a = 180° the curve reaches it’s maximum corresponding to
an antiparallel alignment of m¢c, and my;. If we now further increase o above 180°we
observe the reversal from antiparallel to parallel alignment reducing Ry,. For the ADMR
measurement at poH = —8.7m'T the case is reversed to ppH = 1.3mT. We first start at
an antiparallel alignment of m¢, and my; to a parallel configuration at &« = 160° (minimal
value of Rypt) and back to antiparallel. For further clarification we included a cosine fit
to the data represented by the green and blue line in Fig. 2.35(c). In the case of pgH =
—18.7mT and pugH = 11.3mT both magnetizations m¢, and my; remain parallel to the
external magnetic field resulting in a fixed orientation between the two magnetizations
(p = 0°), which ultimately produces no change in Ry for all field orientations. The
measured ADMR evolution is a key evidence, that the observed MR is GMR, because
the observed orientation dependence can only be understood in the model of GMR,
where the relative orientation of the two magnetizations determines the resistance of
the structure. From all the experimental results obtained from M R(H) and ADMR, we
unambiguously conclude that the observed MR is due to GMR.

(a) t, =20 nm
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Figure 2.36: (a) MR as a function of the in-plane external magnetic field at 7= 10K (black),
T = 100K (red), and T'= 300 K (green) for a spin valve device with tz,0 = 20 nm
and A = 400 pm?. The MR decreases with increasing temperature, but even at
300K, a maximum MR effect of 0.2% is obtained. (b) Temperature dependence
of the maximum MR for the same device as in (a) depicted by the open black
squares (left scale) and temperature dependence of the 4pt resistance (red line,
right scale). The change in maximum MR follows the change in resistance with
temperature.

For further systematic investigations we have conducted M R(H) measurements at
various temperatures. Experimental results for the M R(H) for a spin valve device with
tzno = 20nm, A = 20 x 20 um? are depicted in Fig. [2.36(a) at T = 10K (black),
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T = 100K (red), and T" = 300K (green). The maximum value of the MR decreases
from 1.68% at 10K down to 0.2% at 300 K. But even at 300K a finite MR signal is
still obtained, indicating an electrical injection, transport and detection of spin polarized
carriers through 20 nm of ZnO at room temperature, exceeding the length scale of 10 nm
reported in [102]. In Fig. [2.36|(b), we have plotted the extracted maximum M R(H) for
positive field values as a function of temperature for the very same spin valve device as
open black squares. The drop in maximum MR for increasing temperature is evident from
the graph. Interestingly, the decrease in MR has the same temperature dependence as
the 4pt resistance. This is a first hint that the spin dephasing time is somehow correlated
to the transport properties. As already discussed above, the temperature dependence of
the resistance is dominated by the carrier mobility in the ZnO determined from the mean
scattering time of the charge carriers.

In summary, our experimental results on the electrical characteristics of our spin valve
device with variable ZnO thickness show characteristic M R(H) curves. The features in
the curves are related to the relative magnetization orientation of the cobalt and the
nickel layer. Moreover, ADMR measurements prove that the observed MR is indeed a
GMR. In addition, our results give evidence for the injection, transport and detection
of spin information over length scales larger than all values reported in the literature so
far [102].

2.5.3.3 Extraction of spin transport parameters from the measurements

For a further quantitative analysis of the measured GMR in our spin valve devices we
now extract the maximum MR at positive magnetic fields for different ZnO thicknesses
tzno€{15nm,20 nm, 30 nm, 50 nm, 80 nm}, at various temperatures 1.8 K < 7" < 200K
and the same contact sizes A = 20 x 20 um?. In Fig. (a)—(d) we exemplarily display
the values obtained at 7' = 1.8K (a), 7= 50K (b), T = 100K (c), and 7" = 200K
(d) as open black squares. The model presented in Sect. is then used to extract
the temperature dependence of A%2*° ry, and « by fitting the thickness dependence of
the maximum MR. For the fit we have used the following values for the material pa-
rameters: pc, = H6nQm [166], \§° = 59nm [167], Bc, = —0.46 [152], tco = 11nm,
pni = 59nQm [166], \F = 21nm [I68], fni = —0.14 [I68], txi = 11nm. As these pa-
rameters have only small influence on the MR we assume for simplicity that they are
independent of temperature. The only temperature dependent input parameter for the
fitting process is pzno. To determine the temperature dependence we have fabricated a
TiN/ZnO/Au reference sample, patterned in the same way as all the spin valve systems,
without the two ferromagnetic layers. We then extracted from R(T") measurements the
temperature dependence of pz,o for A = 20 x 20 um?, and determined values of pz,0 at
the temperatures investigated by using an exponential fit to the data. The pz,o values
obtained with this procedure are illustrated in Fig. (e) as black solid squares. With
all the needed input parameters at hand we can now fit the experimental MR data, to
extract AZC, 1y, and 7. The fitting curves obtained are depicted in Fig. 2.37(a)-(d) as
red lines. The curves clearly reproduce the measured data, reflecting a perfect agree-
ment between model and experiment. With the fit we could extract the temperature
dependence of the spin diffusion length, the interface resistance and spin selectivity. The
results are displayed in Fig. [2.37(e) for A2"©, (red circles) and in Fig. [2.37|(f) for r, (green
up triangles), and v (blue down triangles). The maximum value of (11.6 + 1.0) nm for
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Figure 2.37: Dependence of the maximum MR on tz,0 at T'=1.8K (a), T'= 50K (b), T' =
100K (c), and T'= 100K (d). The open black symbols depict the data obtained
for spin valve devices with an area of 400 um?, the red lines are fits with the
Valet-Fert model (Eq.(2.23)), which perfectly reproduce the data. (e) Calculated
temperature dependent resistivity (closed black symbols, left scale) of the ZnO
layer from a exponential fit to the data of a TiN/ZnO/Au reference sample, which
is used as a parameter in the simulation, and obtained temperature dependence
of the spin diffusion length in ZnO /\SanO (red circles, right scale) from the fit.
(f) Interface resistance r}, (green up triangles) and spin selectivity v (blue down
triangles) as a function of temperature.

AZO is obtained at T = 5K, the spin diffusion length then drops to (10.7 & 0.8) nm at
T = 10K and then gradually decreases to (6.24+0.2) nm at 7" = 200 K. To our knowledge
these are the first quantitative values of the spin diffusion length in ZnO using an all
electrical detection scheme. In contrast r, and ~ are nearly temperature independent.
For T > 10K the interface resistance parameter reaches a value around 11 nQm?, due to
the large error bars at lower temperatures our data are not good enough to support the
fact that r, increases its value for 7" < 10 K. Regarding the spin selectivity parameter
v we obtain a temperature independent value of 0.5. By plugging in the parameters
obtained by fitting our thickness dependent MR we calculated maximum MR values for
tzno = 3nm and tz,0 = 10nm at 7' = 100 K and obtained 12% and 3.7% respectively.
These values exceed the ones reported in [102] of 1.3% for 3nm and 1.1% for 10nm,
demonstrating the excellent quality of our samples.

To further analyze the spin dependent transport in ZnO we calculated the correspond-

ing spin dephasing time from the fitted spin diffusion length A%°. Under the assumption

of a nearly temperature independent carrier concentration ngz,o = 5 x 107 cm™3 we
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can calculate the Fermi temperature using Ty = 27; - (27rnZno)2/ 3 with an effective mass

m* = 0.3mg (cf. section and obtain Ty = 88.9K. The Fermi temperature lies
within our investigated temperature range and thus we have to consider for the evaluation
of the spin diffusion process the crossover from a degenerate Fermi gas at low temper-
atures to a thermal electron gas at high temperatures. In Eq. we defined the spin

diffusion length A\ = @/%Sf as the product of the transport mean free path ¢ = /(v?)7

and the spin-flip length ly = \/(v?)7ss. Where 74 is the spin dephasing time and 7 is
the mean free time between collisions, which can be calculated using the Drude relation
T = n’gp. For the mean square velocity we now have to use (v?) = (v3) + (v3) taking
into account the crossover between Fermi electron gas and thermal electron gas. Using
(vZ) = 3kgT/m* and (v3) = 2kpTy/m* we finally obtain for the temperature dependence

of the spin dephasing time 7% (T):

TZnO<T> _ Q(Aszan(T))annonno(T)GQ.
of k(T + 2T)

(2.28)

ZnO

The obtained values of 74" are plotted as black squares in Fig. [2.38(a) as a function
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Figure 2.38: (a) Calculated spin dephasing time TSanO (open black squares) from Eq.(2.28) for
nzno = 5 x 1017 cm 3. TstnO decreases with increasing temperature and saturates
for T' < 10K; a maximum value of 2.6 ns is obtained at T'= 1.8 K. The panel also
includes TRFR data from RWTH Aachen (red circles) measured on our optimized
laser-MBE grown, buffered ZnO layer on c-plane Al,O3 (cf. Fig. and TRFR
data reported by Gosh et al.(green triangles) [97] for a PLD grown 100 nm ZnO
layer on c-plane sapphire. For 10K < T < 60K all three data sets exhibit qualita-
tively the same temperature dependence. (b) Temperature dependence of the ZnO
spin dephasing rate (open black symbols) and a fit to the data (7" > 25K) with a
model solely based on a linear in k D’yakonov-Perel’ mechanism (Eq.(2.29)). The
material parameter app = 2 x 106 K~'ns~2 seems unreasonably high compared to
the theoretical value of 34.6 K~!ns~2 reported in [99].

of temperature. For T" > 10K the spin dephasing time exponentially increases with
decreasing temperature. For lower temperatures 74"C saturates and reaches a maximum
value of 2.6ns. This temperature dependence agrees well with the already published
data in [97] for a 100nm thick ZnO film grown by PLD on c-plane sapphire with a
carrier concentration of nz,o = 1.9 x 10! em ™3, which is included in Fig. [2.38(a) as green
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triangles, where the spin dephasing time for ZnO remains constant for low temperatures
and only starts to decrease for T" > 50K. Interestingly our all electrical data even
quantitatively coincides with these all optical measured data for I0K < 7" < 100K,
which suggests that the spin dephasing mechanism for both samples have to be identical.
Moreover, the very same temperature dependence has been extracted from the TRFR
experiments on our high quality ZnO thin films in Sect. [2.3] included as red circles in
Fig. (a), which further substantiates that the mechanisms of spin dephasing have
to be identical for all these ZnO thin films. The T35 measured for our optimized ZnO
layer by TRFR exceed by a factor of 5 both the already published optical TRFR data by
Gosh et al. and our all electrical spin valve data. As the structural quality of our ZnO
layer in the all electrical spin valve experiments has a lower structural quality (FWHM
of the ZnO (0002) XRC 0.62° cf. Fig. than the samples we have used for the optical
TRFR experiments (FWHM of the ZnO (0002) XRC 0.03° cf. Fig. [2.4)), this increase
in spin dephasing time shows that the structural quality also plays an important role
for 7Z79. Taken together, this evaluation of the temperature dependence of the spin
dephasing time evaluated by different experimental techniques suggests, that the spin
dephasing mechanisms are identical for all the different ZnO samples independent of
structural quality.

To further clarify this we followed the analysis and theoretical description of spin
dephasing in ZnO described in [99]. In this publication different spin dephasing mech-
anisms were discussed to theoretically explain the data obtained in [97]. Two main
mechanisms where needed to completely explain the data of the TRFR experiments:
The Dzyaloshinsky-Moriya (DM) mechanism due to an anisotropic exchange between
the localized electronic states and the D’yakonov-Perel’(DP) mechanism due to the re-
flection asymmetry of the ZnO along the c-axis and the bulk inversion asymmetry of
the wurtzite crystal. In the theoretical description the authors have found the following
temperature dependence: For T' < 50K the spin dephasing is dominated by the DM
mechanism, because most of the charge carriers are bound to shallow and deep states
within the band gap. At T' > 50 K the DP mechanism dominates because it arises from
scattering of delocalized charge carriers and the related change in effective magnetic field
due to spin-orbit interaction. The DP mechanism in wurtzite crystals can be explained
by two terms: One is linear in k and one is cubic in k. From the calculations presented
in [99] it is evident, that for ZnO the linear in k term dominates the DP mechanism. The
temperature dependence of the DP mechanism can then be described by

Top = app7 ()T, (2.29)

Tpp is the spin dephasing time arising due to the DP mechanism, app describes the
efficiency of this mechanism, 7(7) is again the mean free time between collisions and
can be calculated from the mobility u(T") of the system: 7(T") = u(T)m*/e. m* is the
effective mass of the free charge carriers.

At elevated temperatures we would expect that the dominating spin dephasing mech-
anism is DP. In order to confirm this expectation we further analyzed our obtained spin
dephasing times. Figure (b) shows a double logarithmic representation of the spin
dephasing rate (74%9)~1 versus temperature (open black squares) of our all electrical spin
valve data . The red line represents a fit to the data for T > 25K using Eq.(2.29),
where we have calculated 7(7") from resistance dependent data of the reference sample
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again using a constant carrier concentration of nz,o = 5 x 10" ecm™3. The calculated
values of 7(7') are in the range of 10as, which is a very small value and is attributed
to a dominant impurity/defect scattering. From the fit to our data we also obtained
app = 2 x 10° K~'ns™2, which is more than 5 orders of magnitude larger than the theo-
retically calculated app = 34.6 K~'ns™2 [99, [169]. This result might indicate that the used
theoretical approach is not appropriate to explain the observed spin dephasing times and
the influence of impurity concentration on app has to be taken into account. However,
interestingly, the simple assumption of a DP dominated spin dephasing still reproduces
the temperature dependence T > 25 K of 74%° very well. For lower temperatures the spin
dephasing rate is dominated by the temperature independent the Dzyaloshinsky-Moriya
(DM) mechanism, which explains the saturation of (7Z"°)~!. Thus the temperature
evolution of the spin relaxation rate extracted from our spin valve experiments is con-
sistent with the theoretical description using a spin dephasing, which is dominated by
two different mechanisms depending on the temperature, for 7' < 25 K the temperature
independent Dzyaloshinsky-Moriya (DM) mechanism dominates and for 7" > 25K the
temperature dependent D’yakonov-Perel’(DP) mechanism dominates

In summary, we have demonstrated with our experiments on epitaxial spin valve struc-
tures with a ZnO spacer layer, that it is not only possible to inject, transport and detect
spin polarized currents in ZnO up to room temperature and over length scales larger than
80nm at low temperatures, but that a quantitative extraction of the relevant spin trans-
port parameters \2"C 7, from our data is possible. The values obtained are the first
set of data extracted via an all electrical injection and detection scheme in ZnO. The tem-

perature dependence of A%"° and accordingly 74"° exhibits two different regimes: at low

temperatures 7' < 25 K 74"° saturates for higher temperatures 7' > 25K 74 decreases
with increasing temperature. The qualitatively identical temperature dependence has
been observed in our TRFR experiments and can be understood in terms of a DP mech-

anism linear in k dominating 74"© at high temperatures and a temperature independent

Dzyaloshinsky-Moriya (DM) mechanism dominating 74°© at low temperatures.

Our results show that it is of fundamental interest to further study the influence of
impurities and defects in ZnO on the spin relaxation. A possible all electrical experiment
could be carried out with lateral spin valve structures in a non local geometry using
the high quality thin films obtained in Sect. Due to the short length scales <
100 nm required in this geometry this will result in some challenges for the fabrication of
such structures. In addition, these non local detection scheme could be carried out on
differently oriented ZnO thin films, probing the influence of the relative orientation of spin
transport direction and the c-axis in ZnO, which is responsible for the bulk asymmetry.
Moreover, the introduction of a tunneling barrier between the ferromagnets and ZnO
would allow a tunability of the interface resistance parameter r, and the interface spin
selectivity . This will open up further ways to influence the spin dependent transport in
7Zn0O. The multiple possibilities arising from our spin valve experiments prove, that the
spin dependent transport in ZnO is of fundamental interest for future spin electronics.
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2.6 Spin electronics in epitaxial zinc oxide thin films: A
summary

In this chapter we presented different physical properties of ZnO thin films grown on sap-
phire. The main focus of this study was the quantitative determination of spin related
parameters. This was possible by employing all optical TRFR experiments in plain ZnO
films, a combination of electrical injection and optical detection by Hanle MOKE experi-
ments in FM /ZnO heterostructures, and all electrical injection and detection experiments
in ZnO-based spin valve structures.

The first crucial step for the successful experiments was the optimization of laser-MBE
grown ZnO films on Al,Os (Sec. 2.2). By carefully tuning the growth parameters we
were able to fabricate ZnO layers with a high quality in structural, electrical, and op-
tical properties. Important for the growth of high quality samples is the annealing of
the sapphire substrate prior to growth and the use of optimum deposition parameters
(ogp = 1J/cm?, Ty, = 400°C, po, = 1 ubar). The quality of zinc oxide thin films could
be further improved by the introduction of a ZnO or (Mg,Zn)O buffer layer. The struc-
tural characterization of our thin films showed, that they grow with lattice parameters
close to the bulk values. Laue oscillations in the 26 — w scans and the narrow FWHM of
the ZnO (0002) XRC of 0.02° indicate a coherent growth along the out-of-plane direction.
For the FWHM of the ZnO (1011) XRC we achieved a value of 0.27° for a 1um thick
ZnO layer which is comparable to recently published data [105] 109 1T5] 116]. More-
over, the in-plane epitaxial relationship for c-plane sapphire was: AlyO3(0001)[1120] ||
Zn0O(0001)[1010]. The analysis of TDH measurements suggested that in our unbuffered
as well as in the buffered ZnO films, two different layers contribute to the Hall properties:
A degenerate layer located at the interface between substrate and film and a semicon-
ducting layer on top. The extracted residual carrier concentration of our n-type ZnO at
room temperature was as low as n = 4.5 x 10' cm ™3 caused by unintentional Al doping
and is on par to other reported values [I128]. In contrast, the Hall mobility in our samples
is by one order of magnitude lower than the values reported by other groups. We could
pin point the high density of dislocations in our samples as the source for the low mobility
and suggest to reduce the density of dislocations by the introduction of a MgO buffer
layer in the future. The HRTEM images from a buffered sample confirm the existence
of a high number of dislocations. In addition, these HRTEM micrographs exhibit sharp
interfaces and cross-sectional diffraction confirms the epitaxial in-plane relation between
the oxygen sublattice of sapphire and the Zn sublattice of ZnO. Temperature dependent
PL experiments confirmed the existence of donor bound and free excitons in our samples.
The donor bound excitons are related to aluminum donors and verified Al as the main
impurity in our samples. Moreover, the FWHM of the donor bound exciton line Ig is as
low as 3.5 meV in our samples, which is equal to already reported values [42]. The results
obtained by HRXRD, TDH, HRTEM, and PL measurements in our samples again prove
the high quality of the ZnO layers.

The long spin dephasing times of 14ns obtained by time-resolved Faraday rotation
experiments (Sec. in our growth optimized samples exceed values reported so far
for thin films by nearly one order of magnitude [97]. By wavelength dependent TRFR
measurements we could show that this long-lived spin information storage is due to the
resonant excitation of Al donor bound excitons. Moreover, the temperature dependence
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showed that the underlying mechanism is only effective at low temperatures because
of the thermal dissociation of donor bound excitons at 7" > 60K. Interestingly, the
spin dephasing times extracted from our TRFR measurements exceed the lifetime of a
donor bound exciton by two orders of magnitude. We attribute this to the transfer of
the spin polarized electron from the exciton into the donor state, by a recombination of
the exciton hole with the donor electron and an occupation of the free donor level by
the spin polarized excitonic electron. This mechanism allows a localized storage of spin
information in the Al donor level increasing the spin dephasing times of the generated
spin polarization. Moreover, as a storage of spin information on donor levels is possible
at different excitation wavelengths, two color experiments should allow the manipulation
and readout of the spin information in the donor state. This enables a combination of
optical manipulation and solid state based storage for quantum information processing.

Subsequently, the storage of spin information in localized excitonic states has been
investigated by Hanle MOKE experiments by sending a spin polarized electrical current
from a ferromagnet through ZnO (Sec. [2.4). The voltage bias dependence of the Hanle
MOKE signal unambiguously proves that the origin of the observed Hanle MOKE signal
is the spin polarized current injected from the cobalt electrode. Moreover, the signal
amplitude varied systematically with the detection wavelength of the linearly polarized
laser beam, and the observed signal amplitude maxima occurred at energies corresponding
to the excitation of donor bound excitons. The highest maximum in absolute signal
amplitude was observed at 3.38eV detection energy, corresponding to the aluminium
donor level. These observations suggest the transfer of spin polarization from the mobile
conduction electrons to the localized donor states. We model our data in terms of trapping
of conduction electrons in localized donor levels, and our measurements show that this
transfer mechanism is most effective at T = 15K and vanishes for T" > 30K. The
experimental results pave the way for an efficient, electrical storage and optical addressing
of spin information on localized states in a semiconductor.

Finally, we were able to extract quantitative information on the spin transport proper-
ties in ZnO using spin valve systems with zinc oxide as a spacer layer and Co and Ni as
ferromagnetic electrodes (Sec. . The structural characterization again demonstrated
the high quality of our multilayer samples with only one in-plane orientation, which is
preserved in all layers grown with laser-MBE and electron beam evaporation: Au(111)
[211] |INi(111) [211] |ZnO(0001) [1010] [|Co(0001) [1010] || TiN(111) [211] ||Al,O3(0001)
[1120]. SQUID magnetometry data proved an individual magnetization reversal of the
two electrodes, and a saturation magnetization close to the bulk value for our samples.
Our spin valve contacts exhibit Ohmic behavior over the whole temperature range in-
vestigated. In addition, we were able to verify, that the observed MR is indeed a GMR
effect by taking into account the agreement between SQUID magnetometry, magnetic
field orientation dependence of MR, and ADMR experiments. Moreover, it was possible
to successfully inject and detect spin polarized carriers at room temperature across a
20 nm thick ZnO layer. The fact that the temperature dependence of the MR and the re-
sistance are identical in our samples indicates that the limitation in spin diffusion length
is connected to the free electron path/mobility.

For the quantitative analysis of our data, we applied a Valet-Fert model to fit our
MR as a function of ZnO thickness at various temperatures. The extracted temperature
dependent spin diffusion length in our samples increased up to 11.6 nm with decreasing
temperature. To our knowledge, our experiments are the first all-electrical spin injection
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and detection in ZnO providing quantitative data. The interface resistance parameter r},
and spin selectivity v are constant over the whole temperature range. Interestingly, we
could show that the spin dephasing time in ZnO contributing to the GMR exhibits two
different temperature regimes: at low temperatures the spin dephasing time is constant
and is dominated by the temperature independent Dzyaloshinsky-Moriya mechanism, at
higher temperatures the spin dephasing time decreases with increasing temperature and
is dominated by the D’yakonov-Perel’ mechanism linear in k. Moreover, the temperature
dependence agrees qualitatively with the results obtained in [97] and our own TRFR
experiments indicating that the spin dephasing mechanisms are identical for all these
Zn0O samples. A direct quantitative comparison of the our TRFR data and the spin
valve data shows that the structural quality of the ZnO layer plays a crucial role for the
spin dephasing time. Thus our results indicate, that higher spin dephasing times and
longer spin diffusion lengths can be achieved in ZnO thin films by further optimizing the
structural and electrical properties.

To summarize, we extensively studied the spin related properties of our optimized
laser-MBE grown ZnO thin films by TRFR, Hanle MOKE and spin valve experiments.
In our optical experiments the existence of localized states with long spin lifetimes allows
the storage of spin information on ns timescales. Moreover, these localized states can be
electrically addressed by the trapping of injected, mobile spin polarized electrons. The
spin valve multilayers with ZnO as the N-layer allowed us to quantify spin diffusion length,
interface resistance and spin selectivity in our ZnO films by an all electrical measurement.
In addition, the DP dominated spin dephasing time shows that by increasing the mobility
of the charge carriers the spin diffusion length in ZnO will also increase.

An outlook on further possible experiments with spins in ZnO based on the results of
this thesis is given in Chapter [4]






Chapter 3

Spin caloritronics

Abstract

In the second part of this thesis we address spin-related transport phenomena and pure
spin currents in ferromagnetic metals and insulators. As a first step we investigate the
structural and magnetic quality of CooMnSi and yttrium iron garnet thin films grown
via laser-MBE. For the Cobalt-based Heusler compounds we find from a comparison to a
reference sample that our laser-MBE grown thin films exhibit state-of-the-art structural
and magnetic properties. Our epitaxial YIG films on GGG(111) substrates show state-
of-the-art crystalline (FWHM YIG-(444) rocking curve < 0.04 °) and magnetic properties
(saturation magnetization > 110%A/m, FMR linewidth at 10 GHz < 1mT). Moreover, we
show that the in-situ deposition of a platinum layer on top of YIG does not influence the
structural and magnetic quality of the YIG film.

In the second part, we quantitatively study magneto-galvanic potentials arising due
to thermal gradients, e.g., anisotropic magnetothermopower and the spin Seebeck effect.
We compare the magnetothermopower and magnetoresistance tensors and experimentally
observe additional contributions in the magnetothermopower. By applying a theoreti-
cal model to fit our experimental magnetothermopower and magnetoresistance data we
extract quantitatively resistivity and Seebeck coefficients and magnetic anisotropy param-
eters from the measurements. We test this approach with the model system (Ga,Mn)As
and prove that in principle it is possible to extract the full resistivity and Seebeck tensor
from angle resolved experiments. The excellent agreement between simulation and exper-
iment for the angle dependent magnetoresistance of metallic Heusler compound CosFeAl
thin films confirms the universality of the model.

Finally, we use laser-MBE grown thin films of the ferromagnetic insulator yttrium iron
garnet for pure spin current experiments. We demonstrate by spin pumping experiments
in YIG/Pt bilayers that YIG thin films are an excellent source for pure spin currents and
the spin mixing conductance of YIG/Pt heterostructures is comparable to conductive
ferromagnet /Pt heterostructures. In addition, we observe a new type of magnetoresis-
tance effect in our YIG /Pt samples. The origin of this effect is related to the conversion of
charge currents to spin currents via the spin Hall effect and vice versa via the inverse spin
Hall effect in combination with the absorption of spin currents at the YIG/Pt interface,
which can be controlled by the magnetization orientation of the YIG.
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3.1 Introduction into spin caloritronics

Pure spin currents - which transport only spin (angular momentum) and no electrical
charge - build a new paradigm for spin transport and spin electronics. The search for
pure spin current sources thus is a key issue for spin electronics. In the last few years two
new methods to generate a spin current have evolved from theory to experiment: the spin
Seebeck effect [I7H30] and the spin pumping effect [5HI6]. Both methods involve ferro-
magnet (FM)/nonferromagnet (NFM) hybrid structures to generate and detect the spin
currents. Furthermore, to generate the spin current the FM is driven out-of-equilibrium
in both approaches.

In case of the spin Seebeck effect this non-equilibrium condition in the FM [I8] 19] 21]
is achieved by applying a thermal gradient across the hybrid structure. Due to the
boundary conditions at the FM/NFM interface the effective temperature of magnons
and phonons are different. This difference leads to the flow of a spin current from the
FM into the NFM. Interestingly, this effect is observed for different types of ferromagnets:
electrical conductors [20, 24], semiconductors [25], 27], and insulators [17, 22} 23] 26}, 30].
In addition, this spin current can flow from the FM into different nonferromagnetic
materials such as normal metals [20, 24, 25 27, B0] or semiconductors [28, 29], which
makes this effect interesting for spintronic applications. This is supported by the fact that
the spin current is not obstructed by tunnel barriers [28]. In case of electrically conductive
FM/NFM heterostructures, the application of a thermal gradient leads not only to the
spin Seebeck effect, but also to ”conventional” magneto-thermo-galvanic effects such as
the anisotropic magnetothermopower or the anomalous Nernst effect. To separate these
different caloritronic effects from one another it is imperative to first obtain a deeper
knowledge of the non spin Seebeck related, ”conventional” thermopower signals, which
is one main part of this chapter.

In the case of the spin pumping effect it is possible to generate a pure spin current
flowing from the ferromagnet into the nonmagnetic material by driving a precessional
motion of the magnetization utilizing ferromagnetic resonance [16]. In analogy to the
spin Seebeck effect the spin pumping effect is not limited to electrically conductive ma-
terials [5l 6, [10L (111 [I3] [15], but one can also use ferromagnetic insulators [14], 170} 171]
and semiconductors [13] to generate a spin current. Moreover, it has already been shown
that it is possible to inject a spin current from a ferromagnet into a semiconductor [8 12]
using spin pumping while elegantly bypassing the conductivity mismatch problem, which
broadens the range of possible spintronic applications of this effect.

This chapter is divided into three main parts. In the first part the structural and
magnetic properties of two new material classes we have successfully grown via laser-MBE
are investigated: metallic Heusler compounds and insulating garnets. For the Heusler
compounds (Sect. , we present a direct comparison of the structural and magnetic
properties of Coo,MnSi thin films grown on MgO substrates via laser-MBE and via RF-
sputtering technique. In case of the garnet material class, we demonstrate in section
that our laser-MBE grown yttrium iron garnet (YIG) layers exhibit excellent structural
and magnetic properties and that the properties remain unchanged when a thin normal
metal layer is deposited in-situ on top of the YIG.

In the second part we deal with the magnetothermopower and magnetoresistance of
electrically conductive ferromagnets. In Sect. we first introduce a theoretical model
to describe the resistivity and Seebeck tensor of ferromagnetic materials as a series ex-
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pansion of the magnetization direction. This theoretical model is then used in proof-of-
principle experiments to demonstrate the quantitative extraction of the full resistivity and
Seebeck tensors from magnetotransport measurements as a function of external magnetic
field orientation. The validity of our model is tested by demonstrating the quantitative
agreement between theoretical modeling and experimental data for two totally differ-
ent types of ferromagnetic conductors: First we start with the prototype ferromagnetic
semiconductor (Ga,Mn)As in Sect. and second we study the magnetoresistance of
Cobalt-based Heusler compounds in Sect. [3.3.3

In the last part of this chapter we examine the generation and detection of pure spin
currents utilizing the ferromagnetic insulator yttrium iron garnet. As a first important
step we take advantage of the excellent physical properties of our YIG layer and determine
the spin mixing conductance of the YIG/NM interface in Sect. by means of two
independent set of experiments based on spin pumping. Last but not least, we introduce
in section theoretically and experimentally a novel type of magnetoresistance effect,
which only occurs in ferromagnetic insulator /normal metal hybrid structures. This effect
is based on the reflection/absorption of a spin current induced via the spin Hall effect
from a charge current flowing through the normal metal.

We close this chapter by a summary of the relevant results in Sect.

3.2 Materials for spin caloritronics grown via laser-MBE

In this section we introduce two types of materials that have been successfully grown
in state-of-the-art quality via laser-MBE during the work of this thesis using carefully
optimized deposition parameters.

In Sect. we investigate the successful laser-MBE growth of Co,MnSi on (001)-
oriented MgO and compare the structural and magnetic properties of these thin films
to literature and a reference sample grown via RF-sputtering technique. The results of
this comparison show that our laser-MBE films exhibit excellent structural and magnetic
properties and are well suited for further spin caloritronic experiments. Unfortunately,
due to time restrictions they could not be carried out during the work of this thesis.

In the second part of this section we present the excellent, state-of-the-art structural
and magnetic properties of our laser-MBE grown YIG thin films and YIG/Pt hybrid
structures grown on gadolinium gallium garnet (GGG) and yttrium aluminium garnet
(YAG) substrates. The films have been investigated by HRXRD, SQUID magnetometry
and ferromagnetic resonance (FMR) (Sect. [3.2.2)).

3.2.1 Laser-MBE growth of Heusler compound thin films

This section deals with the investigation of the structural and magnetic quality of CooMnSi
thin films probed via HRXRD and SQUID magnetometry. We start in Sect. with
a short introduction into Heusler compounds. Section then presents the results
obtained for our laser-MBE grown Co,MnSi thin films and compares these results to
literature and a reference sample grown via RF-sputtering technique at the Universitat
Bielefeld.
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Figure 3.1: (a) Illustration of the crystal structure of full Heusler compounds X2YZ in the highly
ordered Lo; phase. The crystal inherits 4 interpenetrating fcc lattices, evenly placed
along the body diagonal of a cube. (b) Crystal structure of the B2 phase of a full
Heusler compound. In contrast to the highly ordered Lo; phase the Y and Z atoms
are randomly distributed on the 2 corresponding fcc sublattice sites. (¢) The epi-
taxial relationship for growth of Cobalt-based Heusler thin films on (001)-oriented
MgO substrates is illustrated with CooMnSi (CMS) as an example. To reduce the
lattice mismatch to 5%, the cubic unit cell of the Heusler compound is rotated by
45° leading to the epitaxial relationship MgO(001)[100] || CoaMnSi(001)[110].

3.2.1.1 Heusler compounds: a short introduction

The discovery of Heusler compounds with the chemical structure X,YZ, where X and Y
are transition metals and 7 is a main group element, dates back into 1903, when Friedrich
Heusler discovered that CusMnAl was ferromagnetic even though the constituents for
themselves are not [I72]. This discovery started a series of investigations to clarify the
chemical and ferromagnetic ordering in these ternary compounds [I73H176]. From these
studies two different classes of Heusler compounds were discovered, the half-Heusler com-
pounds with the chemical structure XYZ and the full-Heusler-compounds with X,YZ.
The variety of possible combination of materials allows to tune the physical properties
of Heusler compounds from metallic to semiconducting [I77, [I78], or even superconduct-
ing [I79-181].

The crystal structure of a full-Heusler compound X5YZ is the cubic Lg; structure
(Fm3m space group). It consists of 4 interpenetrating face centered cubic (fcc) sub-
lattices, two are occupied by the X atoms and the other two by the Y and Z atoms, as
illustrated in Fig.[3.1[a). The two X sublattices are positioned at the 8¢ Wyckoff positions
(i,%,i), (%,%,%) of the cubic unit cell, while the Y and Z atoms occupy the 4a (0,0,0) and
4b (%,%,%) positions, respectively. The Ly phase represents the most ordered phase of the
full Heusler compounds. Interchange of atoms between the sublattices lead to different
degrees of disorder. If the combined (0,0,0), (%,%,%) sites are randomly occupied by Y
and Z atoms, the structure is referred to as the B2 structure (Fig. 3.1{(b)).

For our growth experiments we focused on the ferromagnetic Cobalt-based Heusler
compound Co,MnSi (CMS) with a Curie temperature well above room temperature [182],
which according to theoretical calculations [183] has a band gap for the minority spin

species at the Fermi level. This leads to a half metallic conduction, where the conduction
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type depends on the spin orientation of the charge carrier: metallic for the majority spin
carriers and insulating for the minority spin carriers. As a direct result, the electrical
current in this material is in theory 100% spin polarized. This predicted half metallicity
has put this material into the focus of spin electronics. Moreover, the lattice parameter
acms = 0.5654nm [I84] of CMS is close to the one of GaAs agaas = 0.5653 nm [182],
which opens the possible use of CMS as a spin-injector and/or -detector in GaAs based
spin electronic applications due to the small lattice mismatch of -0.02%. Moreover,
the predicted high spin polarization makes CMS a promising candidate for magnetic
tunnel junctions (MTJs). The state-of-the-art insulator for such MTJs is currently MgO.
Unfortunately, the lattice constant aygo = 0.4211 nm of MgO is significantly smaller than
the one of CMS, which would result in an enormously large lattice mismatch (-26%). For
(001)-oriented MgO substrates the lattice mismatch is considerably reduced to 5%, if the
cubic unit cell of CMS is rotated by 45° in the plane with respect to the cubic unit cell
of MgO. This leads to the epitaxial relationship of MgO(001)[100] || CooMnSi(001)[110]
as illustrated in Fig. [3.1)(c).

3.2.1.2 Laser-MBE growth of the Heusler compound Co,;MnSi

In order to obtain higher quality thin films and more control over the growth parameters,
we investigated the possibility of growing Cobalt-based Heusler compound thin films
with our laser-MBE system. The use of pulsed laser deposition for the growth of metallic
systems results in some obstacles, that need to be resolved. In particular, the generation
of a plasma plume from a metallic target requires a high energy density pgp at the
target, due to the weak absorption of the UV excimer pulses and the high melting point
of the material. Moreover and as always, the incorporation of impurities into the thin
film or the target material need to be prevented by achieving a low base pressure in
the deposition chamber. Despite these obstacles the successful growth of Cobalt-based
Heusler compounds on various substrates has been already reported [I85HI9T]. In the
following we present the results for the growth of CooMnSi (CMS) thin films on (001)-
oriented MgO using our laser-MBE setup.

Prior to growth, the fabrication of a stoichiometric target with high purity is a prerequi-
site towards high quality thin films. The polycrystalline CooMnSi target was synthesized
by melting high purity (99.95%) Co, Mn, Si slugs in a RF-induction furnace in coop-
eration with Andreas Bauer from the group of Christian Pfleiderer (E21) at the TU
Miinchen. The slugs were cleaned by chemical etching and individual melting to remove
oxides. Afterwards the elements were weighed into the stoichiometric 2:1:1 relation and
placed into the RF furnace. In an Ar atmosphere of 2 bar the material was melted several
times and cooled to obtain a polycrystalline CooMnSi rod. From this rod a disc with a
thickness of 0.5 ¢cm and a diameter of 2 cm was cut by spark erosion, which was then used
as the target for the laser-MBE process. A more detailed description of the fabrication
can be found in [192].

We checked the stoichiometry of the target via energy dispersive X-ray spectroscopy.
The obtained concentrations of Co, Mn, and Si are within 1% to the desired 2:1:1 compo-
sition. Locally resolved measurements yielded no noteworthy deviations from the desired
composition. These results verify that we have fabricated polycrystals with good stoi-
chiometry, which can be used as target materials for laser-MBE.

From this Co,MnSi target, we have grown a set of thin films with different deposition
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parameters (substrate temperature, energy density at the target, growth atmosphere) on
(001)-oriented MgO substrates. For a better absorption of the infrared laser substrate
heater, we sputtered a 150 nm thick Pt layer on the backside of the substrate. The struc-
tural quality of the films was investigated in HRXRD experiments [192]. We determined
an optimum set of growth parameters for Co,MnSi thin films with our laser-MBE system:
60 mm target to substrate distance, 400 °C substrate temperature, 3 J/cm? energy density
at the target, 10 Hz repetition rate, and deposition at the base pressure of 3 x 10~8 mbar.
Using these optimized parameters we have grown a 21 nm (100000 pulses) thick Co,MnSi
thin film on a (001)-oriented MgO substrate. We compare the structural and magnetic
properties of our film to a state-of-the-art reference sample, which is a 20 nm thick CMS
film on (001)-oriented MgO grown via RF-sputtering at room temperature and annealing
at 400° C at the university of Bielefeld by Inga-Mareen Imort.

The results that we have obtained for both films are summarized in Fig. [3.2fa)-(d).

The 20 — w scans of both samples (Fig. [3.2(a)) only contain reflections that can be
attributed to the CMS film or the MgO substrate. Moreover, both samples have highly
(001)-oriented thin films, as we could not observe any other reflections in our scans.
In comparison, the intensity and position of the (002) and (004) CooMnSi reflexes are
different for the two growth techniques. For our laser-MBE grown sample, the 26 positions
are 31.36° for the (002) reflection and 65.39° for the (004) reflection. For the sputtered
CMS film, they are 31.82° and 66.30°, respectively. From these values we calculated the
out-of-plane lattice constant of the two CMS films using the Bragg equation and averaging
over the two values. We obtained 0.5702nm and 0.5627 nm for our laser-MBE and the
sputtered thin film, respectively. The reported bulk lattice constant for Co,MnSi is
0.5654 nm [184]. If we compare this value with the lattice constant of MgO (0.4211 nm)
and include the 45° rotation of the CMS unit cell with respect to the MgO unit cell
(V2 x 0.4211nm = 0.5955nm), we expect a tensile in-plane strain for the Co,MnSi
layer on the MgO substrate, which should lead to a smaller out-of-plane lattice constant
compared to the bulk value. The sputtered sample is in agreement with this assumption,
but the laser-MBE grown sample in contrast has a larger out-of-plane lattice constant.
We attribute this difference to the annealing step carried out for the sputtered sample,
which will change the strain relaxation in the film. Moreover, the intensity of the film
reflections are different for the two samples, while for the (002) reflection the intensity for
the sputtered film is higher than for our laser-MBE grown film, this observation is reversed
for the (004) reflection. These different intensities can be explained with different atomic
order on the 4 fcc sublattices for the two samples, due to the different growth techniques.
The difference in intensity and position for the CMS (004) reflections is clearly visible in
the enlargement in Fig. [3.2(b). For a fully ordered CMS crystal the relative intensities
have been calculated in [193], from these calculations the ratio in intensities between the
(002) and (004) reflections should be 4.67:16.46 (=~ 1 : 3.5). Comparing the ratios for our
CMS film we obtain a ratio of roughly 1:4 and for the sputtered reference sample a ratio
of 1:1. From this we conclude that the structural order in our sample is higher and closer
to the ideal Ly; structure of the Heusler compounds.

Another important difference between the two samples is illustrated in the rocking
curves obtained for the CMS (004) reflection in Fig.[3.2|c). Our laser-MBE grown sample
has a much narrower rocking curve than the sputtered sample, which proofs that our
laser-MBE sample has a lower mosaic spread. To further quantify this difference we
fitted a Gaussian function to both rocking curves and extracted the FWHM of these
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Figure 3.2: Comparison of the structural quality of a RF-sputtered, 20nm thick (red) and
our laser-MBE grown, 21 nm thick (blue) CoaMnSi thin film. (a) Both 20 — w
scans verify the high (001)-orientation of the thin films and no secondary phases.
(b) Comparison of the 260 — w scan around the (004) CoaMnSi reflection for both
samples. For our laser-MBE grown thin film the intensity is twice as high as for
the sputtered thin film. (c) w rocking curve of the (004) CoaMnSi reflection for
both samples. The black lines indicate Gaussian fits to the data for the extraction
of the FWHM. From these fits we obtained a FWHM of 0.86° for our laser-MBE
film and a FWHM of 1.5° for the sputtered film. (d) Reflectometry curves for both
samples. The oscillations are more pronounced for the sputtered sample, indicating
a smoother surface.

fits. For our laser-MBE sample we obtained a FWHM of 0.86° and for the sputtered
reference sample a FWHM of 1.5°. These results support that our laser-MBE sample
has a superior out-of-plane coherence length and lower mosaic spread compared to the
reference sample.

From the reflectometry data for both samples presented in Fig. [3.2(d) we can compare
the surface quality for the two different growth techniques and extract the film thickness.
The sputtered and annealed CMS film exhibits more pronounced oscillations than our
laser-MBE film. This indicates that the reference sample has a smoother film surface and
a sharper substrate to film interface than our laser-MBE sample.

From this structural comparison we can already state that we are able to grow CMS
thin films via laser-MBE that are on par or even of better structural quality than the state-
of-the-art reference sample. Only the roughness of the film surface needs improvement,
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Figure 3.3: (a) M(H) loop at T = 50K for a 21 nm thick CoaMnSi film grown by laser-MBE
after substraction of a diamagnetic background. Magnetic field sweep directions are
indicated by black arrows. We extracted a coercive field of 5.7 mT and a saturation
magnetization Mg = 1120kA /m = 5.45 ug/f.u. for our film, while the sputtered ref-
erence sample yields a coercive field of 1.7mT and Mg = 7T80kA /m = 3.80 up/f.u..
The inset shows the evolution and saturation of the loop at large magnetic fields.
The lines are guides to the eye. (b) Temperature dependent magnetization of the
very same sample at pgH = 10mT. Prior to the measurement the sample was
cooled down in a magnetic field of 7T.

which might be resolved by an additional in-situ annealing step after deposition.

The crystallographic structure is only one important quality factor for ferromagnetic
thin films. We also need to consider the magnetic properties of our samples. To obtain
information on the magnetic quality of our samples we have conducted SQUID magne-
tometry (Quantum Design MPMS) experiments on our laser-MBE grown, 21 nm thick
CooMnSi film and the sputtered reference sample. The data are summarized in Fig|3.3|

We conducted M (H) measurements at 7' = 5K, 7" = 15K, T' = 50K, T" = 300K
with the external magnetic field in the film plane applied parallel to the MgO [100]-
direction. In Fig.|3.3[(a) we show the M (H) loop for our laser-MBE grown sample (blue)
and the sputtered Bielefeld sample (red) at T' = 50K, after subtraction of a diamag-
netic background signal, which is caused by the MgO substrate, and normalization to
the volume of the thin film. From this curve we extracted the saturation magnetization
Mg = 1120kA /m = 5.45 pug/f.u. for our film and Mg = 780 kA /m = 3.80 up/f.u. for the
sputtered sample. Compared to the bulk saturation magnetization Mg = 1020 kA /m =
4.96 pp /f.u. [194] of CosMnSi our films have a slightly larger saturation magnetization,
while the sputtered sample exhibits only 80% of the bulk saturation magnetization. In
most reports a reduced saturation magnetization compared to the bulk values has been
observed for Cobalt-based Heusler compound thin films [I88] 189 195]. An explanation
for the observation of a higher saturation magnetization in our films might either be the
uncertainty of the film volume determination (at least 5% relative error) or a different
atomic ordering in the 4 fcc sublattices. This higher saturation magnetization has also
been observed at other temperatures investigated [192]. The coercive field of 5.7mT for
our film and 1.7mT for the sputtered film was extracted by averaging of up- and down-
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sweep from Fig. [3.3(a). The difference in coercive fields is mainly due to the smoother
surface of the sputtered sample. But nevertheless, both values are comparable to the
reported values in [195]. It decreases with increasing temperature and reaches 2.7mT for
our sample and 0.7mT for the sputtered sample at room temperature. This decrease in
coercive field corresponds nicely with the decrease in magnetic anisotropy we extracted
for the sputtered CooFeAl thin films in Sect. [3.3.3] This might be attributed to the strain
in the thin film caused by the different thermal expansion coefficients of substrate and
film.

For both samples we have carried out a M (7T') measurement at an external magnetic
field of 10 mT after field cooling each sample down to 7' = 5K in 7T. The corresponding
curves are shown in Fig. [3.3(b). The measured magnetic moment has been again nor-
malized to the volume of the CMS film. The magnetization is for both samples nearly
temperature independent, which demonstrates that the Curie temperature in both sam-
ples lies well above room temperature and thus agrees nicely to the reported bulk Curie
temperature of 985 K [194]. Moreover, the magnetization of the sputtered film is only
80% of our laser-MBE film. The magnetic properties obtained from SQUID magnetome-
try prove that our laser-MBE grown samples are state-of-the-art exhibiting a saturation
magnetization close to the bulk value and a Curie temperature well above room temper-
ature.

In summary, the high structural quality and excellent magnetic properties of our laser-
MBE grown sample obtained from HRXRD and SQUID magnetometry verify that we
are capable to grow metallic Heusler compound thin films with state-of-the-art quality.
These results establish laser-MBE as a growth technique for Heusler compound thin films
and act as a starting point for growing high quality Heusler compounds for novel spin
caloritronic experiments. Unfortunately, due to the short amount of time we could not
conduct further experiments with these laser-MBE grown samples within the work of
this thesis. In the future an improvement of the structural quality of laser-MBE grown
samples could be achieved by using a lattice matched substrate like GaAs. By using CMS
and CFA thin films grown on (113)-oriented GaAs substrates one could then apply the
same procedure as for (Ga,Mn)As (cf. and extract the full resistivity and Seebeck
tensor from ADMR and ADMTP experiments. In addition, the use of ferromagnetic
Heusler compounds with large Seebeck coefficients such as Fey VAL or Coo VAL [196, 197]
could provide a remedy for the highly demanding requirements for ADMTP experiments
in Heusler compound thin films.

3.2.2 Laser-MBE growth of yttrium iron garnets

In this section we focus on the growth of insulating, ferromagnetic yttrium iron garnet
thin films using our laser-MBE setup. Single crystals of YIG grown from the melt [198] are
widely available and substitution with various elements to tailor the magnetic properties
of YIG has been extensively studied in the last decades [I99H203]. Thin film deposition
of high quality YIG has been mainly achieved using liquid phase epitaxy [204, 205][1-],
but there are also recent reports on the successful pulsed laser deposition (PLD) of YIG
thin films [206H212]. Triggered by these successful reports, we investigated the growth
of yttrium iron garnet thin films on gadolinium gallium garnet (GGG) and yttrium

ILPE is the deposition of a few pm thick film on a substrate by placing the substrate in a melt of the
material. For more details see [204] 205].
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aluminium garnet (YAG) substrates in our improved laser-MBE setup (Appendix |Al).

We start this section with a short introduction into rare-earth garnets (Sect. 3.2.2.1]).
Afterwards we summarize in Section the results obtained from the investigations
of the magnetic properties of the laser-MBE target material and the single crystalline
GGG and YAG substrates. In Section [3.2.2.3] we then present the structural and mag-
netic properties of our laser-MBE grown YIG thin films on GGG and YAG substrates,
accomplished by a careful optimization of the deposition parameters. Moreover, we
demonstrate in this section that the structural and magnetic properties of the YIG thin
film remain unchanged, when we deposit in-situ a thin Pt layer on top of the YIG layer.
Finally, in Section we present the results for our laser-MBE grown YIG films on
GGG and YAG substrates obtained from ferromagnetic resonance experiments (FMR).
We conclude in Section by summarizing the key results obtained for the laser-MBE
growth of YIG on GGG and YAG substrates.

3.2.2.1 An introduction into rare-earth iron garnets

Figure 3.4: Illustration of the cubic Y3Fe501o crystal structure. The three Y3T ions are coor-
dinated dodecahedrally, two Fe3*t ions octahedrally, and the remaining three Fe?+
ions tetrahedrally to the oxygen ions.

For our experiments we choose yttrium iron garnet (Y3Fe;012, or YIG for short). YIG
is an artificial ferrimagnetic insulator with a Curie temperature well above room temper-
ature (Tc = 560 K [213]). Since its first fabrication over 50 years ago [214], 215] YIG is
widely used in microwave applications, for example as a tunable narrow bandpass filter or
resonator [216], and in magneto-optical applications, for example as an optical insulator
in optical fibre communications [I98] or even for the ultra fast magneto-optic sampling
of current pulses [217]. This broad application range is based on the excellent magnetic
properties of YIG, such as very low magnetic damping and large Faraday rotation angles
when doped with bismuth. In the cubic garnet structure (Ia3d) of YIG (lattice constant
a = 1.238 nm) illustrated in Fig. three Fe** (S = 5/2) ions are tetrahedrally coordi-
nated (24d) by oxygen while the remaining two Fe3* ions are coordinated octahedrally
(16a) in one formula unit. This leads to the formation of two oppositely aligned ferroic
sublattices with a net magnetization of 5 ug/f.u. [218, 219]. Ga substitution of tetrahe-
dral iron results in a compensation point due to the different temperature dependence
of the two sublattices [201]. Other rare-earth iron garnets exhibit a compensation tem-
perature due to the magnetic moment of the rare-earth element, which is either parallel
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Figure 3.5: Comparison of the structural properties of a GGG (left panels) and a YAG (right
panels) substrate determined by HRXRD at room temperature. Both 20-w scans
exhibit reflections that can not be attributed to the substrates themselves (marked
with a x). The origin of these secondary phases is presently unknown.

or antiparallel oriented to the net magnetization of the two iron sublattices [213]. All in
all, rare-earth iron garnets are a very versatile magnetic material class and allow to tune
their magnetic properties by doping with various elements. This versatility makes the
insulating compound YIG an interesting candidate for spin current related experiments.

3.2.2.2 Properties of target material and substrates

We start this section with the investigation of the target material. The polycrystalline
target used for our experiments has been obtained by pressing and sintering (oxygen
atmosphere, 1400° C) a mixture with the right stoichiometric weights of Y203 and FeyO3
(each with 99.99% purity). X-ray diffraction and SQUID magnetometry characterization
of the target at room temperature confirm the high purity, i.e. no secondary phases
present, and excellent magnetic properties (bulk like saturation magnetization Mg =
141.65 kA /m and low coercivity < 0.1 mT) of our target material [220].

For the deposition of high quality thin films the lattice mismatch between substrate and
film is an important parameter. The lattice constant of cubic (Ia3d) GGG (a = 1.238 nm)
and the thermal expansion correspond nicely to the parameters of YIG [221], which leads
to negligible lattice misfit (0.03%) and makes GGG single crystals a first class choice
as substrates. However, one of the main disadvantages of GGG crystals as substrates
is the paramagnetism induced by the Gd3* ions, which generates a large background
signal in magnetometry measurements and obstructs an easy separation of substrate
and ferromagnetic thin film magnetic signal (see Fig. [3.5(a)). This magnetic problem is
circumvented by the use of diamagnetic YAG substrates (see Fig. [3.5(b)), but the YAG
lattice constant (a = 1.200nm) [221] leads to a considerable lattice mismatch of —3%,
which might in the end deteriorate the structural and magnetic properties of the YIG
thin films on YAG.

We first start by investigating the structural properties of the two different substrates
by HRXRD. The results of the 20 — w scans are summarized in Fig. [3.5(a) and (b) for a
(111)-oriented GGG and YAG substrate, respectively.

For the GGG substrate we find besides the allowed (444) and (888) GGG reflections
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the normally forbidden (222) and (666) reflections. The existence of these forbidden
reflections is attributed to surface defects due to the polishing process of the substrate.
Most surprisingly, the substrate also exhibits reflections that can not be assigned to
substrate peaks (marked with a * in the figure). The 26 values and the corresponding
d-spacing are collected in Table [3.1} The origin of these impurities is presently unknown.

In the very same fashion we find for the YAG substrate in Fig. [3.5(b), that besides
the allowed (444), (888) and the forbidden (222), (666) substrate reflections additional
reflections are visible (marked with a x). The corresponding 26 values and d-spacings for
these impurity reflections are also summarized in Table [3.1]

260 for GGG | d-spacing for GGG | 20 for YAG | d-spacing for YAG
38.04° 0.2364 nm 38.02° 0.2364 nm
44.20° 0.2047 nm 44.16° 0.2049 nm
64.50° 0.1444 nm 77.53° 0.123 nm

81.93° 0.1175nm
111.04° 0.0934 nm
115.50° 0.0911 nm 115.52° 0.0911 nm

Table 3.1: Extracted 20 and d-spacing values of the impurities in the GGG and YAG substrates.

If we compare the d-spacing of the impurity reflections in the GGG and YAG sub-
strates, we see that some values are nearly equal, which provides evidence that some of
the secondary phases in both substrates have the same origin. It might be possible that
during the Czochralski growth of the single crystal for the substrates the crucible material
(typically platinum or iridium) is introduced into the crystal. Unfortunately, calculations
of the 26 positions based on the bulk lattice constants for cubic Pt (¢ = 0.39231 nm [222])
and cubic Ir (e = 0.38394 nm [222]) yield no agreement to the observed impurity reflec-
tions (Pt (222): 260 = 85.80°, Ir (222): 20 = 88.14°). But it is also possible that the
crucible material forms complex oxides within the single crystal. The existence of these
secondary phases in the substrate need to be carefully considered when investigating the
structural properties after the laser-MBE growth.

To investigate the magnetic properties of GGG and YAG substrates we used SQUID
magnetometry and measured M(H) and M(T) curves for a (111)-oriented GGG and
(111)-oriented YAG substrate. The calculation of the magnetization from the measured
magnetic moment was carried out by determining the mass of each substrate and using
the bulk density value of the material to obtain the volume of the substrate. The obtained
experimental data are summarized in Fig. [3.6(a)-(d).

For the bare GGG substrate we expect a paramagnetic signal due to the Gd3* ions
(J = 7/2) present in the crystal. Indeed we observe a paramagnetic signal in our M (H)
measurements carried out at 7 = 300K and 7' = 3K in Fig. 3.6(a) (open symbols).
At T = 300 K, the magnetization increases linearly with the applied magnetic field and
does not saturate at the maximum magnetic field ygH = 7T. At T' = 3K we observe
the typical S-shaped curve of a paramagnet with localized magnetic moments, but again
the maximum field of ugH = 77T is not large enough to achieve a complete saturation.
To further substantiate that the observed magnetization signal is purely paramagnetic
we simulated the data using a Brillouin function with J = 7/2 and a saturation mag-
netization Mg = 821kA/m calculated from the theoretical density of magnetic moments
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Figure 3.6: Comparison of the magnetic properties of a GGG (left panels) and a YAG (right
panels) substrate determined by SQUID magnetometry. M (H) curves at T' = 300 K
(black) and 7" = 3K (red) for the (a) GGG and (b) YAG substrate. The lines
represent a Brillouin simulation for the paramagnetic GGG with J = 7/2 (a) and a
linear fit (xy = —1.67 x 107°) for the diamagnetic YAG substrate. M (T) curves at
uoH = 10mT obtained for the (¢) GGG and (d) YAG substrate after field cooling
the sample at poH = 7T. The red line in (c) is a Curie simulation J = 7/2 to the
data.

in GGG (For more details see [220]). These simulation curves are displayed as lines in
Fig. [3.6(a) and reproduce the experimental data nicely.

We also expect that the temperature dependence of the magnetization in GGG follows
the Curie law (o< 1/T"). To substantiate the paramagnetism in GGG we also measured
a M(T) curve at poH = 10mT after cooling the GGG substrate in a magnetic field of
poH = 7T down to T" = 3K. The open symbols in Fig. [3.6(c) represent the obtained
magnetization data, while the red line represents a Curie simulation with J = 7/2 to the
data. The nice agreement between simulation and experimental data is an additional
proof for the purely paramagnetic signal coming from localized Gd** moments of the
GGG substrate. One should note that this paramagnetic signal represents an obstacle
for the determination of the magnetic properties of the ferrimagnetic YIG film on GGG.
At T = 3K the saturation magnetization of bulk YIG Mg = 196.7 kA /m [201] is about
a factor of 4 smaller than the saturation magnetization of the GGG substrate, but more
importantly the volume of the YIG thin film Vg, = 5mm x 5mm X 50nm = 12.5 x
10~*mm? is 4 orders of magnitude smaller then the volume of the GGG substrate (Viy, =
5mm x 5mm X 0.5mm = 12.5mm?). Thus, the total measured magnetic moment of
substrate and film is always dominated by the paramagnetic moment of the substrate.
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Moreover, the paramagnetic background signal will increase with decreasing temperature
and thus complicate the evaluation of the low temperature data.

This makes YIG films on YAG substrates attractive because YAG is diamagnetic, as it
does not contain any magnetic ions. From the M(H) curves at T = 300K and 7' = 3K
of a bare YAG substrate in Fig. [3.6(b) we can state that the diamagnetic contribution is
nearly temperature independent, as one would expect for pure diamagnetism. The perfect
linear evolution of the magnetic signal as indicated by the perfect agreement between
linear fit (xyy = —1.67 x 107°) and data further substantiates the pure diamagnetism
of YAG. This allows an easy subtraction of the substrate signal for YIG films on YAG.
Moreover, the magnetization of the YAG substrate at T = 3K is 4 orders of magnitude
smaller than the magnetization signal of a GGG substrate (Fig. [3.6(a)), which enables
us to easily evaluate low temperature data of YIG on YAG substrates.

From the M(T') curve obtained after cooling the bare YAG substrate down to 7' = 3K
in a magnetic field of poH = 7T in Fig. [3.6(d), we observe at low temperatures (T <
10K) a deviation from the expected constant magnetization value. The origin of this
deviation are paramagnetic impurities present in the YAG substrate. The origin of these
paramagnetic impurities is still under discussion. Possible candidates are platinum and
iridium impurities as these two materials are widely used as crucibles for the Czochralski
growth of YAG single crystals.

From these results we conclude that YAG substrates provide a diamagnetic, nearly tem-
perature independent signal. It can more easily be subtracted from SQUID magnetome-
try data to extract the magnetic properties of YIG films compared to the paramagnetic,
strongly temperature dependent magnetic signal of GGG substrates which complicates a
background subtraction.

3.2.2.3 Structural and static magnetic properties of YIG thin films on GGG and
YAG substrates

After studying the structural and magnetic properties of target and substrates we carried
out a careful growth optimization of YIG on (111)-oriented GGG substrates and found
the following optimum deposition parameters [220]: 60 mm target to substrate distance,
550 °C substrate temperature, pgp = 2J/cm? energy density at the target, 10 Hz repeti-
tion rate, and deposition in oxygen atmosphere at po, = 25 x 1072 mbar. Using these op-
timized deposition parameters we have fabricated YIG thin films on (111)-oriented GGG
and (111)-oriented YAG substrates to compare their structural and magnetic properties
using HRXRD and SQUID magnetometry experiments. Prior to growth we sputtered a
180 nm thick Pt layer onto the backside of the substrate to allow a better absorption of
the infrared substrate heating laser. For the fabrication of YIG/NM hybrid structures
we deposited in-situ, without breaking the vacuum, NM thin films by electron beam
evaporation after the laser-MBE growth of YIG and substrate cool down.

We start the comparison of the structural and magnetic quality by investigating the
structural properties of a typical YIG layer with 67 nm thickness grown on a (111)-
oriented GGG substrate. The obtained results are compiled in Fig. [3.7(a)-(d).

All reflections in the 20-w scan displayed in Fig. [3.7(a) can be assigned to film or
substrate reflections. Thus we find no secondary phases in our YIG/GGG samples,
indicating a well optimized set of growth parameters. The occurrence of the normally
forbidden GGG (222) reflection indicates some defects in the substrate, which might be



3.2 Materials for spin caloritronics grown via laser-MBE 93

S

10* § 5

»  10° = Q
o O] Q
o) ) Q o
— 10 o >

20° 40° 60° 80° 100° 120°

z
(444)]

roughness film: 0.3 nm
roughness sub: 1.6 nm

YIG
14

— Laue
8 oscillations.
o

N—r

simulation

50.5° 51.0° 51.5° 02° 00° 02° e 20 3% 4°
20 A® 20

Figure 3.7: HRXRD results obtained for 67 nm thick YIG layer grown on a (111)-oriented GGG
substrate. (a) 20-w scan exhibits only reflections that are attributed to either the
film or the substrate. (b) Magnification of the 26-w scan around the GGG (444)
reflection. The Laue oscillations verify the high structural quality of the sample. (c)
XRC of the YIG (444) reflection yields a FWHM of 0.04°. The red line represents
a Gaussian fit to the data (black) to extract the FWHM. (d) X-ray reflectometry
carried out on the sample (black) and corresponding simulation (red). From the
simulation we extract a large substrate roughness, which limits the surface quality
of our YIG films on GGG.

generated during the polishing process. Interestingly, the 20-w scan exhibits no forbidden
GGG (666) reflection, this might be related to a small misalignment as these forbidden
reflections are very sharp and the misalignment is more prominent at higher 260 values.
The polishing induced damages are also visible in the high surface roughness of the
substrate extracted from the X-ray reflectometry measurements in Fig. [3.7(d) P

The Laue oscillations visible in the high resolution 26-w scan around the GGG (444)
reflection in Fig.|3.7(b) indicate a coherent, (111)-oriented growth of the YIG layer on the
lattice matched GGG substrate. Moreover, the YIG (444) reflection is only weakly dis-
cernible from the high intensity substrate reflection indicated by the arrow in Fig. [3.7(b).
From the position of this reflection we calculate a interplane spacing of dyy = 0.1787 nm
from the Bragg equation. Assuming a still undistorted cubic lattice structure this leads
to a lattice constant a = 1.238 nm, which is identical to the bulk value. From the lat-
tice mismatch of substrate and film we expect a rhombohedral distortion of the YIG

2The substrate supplier Crystec GmbH states a root mean square (RMS) roughness below 0.5nm for
this set of substrates. Unfortunately, Crystec was unable to send us an atomic force microscopy
(AFM) scan of these substrates to confirm these values.
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crystalline lattice, which should in the end increase the lattice parameter. The position
of the YIG (444) and YIG (888) reflections of our YIG films grown with the optimized
set of laser-MBE parameters, which nearly coincide with the bulk values, are in stark
contrast to already reported structural data on PLD grown YIG films in [206H209]. In
these publications the YIG (444) and (888) reflections are at much smaller 26 values as
compared to our results. In [209, 223] this deviation from the bulk values is attributed
to a large rhombohedral distortion of the YIG lattice due to a deficiency of iron ions in
the YIG structure. According to the results in [223] the amount of iron deficiency can be
tuned by varying the oxygen partial pressure during deposition. As our films exhibit no
large deviation from the bulk YIG lattice parameters it is safe to assume that we have
found a set of growth parameters, which allow the growth of highly stoichiometric YIG
films from a stoichiometric polycrystalline target.

To evaluate the mosaic spread of our YIG films we carried out XRC of the YIG (444)
reflection for our YIG film on GGG, the results are displayed in Fig. [3.7(c). As the YIG
(444) reflection lies close to the high intensity GGG (444) substrate reflection we observe a
double peak structure in our rocking curve. The narrow peak with a high intensity stems
from the substrate itself, while the broader one is the film reflection. We have applied
a Gaussian fit to the data to extract the FWHM of the film reflection indicated by the
red line in Fig. [3.7(c). The obtained FWHM of 0.04° is an excellent value for laser-MBE
grown thin films and confirms the high structural quality of our samples. Moreover, it
exceeds the FWHM of 0.067° reported in [206], 207] and is nearly on par to the FWHM
of 0.017° reported in [209], which has been obtained for a YIG film with a thickness of
220nm. Note, however, that these values have been obtained for an iron deficient YIG
film, while our films are stoichiometric.

For a deeper insight into the surface properties of substrate and film we performed X-
ray reflectometry measurements on our sample as displayed in Fig. (d) Although the
slow exponential decay indicates a smooth film surface, the oscillations are only weakly
visible indicating a rough substrate surface. For a quantitative analysis we fitted the
data with a simulation using LEPTOS, the obtained result is displayed as a red curve in
Fig.[3.7(d). From this simulation we extracted a film roughness of 0.3 nm and a substrate
roughness of 1.6nm. The large substrate roughness lowers the quality of our films due
to interface interactions. A possible way to smoother substrate surfaces might be the
annealing of the substrate at elevated temperatures in oxygen atmosphere. This could
even further improve the already excellent structural quality of our YIG films on GGG.

Despite the rough substrate surface, our YIG films on GGG display excellent structural
quality indicated by a narrow XRC of the YIG (444) reflection and Laue oscillations
visible in the vicinity of the GGG (444) reflection.

By an additional growth optimization of YIG on YAG substrates we could verify that
the already mentioned growth parameters for YIG on GGG result in the best structural
YIG film properties also on YAG. To demonstrate this we focus in the following on the
structural properties of a 62 nm thick YIG film grown on a (111)-oriented YAG substrate
obtained from HRXRD experiments. The results are summarized in Fig. [3.§(a)-(d).

In the 20-w-scan displayed in Fig. [3.8(a) we observe apart from the reflections from
(111)-oriented YAG and (111)-YIG additional reflections (marked with a ) at 26 =
77.52° and 20 = 115.46°. However, these reflections are also present in bare YAG sub-
strate, so we can exclude the existence of any secondary phases in our YIG film. As
already discussed in Sect. complex oxides formed with Pt and Ir are possible
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Figure 3.8: Structural characterization carried out for a 62nm thick YIG film grown on a
(111)-oriented YAG substrate. (a) The reflections observed in the 26-w scan are all
assigned to substrate or film reflexes and verify the (111)-oriented growth of YIG on
the YAG substrate. (b) The magnification of the 26-w scan around the YIG (444)
reflection displays no Laue oscillations. (c¢) The XRC of the YIG (444) reflection
results in a large FWHM of 0.24°. The red line indicates a Gaussian fit to the data
for the extraction of the FWHM. Moreover, relaxation of lattice misfit is visible in
the superimposed, narrow peak around Aw = 0°. (d) X-ray reflectometry curve
(black) obtained from the very same sample and corresponding simulation (red).
Due to the large lattice mismatch we observed a large film roughness of 1.8 nm.

candidates for these impurities.
The YIG film grows relaxed in (111)-orientation on the (111)-oriented YAG substrate,

because of the large lattice mismatch of —3%. In addition, the high resolution 26-w-
scan around the YIG (444) reflection in Fig. [3.8(b) exhibits a broad peak without any
Laue oscillations, which indicates, that due to the larger lattice mismatch the structural
quality of our relaxed YIG films on YAG substrates is lower than for our YIG films on
GGG substrates. But from the 26 position of the peak we can extract an interplane
spacing dyqq = 0.1787nm which is identical to the one we observed in our YIG films on
GGG substrates. Using this interplane spacing we can calculate the lattice constant of
YIG as a = 1.238 nm under the assumption of a cubic YIG lattice structure. This value
is the same as the one obtained from our YIG films on GGG substrates and confirms
the relaxed growth on YAG. Thus, we conclude that the stoichiometry of our YIG films
is maintained on both substrates. However, these results are in contrast to a recent
publication [224], where the authors find a shift in the lattice constant of PLD-grown YIG
films on YAG compared to films on GGG. The main cause for these different observations
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could be the totally different deposition parameters used by Popova et al. [224]. (50 mm
target to substrate distance, Ty = 660 °C substrate temperature, pgp = 8 J/cm? energy
density at the target, 10 Hz repetition rate, and deposition in oxygen atmosphere at
po, = 40 x 1073 mbar) compared to our optimized set of parameters.

We show the XRC of the YIG (444) reflection and the Gaussian fit to the data in
Fig. (c) as black and red lines, respectively. From the fit we extract a FWHM of the
rocking curve of 0.24°, which is a rather large value and indicates a high mosaic spread.
We attribute this increase in rocking curve width compared to our YIG films on GGG
to the large lattice mismatch. In order to reduce the stress in the film structural defects
are produced, which broaden the rocking curve. A relaxation of the strain is visible
in the rocking curve from the superimposed narrow peak centered around Aw = 0°.
This result shows that the relaxation of strain is already complete at film thicknesses
below 60nm. For XRC on thicker (up to 100 nm film thickness) YIG films on YAG we
observe an increase in intensity for the narrow peak, which supports that the mosaic
spread reduces with increasing film thickness. In addition, this relaxation process and
the related reduction of the mosaic spread with increasing film thickness in our YIG
films suggest that the introduction of a buffer layer between YAG substrate and YIG
film might help to improve the structural quality of the YIG. A possible candidate for
the buffer system may be Sc substituted YAG, where one can increase the lattice constant
compared to YAG depending on the Sc concentration.

For the 62 nm thick YIG film on YAG we evaluated the surface properties using reflec-
tometry measurements and a fit to the data via a simulation with LEPTOS. The obtained
results are displayed in Fig. [3.§(d) as black (data) and red (simulation) lines. The 1.8 nm
roughness of the film is larger than the 0.3nm obtained for the YIG film on GGG in
Fig. (d) with nearly the same thickness. This increase in film surface roughness is
most likely due to the large lattice mismatch between substrate and film. Interestingly,
the surface roughness of the substrate is a factor of 2 lower for the YIG film on YAG
(Fig. B.§(d)) than for the YIG film on GGG (Fig. [3.7(d)) indicating a higher surface
quality of the YAG substrates. Future atomic force microscopy studies are mandatory to
obtain a deeper insight into the surface properties of substrate and film.

In summary, our HRXRD results on YIG films grown on YAG substrates using our
optimized set of laser-MBE parameters exhibit the identical 26 position of the YIG (444)
reflection as YIG films on GGG indicating the same stoichiometry. Moreover, the super-
imposed narrow peak in the XRC of the YIG (444) reflection indicates a relaxation of
lattice misfit for film thicknesses > 50nm. Thus, the insertion of a buffer layer lattice
matched to YIG is expected to result in an increase of structural quality of our YIG films
on YAG.

For the experiments presented in Sect. and Sect. we fabricate YIG/NM
hybrid structures. To verify, that the structural quality of the YIG layer is not influenced
by the deposition of a metallic Pt layer via electron beam evaporation, we employed
HRXRD measurements on YIG/Pt bilayers grown on GGG and YAG substrates. The
YIG films have been grown using laser-MBE and our optimized set of parameters. After
the deposition of the YIG film and cool down of the substrate to room temperature
we transferred the sample in-situ (without breaking the vacuum) to the electron beam
evaporation chamber. In this chamber we deposited a Pt layer (typical thickness: 7nm)
onto the YIG at room temperature with an average deposition rate of 0.15nm/s.

We first look into the structural properties of a YIG (21 nm)/ Pt (7 nm) multilayer on
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Figure 3.9: Analysis of the structural quality evaluated by HRXRD for a 21 nm thick YIG
film on (111)-oriented GGG covered in-situ with a 7nm Pt layer. (a) Full range
260-w scan exhibits only reflections from the film layers or the substrate, thus no
secondary phases are present. (b) High resolution 26-w scan in vicinity of the
GGG (444) reflection obtained for the hybrid structure. The clearly visible Laue
oscillations indicate a high structural quality of the YIG film. (c¢) XRC of the YIG
(444) reflection exhibits a FWHM of 0.03°. The red line represents a Gaussian
fit to the data (black). (d) Reflectometry data (black) obtained for the Pt/YIG
heterostructure and corresponding fit (red), which allows the determination of the
surface roughness for each layer.

(111)-oriented GGG using HRXRD. We note that here a thinner YIG layer as before is
investigated, but the results obtained are not influenced by this thickness change. The
obtained results are collected in Fig. [3.9(a)-(d).

The structural quality of the YIG layer is not influenced by the additional deposition
of a Pt film as evident from the still visible Laue oscillations in the 26-w-scan in the
vicinity of the GGG (444) reflection in Fig. [3.9(b). Note that due to the thinner YIG
layer the oscillation period is different to the one in Fig. [3.7(b). Moreover, the FWHM of
the YIG (444) rocking curve remains as narrow as 0.03° indicating a low mosaic spread
of the YIG layer (cf. Fig.|3.9(c)). In the full range 26-w-scan in Fig.|3.9(a) two additional
reflections marked with a x are visible compared to the scan of a bare YIG film on GGG
in Fig.|3.7|(a) located at 20 = 77.55° and 26 = 115.45°. We attribute these two reflections
to a background contribution from the substrate (cf. Sect[3.2.2.2). Thus, we can exclude
the formation of any secondary phases due to the deposition of a Pt film. The in-situ
deposition of a Pt layer on top of YIG thus does not impact its structural quality.

In the full range 260-w-scan (Fig. [3.9(a)) the calculated 26 position of the Pt (111)
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reflection (260 = 39.76°) is indicated by a black arrow. Around this position no peak
is discernible from the background signal. This suggests that either the Pt layer grows
polycrystalline without any texture onto the YIG layer or the intensity of the Pt (111)
reflection is too low to resolve due to the only 7nm thickness of the layer. Because of the
large lattice mismatch =~ 16% (taking into account the 3 times larger unit cell of YIG) Pt
should grow relaxed on YIG. We assume that due to the room temperature deposition
Pt grows without any preferential texture on YIG.

From the X-ray reflectometry scan in Fig. (d) we can evaluate the interface quality of
our layers by fitting the measured data (black) with a LEPTOS simulation (red). From
the simulation we extract extremely low surface roughness for the Pt and YIG layer.
Only the 1.6 nm surface roughness of the GGG substrate is large, which is consistent
with our data obtained for a bare YIG film in Fig. 3.7(d). From these results it seems
again beneficial for future growth experiments to improve the substrate surface roughness
by an additional annealing step prior to thin film deposition.

In a second set of experiments we investigated the influence of the Pt layer on the
structural quality of YIG grown on YAG substrates. Using HRXRD we evaluated the
structural properties of a YIG (52nm)/ Pt (7nm) multilayer grown on (111)-oriented
YAG. The obtained experimental results are summarized in Fig. [3.10)(a)-(d).

We first evaluate the structural quality of the YIG layer. The high resolution 26-w-scan
of the YIG (444) reflection in Fig. [3.10(b) reveals that due to the unchanged 26 position
of the reflection the lattice parameter of our YIG films on YAG remain unchanged when
we deposit a Pt layer on top of it. However, the FWHM of the XRC for the YIG (444)
reflection (Fig. [3.10c)) has increased to 0.39° compared to the 0.24° of a bare YIG film
on YAG (cf. Fig. B.§(c)). The observed broadening is attributed to the slightly thinner
YIG layer (52nm compared to 62nm for the bare YIG film), such that the relaxation
of film stress is not fully complete for the thinner YIG layer effectively broadening the
rocking curve. The superimposed narrow peak remains visible in the XRC of the YIG
(444) reflection. In total, the structural quality of our YIG films on (111)-oriented YAG
substrates remains unchanged when depositing an additional Pt layer on top of it.

In the full range 26-w-scan (Fig. [3.10[(a)) we observe apart from the {111} reflections
of YIG and YAG three additional reflections located at 20 = 38.03°, 20 = 77.59°, and
20 = 81.72° marked with a x. The cause for these three reflections could either be the
(111)-texture of the thin Pt layer on top or an impurity phase present in the sample.
As all three of these reflections are also visible in the bare YAG substrate (Fig. 3.5(b))
we assume that an impurity phase in the substrate is present and responsible for the
observed additional reflections. From these results we find that the platinum layer grown
at room temperature exhibits also no texture for YIG on YAG and is consistent with the
results obtained from YIG/Pt hybrid structures on GGG substrates.

The reflectometry measurements in Fig. [3.10(d) show that our YIG/Pt hybrid struc-
tures on YAG exhibit a low surface roughness (< 1nm). A further improvement of the
surface quality may be achieved by introducing a buffer layer between YAG and YIG to
reduce the initial lattice mismatch.

From this structural quality evaluation of YIG/Pt heterostructures grown on (111)-
oriented GGG and YAG substrates we can conclude that the structural properties of our
YIG films are not influenced by the deposition of an additional Pt layer and can be used
in further experiments.

The high structural quality is a first indicator for perfect stoichiometry of our YIG films.
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Figure 3.10: Evaluation of the structural quality of a YIG (52nm )/Pt (7nm) hybrid structure
on a (111)-oriented YAG substrate determined from HRXRD. (a) 26-w scan over
a large 20 range obtained from the heterostructure. No secondary phases are
visible. (b) 26-w-scan in close vicinity of the YIG (444) reflection displays identical
properties as in Fig. [3.8(b). (c) XRC of the YIG (444) reflection displays a large
mosaic spread of the YIG film indicated by the FWHM of 0.31° from the Gaussian
fit (red) to the data (black). (d) X-ray reflectometry measured for our YIG/Pt
heterostructure (black) and corresponding simulation (red).

For a deeper insight into the quality of our YIG films we analyzed the magnetic properties
using SQUID magnetometry. In the following we will compare these measurements and
quantities extracted thereof to values obtained for bulk YIG. We hereby focus on a 43 nm
thick YIG film on (111)-oriented GGG, in comparison to a 62nm thick YIG film on
(111)-oriented YAG. We have grown both films by laser-MBE using the optimized set of
deposition parameters. A collection of the relevant data is provided in Fig. |3.11{(a) and
(b) for YIG on GGG and YIG on YAG, respectively, with the external magnetic field
applied in the film plane. For both films we subtracted the magnetic background signal
of the corresponding substrate (paramagnetic contribution for GGG and diamagnetic for
YAG) and normalized the remaining magnetic moment signal to the volume of the YIG
layer to obtain the magnetization of the YIG film.

For the YIG film on GGG substrate the M(H) hysteresis curve at 7" = 300K in
Fig. |3.11f(a) exhibits a low coercive field poH. = 3mT and reaches a saturation mag-
netization Mg = 129kA/m, which is approximately 90% of the reported bulk value
Mg = 141.65 kA /m [201] of YIG. We note that due to the large paramagnetic background
signal the error for the determination of the saturation magnetization is extremely large
(at least 10%) and thus alone could account for the measured difference to the bulk value
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Figure 3.11: Comparison of the magnetic properties of a 43nm thick YIG layer on a (111)-
oriented GGG substrate and a 62nm thick YIG film on a (111)-oriented YAG
substrate extracted from SQUID magnetometry with the extarenal magnetic field
applied in the film plane. (a) M (H) loop obtained from the YIG film on a GGG
substrate at T" = 300K. The inset shows the temperature dependence of the
extracted coercive field H, and saturation magnetization Mg. (b) M(H) loop
measured for the YIG film on YAG substrate at T = 300K. The inset shows
the temperature dependence of the extracted coercive field H. and saturation
magnetization Mg. The dashed cyan line in both insets displays the temperature
dependence of a bulk YIG sample from [20I]. Connecting lines between data
symbols are guides to the eye.

(cf. error bars in Fig. [3.11)(a)). Compared to the results on saturation magnetization
of PLD grown YIG reported by other groups [206H209, 211] we can confirm that the
saturation magnetization of YIG thin films on GGG substrates is close to the bulk value.
But the reported coercive fields in [208] 209, 211] at 7" = 300 K are much lower (below
1mT) than the one we observe in our YIG films. On the other hand the films grown
in [2006], 207] exhibit coercive fields as large as 15mT. From these huge fluctuations of
literature values for coercive fields and keeping in mind that H. sensitively depends on
the domain configuration, one can conclude that growth conditions greatly influence this
quantity. We attribute the difference in coercive field to the high surface roughness of
our GGG substrates extracted from X-ray reflectometry (see Fig. [3.7(d)). Moreover,
the SQUID-magnetometry results in [206H209] were obtained for YIG films with iron
vacancies (indicated by the large YIG film lattice constant), while our films according to
HRXRD experiments are close to ideal stoichiometry and thus exhibit different coercive
fields.

The inset in Fig. [3.11j(a) shows the temperature evolution of the coercive field (black)
and the saturation magnetization (blue) extracted from M (H) measurements at T =
300K, T=100K, and T'= 25 K. For a better comparison, the temperature evolution of
the saturation magnetization for bulk YIG [201] is indicated as a cyan dashed line in the
inset. The coercive field increases with decreasing temperatures and reaches 5.6 mT at
T = 25 K. The saturation magnetization also increases with decreasing temperatures and
reaches 165 kA/m at T = 25K. A comparison with the temperature evolution of bulk
YIG yields a deviation of the saturation magnetization at low temperatures of 15%. Again
we attribute this difference to the error connected to the large paramagnetic substrate
contribution, which increases with decreasing temperature. Thus, the determination of
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the saturation magnetization for our films should be taken with caution. Only in [207] a
temperature dependence of the saturation magnetization is evaluated by means of M (T')
curves, which follows nicely the reported temperature evolution of bulk YIG. Using thicker
YIG films (> 150 nm) we might be able to obtain a more precise result for the saturation
magnetization, due to the increase in magnetic moment for the film. The increase of the
coercive field with decreasing temperature is consistent with literature [206-209] 211].

In summary, the magnetic properties evaluated by SQUID magnetometry of our laser-
MBE grown YIG films on GGG substrates are equal to already reported values with a
close to bulk values saturation magnetization and low coercive fields poH. > 3mT. We
expect to obtain films with lower coercivity by annealing the substrate prior to the YIG
growth leading to a smoother surface.

For the YIG films grown on YAG an analysis of the SQUID magnetometry data is
more easily achieved because the diamagnetic substrate contribution allows to easily
separate substrate and film magnetic contributions. From the M(H) curve at T'= 300 K
(Fig. [3.11|(b)) we extract a coercive field of 4.5mT which is larger than the one obtained
for the YIG film on GGG. Interestingly, the magnetization of the YIG layer increases after
hysteresis closure and reaches a near bulk saturation magnetization of 143.2 kA /m for an
external magnetic field exceeding 2 T. In [224] a similar behavior is observed for a 62 nm
thick YIG film on YAG. In this publication this behavior is explained by the presence
of two ferromagnetic phases: a magnetically soft phase (Y3Fe;012) and a magnetically
hard phase (YsFes<Al,O13). The YsFe; Al O15 phase is generated by the diffusion of
Al from the substrate into the YIG film during growth at elevated temperatures. A
comparison of the magnetization hysteresis loop in [224] with the one obtained from
our YIG film on YAG leads to the impression that the diffusion process in our samples
is not as pronounced as in the samples in [224] due to the hysteresis closure at lower
magnetic fields. This is related to the lower substrate temperature during deposition of
our films. Moreover, we also observe an exchange coupling at 7' = 2 K with an exchange
field of pgHex = 7TmT (not shown here), which is due to the pinning of the YIG phase
by the Y3Fes (Al O15 phase. A more detailed description is given in [224]. The coercive
field increases with decreasing temperature up to 15.9mT at T'= 25K (at T = 25K no
exchange coupling is visible in our films). The saturation magnetization increases with
decreasing temperature and reaches Mg = 201 kA/m at 7' = 25K which is close to the
bulk value Mg = 199kA /m [201].

From the SQUID results on our YIG films grown on YAG we conclude that our films
in agrement to [224] also have a thin Al substituted YIG layer at the substrate/film
interface due to the diffusion of Al from the YAG substrate into the YIG film during
growth. The introduction of a buffer layer might help to resolve this issue by acting as a
diffusion barrier between substrate and YIG film and in addition improves the structural
quality of the YIG films.

For YIG /Pt hybrid structures the obtained SQUID magnetometry results of the mag-
netic properties of the YIG layer remain qualitatively and quantitatively unchanged and
thus are not shown here.
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3.2.2.4 Dynamic magnetic properties of laser-MBE grown YIG films on GGG and
YAG

The FMR linewidth of YIG is very sensitive to off-stoichiometry, defects and surface
roughness and thus can be used as a measure of film quality. For the analysis of our YIG
films we conducted FMR measurements at room temperature with a microwave frequency
of 10.3 GHz in our custom built FMR setup [225]. Due to the Lock-In detection the FMR
signal has the form of the derivative of a Lorentzian function (Fig.|3.12{(a)). The inflection
point of this curve yields the ferromagnetic resonance field H,, while the peak to peak
separation gives the linewidth AHp,. In our experiments we investigated the evolution
of this FMR signal by a stepwise change of the orientation of the external magnetic field
from in-plane to out-of-plane for two different types of YIG layers: a 25nm thick YIG
film on a (111)-oriented GGG substrate and a 62nm thick YIG film grown on a (111)-
oriented YAG substrate. The obtained results are summarized in Fig[3.12)(a)-(f). For the
extraction of the resonance field and the linewidth we fitted a Lorentzian derivative to

our data indicated as blue lines in Figl3.12|(a)-(d).
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Figure 3.12: Experimental data collected from FMR measurements on a 25 nm thick YIG layer
on GGG and a 62nm thick YIG film on YAG. (a) Out-of-plane and (b) in-plane
FMR signal (symbols) recorded for the YIG on GGG sample. The corresponding
out-of-plane and in-plane FMR signal for the YIG on YAG sample is shown in
(c) and (d) respectively. The blue lines represent a Lorentzian derivative fit to
the data for the extraction of ferromagnetic resonance field and FMR linewidth.
Extracted resonance field and linewidth for (e) our YIG film on GGG and (f) our
YIG film on YAG. The inset in (e) and (f) defines the rotation angle .

We first focus on the results obtained for YIG on GGG. The FMR signals for the
external magnetic field applied oop and ip are shown in Fig. [3.12(a) and (b), respectively.
From these FMR signals we extract pgHyes = 555.6 mT for oop and pgHpes = 287.6 mT
for ip magnetic field orientation. From these values we can calculate the effective uniaxial
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anisotropy [212] |B;| and obtain |Bj| = 184.4 mT [220] which is close to the reported value
|Bx] = 179mT for stoichiometric YIG films in [209]. It is mainly caused by the shape
anisotropy (expected anisotropy field due to shape anisotropy: |Bj| = 178.0mT [209]).
These results confirm, that our YIG films on GGG exhibit excellent stoichiometry.

The out-of-plane FMR linewidth in our film pyAH,, = 0.98mT nearly reaches the
best reported value pgAH,, = 0.8mT in [209] for stoichiometric YIG films. For bulk
YIG spheres a FMR line width of 0.02mT at 3.33 GHz has been reported [226]. This
would result in a FMR linewidth of 0.06 mT at 10.3 GHz assuming Gilbert-type (viscous)
damping. Manuilov et al. [209] achive a narrowing of the oop linewidth for films with iron
vacancies reaching ;i AHp,, = 0.09 mT. But this iron deficiency is not a desirable solution
as it destroys the stoichiometry of YIG. Thus, the only way for even narrower FMR
linewidths appears to be a smoother substrate surface, which reduces the inhomogeneities
due to the stray field in the sample. Nevertheless, the FMR linewidth achieved is nearly
equal to stoichiometric YIG films on GGG in [209)].

The angular evolution of pyH,es and pioAH,, is shown in Fig.(e) where o defines
the angle between surface normal and external magnetic field (see inset). The resonance
field decreases from o = 0° to a = 90° which is due to the uniaxial out-of-plane magnetic
anisotropy field caused by the shape anisotropy. The linewidth of our films only slightly
increases for o = 0° to @ = 90° as also observed in [212].

For our YIG films on YAG we observe a change in resonance field from poH,es =
529.9mT for oop to poHyes = 297.1mT for ip magnetic field orientation (see Fig. [3.12fc)
and (d), respectively). From these values we extract an uniaxial anisotropy field |B}| =
159.6 mT, which is significantly smaller than the expected bulk value |B}| = 178.0mT.
The deviation can be either attributed to an additional anisotropy contribution or the Al
substitution at the substrate/film interface. Interestingly, we do not observe the double
resonance structure described in [224] for the magnetic field applied in the film plane,
which might be due to the larger film thickness of our sample. Thus higher intensity
of the FMR signal from the thicker YIG phase overshadows the FMR signal of the
Y3F€5_XA1X012 phase.

The out-of-plane FMR linewidth in our film on YAG poAH,, = 7.3mT (Fig. 3.12{c))
is also much larger than the linewidth obtained for our YIG film on GGG, but smaller
than o AHp, = 25mT obtained for a 22nm thick YIG film on YAG in [224].

The angular dependence of the ferromagnetic resonance field and linewidth are shown
in Fig. 3.12(f) for our YIG film on YAG. Both evolutions qualitatively agree with the
results obtained for our YIG layer on GGG. But the absolute change in H,.s and the
absolute values of AH,, indicate that our YIG films on YAG have a lower magnetic
quality compared to our YIG films on GGG.

3.2.2.5 Laser-MBE growth of YIG thin films: a summary

In summary, we investigated the structural and magnetic properties of YIG films grown
on (111)-oriented GGG and YAG substrates using optimized deposition parameters by
means of HRXRD, SQUID magnetometry and FMR. For the growth on lattice matched
GGG substrates our YIG films exhibit a lattice parameter a = 1.238 nm close to the
bulk value and a low mosaic spread (FWHM of the XRC for the YIG (444) reflection
< 0.04°), a coercive field ygH. = 3mT and a close to bulk saturation magnetization
Mg = 129kA/m at T = 300K. Moreover, the 10.3 GHz FMR signal of these films
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has a narrow linewidth of up o AHp, = 0.98mT along the [111]-direction. These results
support that we are able to grow high-quality stoichiometric epitaxial YIG films on GGG.
A further improvement in sample quality may be achieved by smoothing the substrate
surface using an annealing procedure prior to YIG film deposition.

For our YIG films grown on YAG substrates, we find that the YIG films grow relaxed
with a close to bulk lattice parameter onto the substrate. But the structural quality
is substantially reduced due to the large lattice mismatch with a large mosaic spread
(FWHM of the XRC for the YIG (444) reflection > 0.24°). Moreover, the magnetic
properties of the YIG films are influenced by the Al diffusion from the substrate into
the film during growth. This leads to the generation of two separate, exchange coupled
magnetic phases: a YIG phase on top and a Al:'YIG phase at the substrate interface. The
structural and magnetic characterization show that our YIG films on YAG substrates
can be still improved, which might be mainly achieved by introducing a buffer layer and
lowering the Al interdiffusion at the substrate/film interface.

3.3 Anisotropic magnetothermopower and anisotropic
magnetoresistance

In this section we discuss the anisotropic magnetothermopower (AMTP) and anisotropic
magnetoresistance (AMR) in two different classes of ferromagnetic materials, namely
the prototype ferromagnetic semiconductor (Ga,Mn)As and Cobalt-based Heusler com-
pounds as metallic ferromagnets. In the beginning of this section we introduce a the-
oretical model to describe AMTP and AMR using a series expansion of the resistivity
and Seebeck tensor in powers of the magnetization orientation m (Sect. [3.3.1). We
then discuss the application of this model to angle dependentﬁ magnetothermopower
(ADMTP) and angle dependent magnetoresistance (ADMR) experiments to extract the
full resistivity and Seebeck tensors for cubic and tetragonal symmetry of the ferromagnet
investigated. This full tensor extraction can then be used to obtain further informa-
tion on the shape of the Fermi surface via the Mott relation. After this introduction
into the theoretical model we discuss first proof-of-principle experiments on (Ga,Mn)As
in Sect. 3.3.2] The results of these experiments show that our model is well suited to
describe the ADMTP and ADMR experiments for tetragonal (001)- and (113)-oriented
(Ga,Mn)As and enables us to extract components of the resistivity and Seebeck tensors
and even quantitative information on the magnetic anisotropy of the sample from angle
dependent measurements. Please note that a full extraction of all tensor components
is not achieved. Moreover, we apply our model to the Cobalt-based Heusler compound
CosFeAl in Sect. and find an excellent agreement between theory and experiment
for ADMR experiments (Due to the limitations imposed by the signal-to-noise ratio of
our measurement setup an investigation of the ADMTP in CogFeAl was not possible).
This further demonstrates the versatility of our model, which is thus not restricted to
one class of ferromagnetic materials.

3In the following we use the phrase ”"angle dependent” synonymously for "as a function of external
magnetic field orientation”.
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3.3.1 Theory of magneto-galvanic effects

In the past 40 years the influence of crystal symmetry on transport tensor properties of
magnetically ordered crystals has been discussed by many authors with quite controversial
results [227-230]. We here outline an already well established model for the resistivity and
conductivity tensor and expand this model to also include the Seebeck and Peltier tensor.
We start with the assumption, that in a magnetic crystal the electric and thermal currents,
j and h, depend linearly on the electric Fg = qE and thermal forces Fi, = —S, VT, with
the electric field E = —V(%), the charge g and the transport entropy S; (linear response).
We thus do not consider any deviation from Ohm’s law in its generalized form. This leads
us in cartesian coordinates to [226], 231]]

Ji = o (B)Ey — B (B)TH(VT)y, (3.1)
h; = —@{Z(B)Ek - %‘k(B)T_l(VT)k;

where we used the temperature 7', electrochemical potential g = ¢ — u/e, with ¢ the
electrical, u the chemical potential, e the negative electrical charge, B = uo(H + M) the
magnetic induction, with H the external magnetic field and M the magnetization of the
crystal, and the summation convention over cartesian coordinates. The cartesian tensors
oi(B), B (B), 5 (B), x(B) connecting the electric and thermal currents with the
corresponding forces depend on the strength and direction of the magnetization M and
external magnetic field H. For a more convenient description in experiments, where the
independent variables are j and VT, because it is easier to electrically insulate the system
(j = 0) and keep the boundaries at constant temperature (V1" = 0), we reformulate

Eas. (1), (B:2) into
E; = pi(B)jr + X (B) (VT ), (3.3)
b, = TS,(B)js — ra(B)(VT)s. (3.4
Here p;x(B) represents the resistivity tensor, X!, (B) the Seebeck tensor, 37 (B) the

Peltier tensor, and x;(B) the thermal conductivity tensor. These 4 tensors are connected
to the 4 tensors above via:

pir(B) = (o ) '(B) (3.5)
kir(B) = =T~ (B8, (B) — 7ir(B)) (3.6)
,k(B>:T pl]ﬂzj( ) (3.7)
X (B) =T7'8}p(B) (3.8)

We can reformulate this in terms of the 6 x 6 matrix of generalized transport coefficients

Liji
L(B) = < {;EFB)) §(<BB)> ) : (3.9)

For this tensor the Onsager relation for a magnetic crystal yields

L;;(B) = L;;(—B), (3.10)

4The following introduction into transport coefficients and linearized Boltzmann transport is inspired
by the description given by Ziman in [231].
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which implies that the transposition of L;; can only be equal to itself if the magnetic field
and magnetization are also reversed. The off-diagonal elements must be an odd function
of B. This further introduces the following relations for the resistivity, Seebeck, Peltier,
and thermal conductivity tensors

pij(B) = pji(—B), (3.11)
Hij(B) = Kji(—B), (312)
1.(B) = 3(—B). (3.13)

We note that due to the Onsager relation the number of independent terms is reduced
from 36 to 21 for the 4 3 x 3 transport tensors. Moreover, each of those terms is either an
odd or even function of B, depending on wether it is an off-diagonal or diagonal element
of the tensor.

We can formulate the electrical current (j) in terms of a linearized Boltzmann transport
equation with relaxation time 7 [231]

) Ex — If
ji= /evk(l + Q) [TVk <—6E+ kT 'MVT) agj dk. (3.14)

In this equation we define Ey as the electron energy, v = Vi Fx as the electron group
velocity, 2 = er/hvy x Bo Vy as the magnetic differential operator, Fr the Fermi energy

of the system, and f the Fermi-Dirac distribution function. In the same way we can
write down the heat current

Ofil
OE)

h = /(Ek — )1+ Q) {Tvk (—eE + E“TT 'MVT) ] dk. (3.15)

These two equations ([3.14)) and (3.15) are equivalent to Egs. (3.1)) and[3.2] E and VT are

multiplied by tensor quantities defined by certain integrals over the electron distribution.
The important point is, that the operator (1 + Q)~!, in which the whole magnetic effect
is concealed, only acts on 7vy and not at all on functions, which are constant upon an
energy surface, such as Ex — Er and 0f_/0Fx. By carrying out the integration over
energy independently of the other operation and using the pseudo-delta properties of
the function 9f;/0F), we can identify the following relationship between the 4 different
tensors [231]:

, w2 k2 0
Yikou(B) = ?BT {G_Eail(B)LEF : (3.16)
w2 k2
’Yz‘k(B) = ?e_gaik(B)’ (3~17)

here kg = 1.38065 x 1072 J/K is the Boltzmann constant. The first of these equations
(3.16)) is the generalized Mott relation, which connects the derivative of conductivity with
respect to the Fermi level to the Seebeck tensor. The second equation is a gener-
alized Wiedemann-Franz law. These two equations hold, when the electron scattering is
effectively elastic. Moreover, this set of equations allows the calculation of the thermo-
magnetic coefficients from a theory only treating the galvanomagnetic effects [232], 233].

A direct calculation of the thermomagnetic tensors is possible if §2 is small compared to
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unity (i.e., |Blet/m = w.7 < 1, where w, is the electron cyclotron frequency, which means
that the scattering rate is much higher than the precession frequency of the electrons in
the magnetic field), because we can then expand the operator (1 + 2)~! in powers of
Q [234):

A+ '=1-Q+Q -+ ... (3.18)

This is equivalent to the construction of successive approximations in powers of B. The
general term assumes the form

er er
(—)" = [-Zvicx Bo vk} [—gvk x B o vk] (3.19)
We can calculate now the electrical and heat current as in Eqgs.(3.14}3.15)) and identify the
coefficients of the tensor components. For example the conductivity may be expanded
up to the second order of B in the following way (with the summation convention over
the indices of the cartesian components)

ji = 0B + 0 BBy + o BBy B + ... (3.20)
Here the terms linear in B describe the Hall effect and terms quadratic in B the magne-
toresistance. The tensor components can be expressed as integrals

0
oij = /e T%Vk vy, dk, (3.21)
ag; = lem/ e*r? 81{;1;‘/1( Vi, Mj_lldk, (3.22)
1 o fi 9

Ot = Ephotnim / PV (MM v (M) e (3.23)

€m are the totally antisymmetric tensor components introduced by the vector products,

M;jl are the components of the inverse effective mass tensor:

L1 B
i B2 0k, 0K,

(3.24)

The calculation of higher order terms becomes more complex as even higher derivatives of
the effective mass tensor are required. Nevertheless, these expressions allow to calculate
an approximation of the conductivity tensor, if one has knowledge of the form of the
Fermi surface of the crystal. This calculation becomes really difficult depending on the
form of the surface. In addition, even the determination of the Fermi surface for more
complex crystals from theory is nearly impossible to achieve.

For a ferromagnet we have neglected up to now, the influence of the spin polarized
transport on the tensors. One possible way to include these effects, is the application
of the two spin current model [140] and divide the electrical and heat current into two
contributions, stemming from two different spin species (up and down) and describe the
transport as linearized Boltzmann equations for each one separately. Unfortunately this
general approach is rather complicated to achieve and will not be used in this thesis.

Rather, we use a phenomenological approach based on a series expansion of the trans-
port tensors with respect to the magnetization direction [227] m = M /Mg, to include
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spin dependent transport. This enables us to provide a model to calculate magnetic
effects in a ferromagnet using a fixed set of parameters. At first glance the number of in-
dependent parameters seems to be enormous (9 components for Oth, 27 for 1st, 81 for 2nd
order in m), but it can be greatly reduced by taking into account the Onsager relations
and the symmetry of the crystal itself. The approach presented here has been already
described in [227, 235H237]. In the following we outline the steps needed to reduce the
number of independent variables for the resistivity tensor p;;(m) and the Seebeck ten-
sor E;j(m) for cubic and tetragonal symmetry of a ferromagnetic crystal. We can then
express p;;(m), 3i;(m) as a series expansion of m
pii(B) = iy + pljimy + pl)mpmy + p, mymumy, + i mymm,my, 4

(3.25)

mgm;m,,m, + ....
(3.26)

(4)

ijklmn

2 (m) = 20 + 20 my + 2% mym; + 5)

ijk zyk:lmmkmlmm +X

Please note that this series expansion in direction cosines of the magnetization is different
to the series expansion in B in Eq., the dependence of the coefficients on the mag-
netic field strength is here not taken into account. Due to the commutative multiplication
of the magnetic field components mym; = m;my, we can already reduce the number of
independent parameters for the 2nd, 3rd and 4th order of our expansion:

2 2
pz(jl)cl = pz(jl)]w (3.27)
3) (3 3 3
pi]klm = pgj])ﬂml = ngl)km = pz(Jl)mk = p'sznkl = p’Ejank’ (328)

The same holds for the Seebeck tensor series expansion coefficients. With the applica-
tion of Neumann’s principle the number of series expansion coefficients can be further
reduced, as the crystal symmetry has to be also reflected in the physical property tensors
themselvesﬂ We here use a small set of generating matrixes S for each crystal sym-
metry [227], which makes the calculations a lot easier. The generating matrixes will
construct linear equations between expansion coefficients of the same order, reducing the
number of independent coefficients:

pm Swsgp/)op ;

Pl = det[S]S:0Ssp Skl

ngkl (det[S])QSionpSqulTpg))qT’
Piphim = (A€ [S])*S10 i3 Sty Ste Sms iy
P = (Aet[S]) 5108 Ska St Sons Smep L s

The very same equations can be constructed for the expansion of the Seebeck tensor.
An additional restriction to the number of independent variables for the expansion of

5We defined in Eq.(3.5)) the Seebeck tensor as a tensor product containing the resistivity tensor. Nev-
ertheless, as the Seebeck tensor describes a physical property of the crystal it has to reflect the
symmetry of the system.
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the resistivity tensor arises from the Onsager relations (Eq.(3.11))). The expansion co-
efficients for an even number of m; have to be symmetric in ij and for an odd number
antisymmetric in 7

0) _ (0)

Pij = Pji s

Pir = —Pin

pz(]zl)cl = Pﬁl)cl,
p'z(?/)flm = —ﬂﬁfizma

4) _ @
pijklmn - pjiklmn'

Note that these restrictions only apply for the expansion of the resistivity and not for
the expansion of the Seebeck tensor, as the Onsager relations (Eq.(3.11))) imply for the
Seebeck tensor YJ;(m) only a connection to the Peltier tensor ¥;(m).

3.3.1.1 Calculation of the resistivity and Seebeck tensor in cubic symmetry
With these general expressions at hand we can calculate the resistivity and Seebeck tensor

expansion for cubic symmetry (43m) with the generating matrixes Sg and Sy [227, 235,
236

SSI

Sy =

_ o o OO
(@)
|
—_

100 0 —-m, m,
Pepicm) = (p@ +p2V 4 pE0) [0 1 0 | + (V4N [ m, 0  —m,
0 0 1 -m, m, 0
m2 0 0 0 mym, m,m,
+ (e +p4 [0 m2 o0 |+ (Y +p*Y) | mym, 0 mym,
0 0 m: m,m, mm, 0
0 -m? mz m: 0 0
+p(3’2) mi 0 _mi + p(4,4) 0 m‘; 0
-m} m} 0 0 0 ml
m’m? 0 0 0 m,m,m? m,m;m,
+ p) 0 m?2m? 0 + p6) m,m,m? 0 m2m,m,
0 0 mimz mzmzmz mZm,m, 0
(3.30)

Her we used the expressions m* = m? +m? +m? = 1 and m* = (m®)* = 1. The parame-
ters p(i’j ) are linear combinations of the expansion coefficients, equations connecting these
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two variables are presented in Appendix [D] The number of independent parameters has
been reduced to 1 for Oth, 1 for 1st, 3 for 2nd, 2 for 3rd, and 6 for 4th order respectively.

In the same way we can calculate the representation of the Seebeck tensor for cubic
symmetry Ycupic:

1 00
Scubic(M) = (Z(O) + 2@ 2(4,1)) 01 0
0 01

0 -m, m, m2 0 0
+EO 4N m, 0 —m, |+ (EP+SE)) 1 0 m2 0
-m, m, 0 0 0 m?
0 m,m, m,m, 0 -m? mg
+ (@) L@ [ mym, 0 mym, |+ [ m? 0 -m?
m,m, m,m, 0 -m mj 0
0 —mf/mz m,m? m: 0 0
+ x@3) m’m, 0 —m,m? | 4+ x4 0 m;‘; 0
—m’m, mrmf/ 0 0 0 ml
mfjmg 0 0 0 mzmymg mmemz
+ X9 0 m’m? 0 + 29 [ m,m,m? 0 mZm,m,
0 0 mimz mmemz mimymz 0
0 m,m} m,m’
+24D | m’m, 0 m,m?
mim, mjm, 0
(3.31)

We find that the number of independent parameters is 1 for Oth, 1 for 1st, 3 for 2nd,
3 for 3rd, and 7 for 4th order. A comparison between resistivity tensor and Seebeck
tensor reveal two additional functional dependencies in the Seebeck tensor, described
by £63) and ¥*7 . These additional terms in the Seebeck tensor arise from the non
existent restriction from the Onsager relation, which increases the number of independent
parameters for the 3rd and 4th order of the series expansion. These two expressions enable
us to model the resistivity and Seebeck tensor up to the 4th order of m with 13 and 15
parameters respectively.

3.3.1.2 Calculation of the resistivity and Seebeck tensor in tetragonal symmetry

In the case of a tetragonal symmetry (42m) of the crystal (the c-axis is oriented along the
z-axis of our coordinate system), we can use the generating matrixes Sg from the cubic
case and Sy [227, 235| 236]

-10 0
S, = 0 1 0
1 0 —1
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We first calculate the resistivity tensor p,., up to fourth order

1 00 0 00
Pretra(m) = (pO0 4 p@LD 4 pLa) {0 10 | 4+ (p ) 4 p®) 4 1) [0 0 0
000 0 01
0 —-m, O 0 0 m,
+ (p(l,a) + p(3,1,a)) m, 0 0 + (p(lvc) + p(3,1,c)) 0 0 —m,,
0 0 0 -my, m, 0
mi 0 O 00 O
+ (p(2,2,a) 4 p(4,2,a)) 0 mz 0 + (p(2,2,c) + p(4,2,c)) O 0 0
0 0 0 0 0 m?
0 m,m, 0
+ (p(2,3,a) + p(4,3,a)) m,m, 0 0
0 0 0
0 0 m,m,
+ (p(2,3,c) + p(4,3,c)) 0 0 mymz
m,m, m,m, 0
m2 0 0 0 —pE2@m? - p2Imy
+( p(2,4,a) + p(4,4,a)) 0 mz 4 p(g,z,a)mi 0 _ 0(3’2’°)m§2
0 0 0 _p(3,2,c) mg?; p(3,2,c) mg 0
0 0 m,m?
_|_p(3,3,c) 0 0 _mxmz
—m,m? m,m? 0
p(4,5,a)m;1; 0 0
+ 0 p(4,5,a)m;1 0
O 0 p(4,5,c)m4zl
p(476’“)m2m3 0 0
T N
0 0 p(4,6,c)m3;m§
O p(477,a)mxmymz p(47770)mxmzmz
+ p(4777a)mxmymg 0 p(47776)m§mymz
p(4,7,c)mxmzmz 10(4’77C)m32:mymz O
m: 0 0 0 0  mym’
+ p(4,8,a) 0 m? 4 p(47970) 0 0 m,m?
0O 0 0 m,m? m,m? 0
(3.32)

For tetragonal symmetry the number of independent parameters for the resistivity tensor
are 2 for Oth, 2 for 1st, 7 for 2nd, 5 for 3rd, and 15 for 4th order. Compared to cubic
symmetry the total number of independent variables has increased from 13 to 31.
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In the same way we obtain the Seebeck tensor Xiq,. in tetragonal symmetry:

1 00 0 0O
Etetra(m) — (Z(O,a) + 2(2,1,0,) + 2(4,1@)) 01 0 + (Z(O,c) + 2(2,1,5) + 2(4,1,5)) 00 0
0 00 0 01
0 —-m, O
+ (219 g nGLlay Lm0 0
0 0 0
0 0 m 0 0 O
+ (E(l,cl) + 2(3,1,01)) 0 0 _H?;z + (2(1 c2) + 2(3 1,02)) 0 0 0
00 O -m, m, 0
mi 0 O 0 0 O
4 (E(Q,Q,a) 4 2(4,2,(1)) 0 mZQI 0 4 (2(2 2 c) 4 2(4 2 C)) O O O
0 0 O 0 0 mg
0 m,m, 0 0 0 m,m
+ <2(2,3,a) + Z(4,3,a)) macmy 0 0 + (2(2 3,cl) + 2(4301)) 0 0 mym
0 0 0 0 0 0
0 0 0
+ (E(2’3’62) + 2(4,3,02)) 0 0 0
m,m, mym, 0
m? 0 0
+ (E(2,4,a) + 2(4,4,a)) 0 mz 0
0 0 O
0 _2(3,2,a)m§ Z(3,2,cl)m3
4 E(3,2,a)m§ 0 —2(3’2’61)1’11302
_2(3,2,c2)m2 2(3’2’02)mi 0
0 —2(3’3’“)m§mz 2(3’3701)mym§
+ 2(3,3,a)mimz 0 —2(3’3’61)mmm§
_2(3,3,02)mym§ 2(3,3,02)mxmz 0
—m,m,m, 0 0 y5a)mi 0 0
+ nE4a) 0 mym,m, 0 | + 0 2(475’“)m§ 0
0 0 0 0 0 y (5 m?
264 m2m? 0 0
4 0 $(46.0) 2 m? 0
0 0 269 m2m?
0 2(4’7’“)mxmym§ (4’7’Cl)mxm§mz
+ | Z*"m,m,m? 0 YA m2m, m,
2(4’7"32)mxm§mz Y7 m2m, m, 0
m‘zl 0 O 0 2(4’9"’“)mzm2 2(4’9’Cl)mmm§
+ Y *8a) 0 m! 0 |+ 2(4’9’“)mimy 0 Y49l m?
0 0 O 2(4’9’02)mxm§ 2(4’9702)mym§ 0
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The calculation yields 2 for the Oth, 3 for the 1st, 8 for the 2nd, 10 for the 3rd, and 19 for
the 4th order as number of independent parameters. Compared to the resistivity tensor in
tetragonal symmetry we obtain 3 additional terms with new dependency on m connected
to £330 $340) and B*99)  We would like to stress that the above series expansions
adopted from [227, 235-237] do not include a magnetic field dependence of the expansion
coefficients. In the ADMR and ADMTP experiments the applied external magnetic field
is usually small o H < 7T and thus the influence of magnetic field dependence is neglige.
This model thus only includes effects dependent on the orientation of the magnetization.

3.3.1.3 Projections of the resistivity and Seebeck tensor

In our experiments on thin ferromagnetic films, we apply an electrical current j (or a
thermal gradient VT') along a certain crystallographic direction and measure the longi-
tudinal piong (Ziong) and transverse pirans (Lirans) resistivity (thermopower) in the film
plane. For our model we need to define the unit vector j pointing along the direction
of the current (thermal gradient), the unit vector fi along the surface normal, and the
transverse unit vector t = fi x j. With the above descriptions of the resistivity tensor
p(m) and Seebeck tensor 3(m), we can then calculate piong and prrans OF Liong and Mipans
respectively [227, 235, 236]:

Plong = jp(m)',
p(m)
Zlong - Jz(m)

2tmns = EE (m).] .

3.34
3.3
3.36
3.37

.

Qi o)

Ptrans =

> e
>

(3.34)
(335)
(3.36)
(3.37)

These projections can then be used to describe the ordinary and anomalous Hall, Nernst,
magnetoresistance and magnetothermopower effects. The three vectors j, t, and A also
describe a new coordinate system, and we can generate the projections of M along the
new axes of the coordinate system as the scalar product of m with the unit vectors
m; = jo m, m; = t om, and ms = fi om. The projection of the tensors allows us
to determine only selected tensor elements from the experiment. For an application of
the general Mott relation (Eq.(3.16)) we need the full description of the resistivity and
Seebeck tensors.

Cubic symmetry In the case of cubic symmetry we can determine all entries of the
resistivity tensor by just measuring along one crystallographic direction, for example j
along the [100]-direction for a (001)-oriented film, and use the symmetry of the crystal to
gain the full resistivity tensor. The inverse of this tensor will be the conductivity tensor.
This is most evident when we carry out the projection of the cubic resistivity tensor for
j=(1,00), t=(0,1,0), and i = (0,0,1)

Plong,cubic,100 = L0 + lef + /)277131 + P3m%m12“17 (338>
Ptrans,cubic,100 = P4Tq + P5mjm£ + pﬁm% + p7m3mfm12“1 (339>
Here we used pg = p@ + p@ 4 p pp = p22 4 p42) - py = pA gy = pltd),

pa=—(pW +p*Y), p5 = p* + pl9, ps = —p? and pr = pi*9).
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(d)m n

ip oopj oopc oopt

Figure 3.13: Illustration of the different rotation planes of the magnetization, in the coordi-
nate system defined by the vectors j, t, n: (a) in-plane rotation, (b) out-of-plane
rotation perpendicular to j, (¢) out-of-plane rotation perpendicular to j + t, (d)
out-of-plane rotation perpendicular to t. The red arrow represents the magneti-
zation direction m and the positive rotation angle « is defined for each rotation
plane as indicated by black arrows on the rotation circle.

To understand the extraction of the p; parameters, we look at the theoretical evolution
of Plong,cubic,100 aNd  Ptrans.cubic,100 for the rotation of m in selected planes: in the film
plane (ip),i.e. a rotation of m in a plane perpendicular to fi; out-of-plane rotation with
the rotation plane of m perpendicular to j (oopj); and out-of-plane rotation with the
rotation plane of m perpendicular to the unit vector of the sum of j and t (oopc). These
3 rotation planes are illustrated in Fig. [3.13(a)-(c).

To familiarize one with the role of the different contributions to the longitudinal and
transverse resistivity and to provide a basic understanding of how one can extract these
parameters from an experiment, we present in the following the simulation results ob-
tained from our model in cubic symmetry for a rotation of the magnetization in these dif-
ferent rotation planes. The simulation results are summarized in Fig. |3.14|(a)-(c). Within
these rotation planes, one of the projections of the magnetization m; becomes zero, which
allows to separate the contributions of the p;. For the ip rotation we know that mgz = 0
and thus contributions in powers of my vanish. The only parameters which can influence
Plong Ad Pirans, are then pg, p1, pa, and ps. In Fig. 3.14(a) we show how each parameter
influences the observed angular dependence on the ip magnetization orientation. py just
acts as a baseline in pjone, on which the parameters p; and p, add an oscillation with the
orientation angle o. Depending on the sign with respect to each other the appearance
of the angular dependency can drastically change. For p; # 0, po = 0 (black line in the
graph), we observe the typical cos? dependence of the longitudinal resistivity reminiscent
of the anisotropic magnetoresistance (AMR). If we now change to p; = py # 0 (red curve
in the graph), the maxima in the curve are more pronounced than in the black curve. If
p1 = —p2 # 0 (blue curve) we observe a change in the maxima to a more flat shape. It
is evident from these observations, that each parameter results in distinctive features in
the orientation dependence of the longitudinal resistivity. For the transverse resistivity
the in-plane rotation of the magnetization results in only one remaining parameter ps,
which describes the planar Hall effect. In addition, if we now investigate the behavior
for oopj rotations of the magnetization, where m; = 0, we have two parameters for the
longitudinal, py and ps3, and two parameters, p, and pg, for the transverse resistivity. The
results of our simulation are depicted in Fig. |3.14(b). For piong po is again only a baseline
and has no influence on the orientation dependence, here only p3 will have an influence on
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Figure 3.14: Results of a simulation based on our resistivity model for cubic symmetry in a
(001)-oriented film and j along the [100]-direction. Solid lines represent piong,
dotted lines pirans. (a) Simulation results for the rotation of m in the film plane.
Parameters for the simulation are: pg = 5 and ps = 1 (constant), p1 = 1 (black),
p1 = p2 =1 (red), py = —p2 = 1 (blue). (b) Simulated resistivity for a rotation
of m in the oopj rotation plane. Parameters for the simulation are: py = 5,
p1 = p2 = ps = 1 (constant), ps = 0, pgy = 1 (black), p3 = ps = ps = 1
(red), ps = —2pg = 1 (blue). (c) Results of the simulation for a rotation of the
magnetization in oopc rotation plane. pg =5, ps =1, p1 = p2 = p5s = —2pg =1
(constant), p7 = 0 (black), p7 = 1 (red).

the oscillation amplitude. One should note that the oscillation is now four fold symmetric
over the 360° rotation, in contrast to the two fold symmetry for an ip rotation. For the
transverse resistivity we can distinguish between contributions from p,, which displays
a cos(3) dependence (black doted line), and pg, which has a cos®*(3) dependency. These
two parameters describe the sum of the anomalous Hall (AHE) and normal Hall effect
in a ferromagnet. The last remaining parameter for a full tensor description is p7, which
can be extracted by using an oopc rotation of the magnetization. This parameter only
influences the appearance of pyans. As depicted in Fig. [3.14)(c) the influence of p; is only
small compared to the other parameters, which will be a major obstacle in obtaining the
full resistivity tensor in an experiment. Moreover, as will be discussed below, it is not
possible in an experiment to rotate the magnetization in a ferromagnet. One can only
change an external control parameter influencing the orientation of the magnetization
and measure the dependency of piong and pans on this external control parameter.

For a deeper insight in the physical properties of a ferromagnetic system it is imperative
to not only obtain the full resistivity but also the full Seebeck tensor. For the Seebeck
tensor in cubic symmetry it is possible to determine the full tensor by also using just one
crystallographic projection, for example j along the [100]-direction for a (001)-oriented
film. If we carry out the projection as described in Eqs.,, we obtain for the

longitudinal and transverse thermopower

2long,cubiv:,IOO = 2O + 2177’132 + 22m§1 + 23m%m%, (34())

Ytrans,cubic,100 = 24Ma + L5m3mg + Yems + E7mjm,;m% + EAmfmﬁ + Eijm%. (3.41)
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Figure 3.15: Results of a simulation based on our Seebeck model for cubic symmetry in a
(001)-oriented film and —VT along the [100]-direction. (a) Simulation results for
the rotation of m in the film plane for X,.,s. Parameters for the simulation are:
Y5 =1, =0 (black), ¥5 = ¥g =1 (red), X5 = —Xp = 1 (blue). (b) Simulated
transverse thermopower for a rotation of m in the oopj plane. Parameters for
the simulation are: ¥4 = 3¢ = 1, ¥o = 0 (black), ¥4 = X6 = Xp = 1 (red),
Y4 =% =—-2A =1 (blue), ¥y = -3 = ¥a = 1 (green). (c) Results of the
simulation for a rotation of the magnetization in oopj rotation plane. ¥4 = g = 1,
EA =0 (black), 24 == _26 = —EA =1 (red), 24 = ZA == 1, 26 =0 (blue),
Y4=-%a=1, 3 =0 (green).

Here we have defined £, = £ 4+ 2@ 4 y@D v, = @2 4 02 ¥, = £44,
Yy = 2(4,5)’ Y, = _(2(1) + 2(371)), Y, = n@3 4 2(4,3)’ Y = _2(3,2)’ Y. = 2(4,6)7
Yo =—3G3 and ¥ = X*7 . Compared to the projection of the resistivity tensor, we
have now 2 additional contributions with new functional dependency on m described by
the parameters X5 and ¥g. These two new contributions originate from the 2 additional
independent parameters in the series expansion of the Seebeck tensor in cubic symmetry.
One should note that these contributions are of 3rd and 4th order in m. As already
explained in the case of the resistivity tensor projection, we are able to determine each
parameter in an experiment by choosing selected rotation planes for the magnetization,
where one of the projections of m vanishes. The first 8 parameters are identical to the
resistivity case, the additional contributions from the new 2 parameters ¥, and Yy are
depicted in Fig. [3.15a)-(c). For an in-plane rotation only the parameter Xy plays an
additional role. As it is evident from Fig. |3.15(a) this additional contribution leads to
characteristic changes in the orientation dependence. If the parameters ¥5 and g are
equal in sign (red), the transverse thermopower signal is tilted compared to the signal
without the contribution ¥ (black). On the other hand, if 35 and ¥p are opposite in
sign, the signal develops plateaus at @ = 90° and a = 270°. For a rotation of m in
the oopj plane, the relevant additional parameter in Y ans cubic,100 18 2a. Due to the two
additional components ¥4 and g a multitude of sign combination arises, the results are
summarized in Fig. [3.15(b)-(c). It is evident from these simulations, that each possible
combination in sign of 3, >4, and Yg leads to characteristic features in the transverse
thermopower signal. This enables us to extract the parameters from experimental data.
A more detailed description on how the extraction of parameters from the experiment is
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carried out follows in Sect. B.3.1.41

Tetragonal symmetry For tetragonal symmetry the problem becomes more compli-
cated, as due to the lower symmetry of the crystal additional contributions to the resis-
tivity and Seebeck tensors are generated. For the resistivity tensor we have in total 20
parameters describing the full matrix up to the fourth order of m, and for the Seebeck
tensor the total number of parameters for a full description up to the fourth order in
m is 29. We first take a look at the projections of the resistivity and Seebeck tensor
for a (001)-oriented thin film and electrical current/thermal gradient along the [110]-
direction, thus j is parallel to the [110]-, € to the [110]-, and f to the [001]-direction. If
we carry out the projection for the resistivity tensor in tetragonal symmetry as described
in Eqs.(3.34}3.35)), we obtain up to the fourth order of m, the following relations for the
longitudinal piong,tetra,001 @nd transverse pPans tetra,001 resistivity

2 2 4 4 2 2
Plong,tetra,001 = £0,110 F P1,110M% + P2,110M7 + P3,110M% + P4,110M4 + 511015 M, (3.42)

_ 3 2
Ptrans tetra,001 = £6,110Ma T P7,110M3Mg + P8.110M5 + P9, 110 MM . (3.43)

Here we defined the new parameters p; 119 as linear combinations of the resistivity tensor
parameters [235, 236]

1 1 1
poaro = (P04 + p®h 4 plt1a)) 4 5(,0(2’2’a) +p2) — 5(;0(2’3"1) + p ) + 10(4’5@);
P1,110 = (p@3) 4 pd3a)y 4 p5a)
(2,2,a) 4 (4,2,a) (2,3,a) + (4,3,a) (4,5,a)
P2,110 = — (p P ) 4 (p P ) + <p(2,4,a) + p(4,4,a)> o P +
N p(4,6,a) B p(4,7,a)

2 2 7
P3,110 = —pdsa),

(4,5,a) (4,6,a) (4,7,a)

p p p .

p4,110 = 4 - 2 —|— 2 + p(4787 )’

Ps110 = —plt5a) 4 pTa),

pei0 = (pY) + pELa)y,

p7,110 — (p(2727a) + p(4’2’a)> + p(4757a)’

£8,110 = ,0(3’2’“),

Po,110 = —pdoa) _ ,(46.)

p )
It is also possible in the tetragonal case to utilize the different magnetization rotation
planes defined in Fig[3.13(a)-(d) to separate the different contributions from each other,
which will allow an easier determination of these parameters from the experiment. If we
now assume that we are able to determine these 10 parameters describing the functional
dependence of piong tetra,001 AN Pirans tetra,001 0N M from the experiment, we are able to
calculate 10 of the total 20 parameter components of the resistivity tensor p,.,,(m) using
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the following set of equations

(p(Oa)+p(21a +p(41a)

) =

(p(l @) 4 p(3,1,a))
(P(2 ,2,a) 4 p(4,2,a))
(P(2 ,3,a) + p(4,3,a))

(p(2,4,a) +p(4,4,a))

(4Po 110 + 2p1.110 + P3,110 — 2P7.110)

6,110,

06
P3,110 T P7,1105
P1,110 + P3,110,
1

3 (—p1,110 + 2p2,110 — 3p3.110 + P5.110 + prato + Poi0)

3,2,a) __
( ) = P8,110,

45,a) __
(45.0) = — 03,110,

p
p

P(4 6a) = = P3,110 — P9,110;
p = —p3,110 1+ P5,110;
p

(5P3 110 + 4/74 110 — 2P5 110 — 2P9 110)
(3.44)

For a (001)-oriented film, we are not able to determine the full resistivity tensor. This also
holds for the Seebeck tensor, if we carry out the projections according to Egs.(3.36l3.37)),
we obtain

2 2 4 4
Ylong,tetra,001 = 230,110 + Z31,11077”63 + Yo 110mg + 23,1107713 + X4 110my (3.45)
2.2 :
+ X5,110M5 M + LA 110M5ME M,

3 2
Etrans tetra,001 = 26,110Ma + 27,110M3Mg + Ls 110Mg + Zg 110M5MgMyg (3.46)

2 3
+ EB,HOmj ma + 20,1107”3 mg.
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We here defined ¥; 11 as linear combinations of our expansion coefficients for the Seebeck
tensor

1 1
207110 _ (E(O,a) + E(2,1,a) + 2(4,1,11)) + E(2(2,2@) + 2(4,2,(1)) . E(2(2,3@) + 2(4,3,(1))

1 1
_2(4,5,(1) . _2(4,9,11)
* 4 4 ’
217110 _ (2(2,3,(1) + Z(4,3,a)) + 2(4,5,a) + 32(4,9@)’
E(2,2,a) 4 2(4,2,11) E(Q,S,a) 4 2(4,3,11)
227110 —_ _( 5 ) + ( 5 ) + (2(2,4,(1) + 2(4,4@))
2(4,5,a) 2(4,6,(1) 2(4,7,(1) 2(4,9,(1)
T T T T
Sa110 = — X459,
E(4,5,a) 2(4,6,11) 2(4,7,0,) 2(4,9,(1)
N _ _ 2(4,8@) _
4,110 1 5 + 5 + 1
4,.9,a
25 10 = _2(4,5,a) + 2(4,7,(1) o Z( )
k] 2 )
Yan10 = —x33a)

Z(S,S,a) 2(3,4,0,)

)y _ Z(l,a) 2(3,1@) .
6,110 = ( + )+ 5 5

3(4.9,0)
Sr110 = (329 4 n(420) 4 p45a) 4 ==
1(3,3,a) Y (3,4,a)
b)) — nB2a) _
8,110 5 + 5 ’
49,a
Yoq10 = — L5 _ p(46a) _ D9
b 2 ,
Sp10 = DG4,
Yo = —240),
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These equations allow a direct calculation of 13 of the 29 parameters describing the full
Seebeck tensor up to the 4th order of m, by using the following set of equations:

(20 4 »ZLa) 4 pLa)y - }1 (420,110 + 221 110 + 23,110 — 2X7110 — X 110)
(nte) 4 pBLa) = % (256,110 + 2a.110 + ZB,110) 5

(nC22a) 4 2(472@)) - % (223110 + 227110 + Zc.110) 5

(D@30) 4 pt3a) = % (251,110 + 2X3,110 + Xc,110)

(2(2,4@) + 2(474,(1)) = % (—X1110 + 222110 — 33,110 + 25,110 + L7110 + 29.110) 5
»(3:2a) % (38,110 — Xa,110 — 2B,110) 5
NG = _%4 110,
RG49) = 35 110,
RS9 = %31,
RS89 — 5 10— S0+ 202’”07
Y(4Ta) _ 3 (—2%3.110 + 25110 — Xc.110)
»n8.a) _ i (5%3110 + 424110 — 225110 — 2X9110 + Xc110)
N9 = _ %5 110.

(3.47)

Interestingly, the projection of the Seebeck tensor yields 3 additional parameters describ-
ing the longitudinal and transverse thermopower, as compared to the description of the
longitudinal and transverse resistivity. These additional parameters depend to the 3rd
or 4th order on m, this fact leads to a highly demanding accuracy in the experiments, as
will be discussed in Sect. 3.3.2

From these projections of the resistivity and Seebeck tensors for a (001)-oriented thin
film, we find that it is impossible to gain the full tensor description for the resistivity
and the thermopower. A remedy for this problem is the use of other orientations of the
tetragonal film. In the following we show, how one can determine the full resistivity and
Seebeck tensors for a tetragonal symmetry using a (113)-oriented ﬁlmﬂ In the following
we only use the series expansion of p,.,(m) and X (m) up to the 2nd order of m
to reduce the length of the expressions. But in principle it is even possible to extract
the full tensor for higher orders in m for this orientation. For the extraction of the full
magneto-galvanic tensors for a tetragonal (113) or1ented ﬁlm we need the projections of
the resistivity and Seebeck tensors for j parallel th 110 -direction. We start
with the projection of p,,,(m) according to Egs.(3.34] for j, t, and @ parallel to

6Please note that in principle the full extraction of the tensor would also be possible for a (111)-oriented
film. Moreover, we here assume, that the tetragonal symmetry is not reduced due to strain effects
by the (113)-oriented growth.
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the [332]-, [110]-, and [113]-direction respectively

_ - 9 I 9
Plong,tetra,332,113 = P0,332 T P1,3321M% T P2,3321M5Mh + 333915 (3.48)

Ptrans,tetra,332,113 — P4,3321% T P5,332Ma + Pg 3337151 + Pr7,333Mg M- (3.49)

The following set of equation relates the p; 355 with the expansion coefficients

9(/)(0,&) i p(Q,l,a)> 2(p(0,c) + p(2,1,c)) N 9[0(2,2,(1) 9p(2,3,a)

Po,332 = 11 + 11 22 22
) L _9p(2,2,a) N 4p(2,2,c) N 90p(2,3,a) N 36p(2,3,c) N 18p(2,4,a)
1,332 121 121 121 121 121
B 27\/§p(2,2,a) 12\/§p(2,2,c) 27\/§p(2,3,a) 42\/§P(2’3’C) 54\/§p(274,a)
P2,332 = 121 T 1 T 1o 121 121
81p(2,2,a) 18p(2,2,c) 117p(2,3,a) 36p(2,3,c) 81p(2,4,a)
P3332 = 7919 121 242 121 121
3\/§p(1,a) 3\/§p(l,c)
Pa332 = — 11 + 1

9pta)  2pLe)
P5333 = T {1 + T

9p(2,2,a) 2P(2’3’C)
P6333 = 11 + 1

3\/§p(2,2,a) 3\/510(2,3,0)
P7,332 11 - 11

A determination from the experimental data is possible if we utilize the 4 rotation planes
for the magnetization in Fig. |3.13(a)-(d). With the p; 333 we can then calculate the full
description of the resistivity tensor by using

C C 9 a a 99
(P p 1) = =S (0 4 p* )+ o (1260352 + 691,352 + V202,50 — 62
o 1
p) = 3 <—\/§P4,33§ + 305,335) ;

p(l,c) _ 3p4,33§ + \/5057335
\/§ )
c 9 w4a , 9

2 108
“ 1
0(2’3’ ) = B4 (66P1,33§ + 11\/§P2,33§ — 12pg 333 + 18\/§P7,33§) )
(2,3,c) _ 3P7,33§

P = P6,333 — W’

(2,2,0) _ 3\/§P6,33§ + 2p7332

P 3v2

(3.50)

From the 9 parameters needed to describe the full resistivity tensor, we can calculate 7 if
we already know the value of (p(®% 4 p219)) and p34®) which we will determine from
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the second projection with j along [110]. In addition we obtain the following restriction
for the p; 355 from the linear equations

7ps 333 307,333
22 4 Pysss + Peszs = Prass T — =0 3.51
6 \/5 P3,332 T P6,332 — 1,332 \/§ ( )

The parameters determined from the experiment need to satisfy this equation to allow a
calculation of the full resistivity tensor.

The second projection for j, t, and fi parallel to the [110]-, [332]-, and [113]-direction
respectively in accordance to Egs.(3.3413.35) leads to the following expressions for the
longitudinal and transverse resistivity

o ) IS 9
Plong tetra,110,113 = Po,T10 T P1,110MY + P2 110MgMi + P3 7104, (3.52)

Ptrans tetra, 110,113 — P4,1107% T P5110Ma + P6 11075 + P7, 11075 M4 (3.53)

A set of linear equations connects the p; 1o with the expansion coefficients

(2,2,0) (2.3,a) (2.4,a)
pogi0 = (P00 + p*) + 9p22 - 9p22 + 2p11 :
p220)  10,230) 9,240
L T A T I R
3v/2p220)  3./2,280)  §,/3,24a)
P2 110 = — 11 + 11 + 11 ;
Pt = _7p(2,2,a) N 7p(2,3,a) N 7p(2,4,a)’
' 22 22 11
33000 3y3,0
PaT10 =t 1 1
(1,0) (1,0)
Ps5 110 = 9p11 + 2,011 ;
0p22a)  9,(28.0)

Pe110 = 11 + 11
3\/§p(2,2,a) 3\/§p(2,3,c)

Using these linear relations we can also express the expansion coefficients as a linear
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combination of the p; 1, parameter

a a ]-
(p(o, ) —|— p(2717 )) —= 1—2 (12PO’TIO + 6p1’110 _— \/§p2,T10 — 6p6,T10 _'_ 2\/§p7’T10> ,
a 1
phe) = 3 (\/§P4,T10 + 305,T10) ;
p(l»c’) _ —3p4110 T \/§P5,Ilo
\/§ ’

c 3P7.110

p(23e) — Po.T10 _\/5 ’ (3.54)
a 1

0(2’3’ ) = G <6P1,I10 + ﬁpzim) )
u 1

0(2’2’ ) = 3 (396,110 - \/§p7ilo) :

p2da) — _ 3\/§P1,T10 — 10py 110 — 3\/§p6,T10 + 2p7 110
6v/2 '

This set of equations allows us to determine (p®® + p21®) p244) and enables us to
calculate the full resistivity tensor up to the second order of m. Moreover, these equations
provide us the ability to compare experimental data from both projections. From the
linear equations we also obtain the following restriction for the p; 1, parameters

V2
P3i10 = szjlo- (3.55)

In the end the use of two different perpendicular current directions in a tetragonal (113)-
oriented ferromagnet allows us to determine the full p,.,(m) up to the second order of
m. In Sect. we discuss how the model presented in this section can be used to
extract the resistivity and Seebeck parameters from an experiment.

In case of the Seebeck tensor we can carry out the projection in analogous fashion.
For the thermopower with the thermal gradient V7' along the [332]-direction, we find the
following relations for longitudinal and transverse thermopower:

_ _ a2 A7) 2 0.
Dlong, tetra,332,113 = 20,337 T 213337105 + g 3357514 + i3 335M + 2p 33514, (3.56)

Dtrans tetra, 332,113 = 24,3321 T 25 339Ma + g 339M35Mg + 17 335Mg M. (3.57)



124 Chapter 3 Spin caloritronics

We defined the ; 355 as linear combinations of the expansion coefficients

9(2(0,@) + 2(2,1,(1)) 2(2(070) 4 2(2,170)) 92(2,2,(1) 92(2,3,0,)

Y an5 =
0,332 11 + 11 + 29 22 7
S 92(2,2,(1) 42(2,2,@ 902(2,3,a) 182(2,3,01) 182(2’3’02) 182(2,4,a)
L3327 9q + 121 + 121 + 121 + 121 + 121
. - 27\/52(2,2,(1) 12\/52(2,270) N 27\/52(2,3@) 21\/52(2,3,121)
2,332 121 121 121 121
21\/52(2,3,02) 54\/52(2,4,&)
- 121 - 121
. 812(2,2,(1) 182(2’2’0) 1172(2,3,(1) 182(2’3’61) 182(2,3,02) 812(2,4,(1)
382 = T o T 121 242 121 121 T 121
3\/52(1,(:1) 3\/52(1,02)
Page =t
3\/52(1@) 3\/52(1,01)
I T

92(1,@) 22(1,01)
5332 = {1 + TR
92(2,2,(1) 22(2,3,01)

Y6332 = 11 + T
3\/52(2,2@) 3\/52(2,3,01)
e VT

We note that compared to the projection of the resistivity tensor we now obtained an
additional parameter X, 355, which adds a new functional dependence on m to the longi-
tudinal thermopower. Using these linear relations we can formulate the following for the
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expansion variables

9
10,0 L w2le)y — 2
(209 4 519 = -

- 926 333 — 3\/527 332)5
B = 3 ( \/_24 333 T 325 332)

3y 333 + \/525,335

(E(O’a) + 2(2’1@)) + —(22% 353 + 9% 335 + 3\/522,335 + 233 333

|

E(l,cl) — ’
V2
c 1
1 2 6 9\/5247335 + 625,335 + 11\/§EA,33§> ,
9 1
229 = 22(2 Ae) 4 1 <_521,33§ - 9\/522,335 + 1623 335 + 926 335 + 3\/527,333) ;
$(23.a) _ \/_21,335 + 629 335 + 2\/5237335
9v/2 ’

N(23,e1) 327 333

Y6332 — 77
T aa5 35, s
2(2,3,02) 9oy 2,332 O s — s 7,332’
133 T s /2 3,333 6,332 —\/5
3\/526,335 + 2X7 353

2(2,2,(1) —
3v/2

(3.58)

In principle this set of equations allows us to determine 9 of the 11 parameters needed for
the full tensor description, if we already know the remaining two components (3% +
»ZLa) and (349 The remaining two parameters are obtainable by using a different
projection of the tensor. For a thermal gradient along the [110]-direction, we calculate
the fOHOWng dependencies for Elong,tetra,TIO,HB and ZJtrans,tetrail[),lllS

v 9 o 9
Ylong tetra, 110,113 = 240,110 T Z1,1107713 + Yo 110MeMa + 23 110Ma» (3.59)

Ytrans tetra, 110,113 = 24,710 T 25 110Ma + 26 110M5Mg + 27 110M5 M. (3.60)
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The ¥, 11 parameters represent linear combinations of the expansion coefficients

92(2,2,(1) 92(2,3@) 22(2,4,@)
+ _

Zomo = (B0 +B51) + = 22 1
2(2,2,(1) 102(2,3@) 22(2,4,a)

T A T B T
3&2(2,2@) 3\/52(2,3@) 6\/52(274,(1)

Yemo =T T T
72(2,2,a) 72(2,3,(1) 72(2,4@)

Ta0 T T T oy T T

S +3\/§E(1,a) 3\/52(1,02)

gz(l,a) 22(1,c2)
Y5110 = + )
’ 11 11

92(272,(1) 22(2,3,02)
Y6110 = 11 + 1
3\/52(2,2,0,) 3\/52(2,3,02)
11 + 11 '

Z7,T10 = -

Interestingly if we compare the functional dependence on m for the longitudinal and
transverse thermopower to the corresponding resistivity expressions we obtain no addi-
tional contributions. This is in clear contrast to the case of current/temperature gradient
along the [332]-direction, where we found a new functional dependency for the longitu-
dinal thermopower. This is due to the tetragonal symmetry which compensates the ad-
ditional contributions in the Seebeck tensor in this projection. Moreover, we can reverse
the linear equations to calculate the expansion coefficients

a a 1
I D (1220,110 + 6% 119 — \/522,110 — 6%6110 2\/527,110) )

|
2(17 ) = g <\/§E47110 + 325,Ilo> ’
—3%4110 T V25110

2(1,02) — 7
V2

(3.61)

1

6

“ 1
T(220) _ 3 <326jw — \/527,110> ;

. _3\/521,110 - 1022,T10 - 3\/§Zﬁ,T10 + 227,T10
6v/2 '

In addition the following relation between the 3, 1,, must be full filled

V2
E:ajlo - 322,110- (3-62)
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These results prove that it is possible to determine the full Seebeck tensor if we use two
different orientations of the thermal gradient in a (113)-oriented tetragonal thin film.

Polycrystalline limit We would like to emphasize that it is possible to calculate the
polycrystalline limit from the single crystalline expression from above by averaging over
all possible crystal orientations. This is accomplished by first calculating the projections
for all current directions and then integrate over all these directions as explained in [227,
235, 236]. From these calculation one then obtains the following expressions for the
longitudinal piong poly and transverse pPranspoly resistivity describing the ”conventional”,
polycrystalline AMR:

Plong,poly = L0,poly + pl,polym327 (36?’)

Ptrans,poly = P2,polyMMa + P1,poly 5111 . (364)

Here we only have 3 parameters po poly, P1,polys P2,poly, Which are complex sums of the ten-
sor components. Three contributions to piong poly a0d Pirans poly depend on the orientation
of the magnetization. The orientation dependence described by p; oy can be described
with a cos? in Plong,poly With respect to the angle between current directionj and magne-
tization orientation. Please note that the results of this calculation are independent of
the symmetry of the single crystal [227, 235], 236].

3.3.1.4 Application of the model to experiment

In Sect. we showed that by using differently oriented rotation planes for the mag-
netization we are able to separate the different contributions from the longitudinal and
transverse resistivity and thermopower. Unfortunately, it is impossible in an experiment
to directly manipulate the orientation of the magnetization. Rather, an external control
parameter must be used. Normally, we apply an external magnetic field ugH = poHh
to the sample to influence the orientation of the magnetization. But the external mag-
netic field is not the only parameter influencing the orientation of the magnetization, in
addition the magnetic anisotropy defined by shape and crystal contributions plays an
important role. In order to describe the dependency of the magnetization orientation
on the magnetic anisotropy and external magnetic field we need to introduce the well
established free enthalpy density approach [165, 235, 236]. Within this framework we
assume that the magnetization of our sample can be described in the picture of single
domain (macro spin) and the magnitude M of the magnetization is not changed during
our experiments. This allows us to describe the influence of external magnetic field and
magnetic anisotropy in an potential energy landscape G for the magnetization orienta-
tion. We use the following general expression of the normalized G); = G/M for a thin
ferromagnetic film

G (m) = —poH (hom)+ By (fom)*+ Baom (0)* 4 Be xmiy+ Be ymiy + B ,my +. . .. (3.65)

The first term describes the contribution from the external magnetic field (Zeeman con-
tribution), m; are the direction components of m along the cubic axes, By describes
the anisotropy due to the shape of the film and anisotropy due to intrinsic effects along
the surface normal, By stands for an intrinsic uniaxial anisotropy along an arbitrary unit
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vector 1, B, ; parameters quantify the intrinsic cubic anisotropy of the thin film along the
cubic directions. One should note that due to the normalization of the enthalpy to M the
anisotropy constants are described in units of Tesla. Moreover, the sign of the anisotropy
constant determines wether it characterizes an easy B; < 0 or a hard B; > 0 axis. The
here presented general approach can be tailored to fit to the actual ferromagnet under
investigation by adding appropriate additional uniaxial contributions, that may for ex-
ample arise due to strain effects. Using this free enthalpy approach we can determine the
orientation of the magnetization for a given set of anisotropy parameters and fixed field
orientation and strength by minimizing the free enthalpy with respect to m. Moreover,
we see from this formulation that the orientation of the magnetization will be dominated
by the external field contribution, if we apply magnetic fields larger than the magnetic
anisotropy parameters.

From these observations we are able to simulate ADMR and ADMTP experiments in
the following way: From Gj;(m) we determine the magnetization orientation m by mini-
mizing G/ (m) for every orientation of the external magnetic field at fixed field strength in
the 4 rotation planes described by Fig. [3.13|(a)-(d). Substituting the obtained m into the
expressions for the projections of the resistivity and Seebeck tensors given in Sect.
we calculate the corresponding longitudinal and transverse resistivity /thermopower. Un-
fortunately, for a fit to the experimental data, the p;, 3;, and B; parameters are first all
unknown. Making use of the fact that the the Zeeman contribution dominates at large
enough external magnetic fields, we first determine the p;, ¥; parameters. Then in a
second step we use the high field determined p;, ¥; parameters at lower magnetic fields
to determine the magnetic anisotropy parameters B;. Thus the free enthalpy expression
in combination with the series expansion model of the resistivity and Seebeck tensors
enables us to quantitatively determine magnetic anisotropy and resistivity (Seebeck) pa-
rameters from ADMR and ADMTP experiments.

3.3.1.5 Determination of longitudinal and transverse resistivity and thermopower

So far we have only described how we determine longitudinal and transverse resistivity
and thermopower in our model from a projection of the corresponding tensors. But we
also need to extract these quantities from the experiment, as discussed in this section.
For the determination of piong, Pirans from our experiments we apply a fixed current I in a
Hall bar structure and measure in 4pt-geometry the voltages Vigng and Vians as depicted
in Fig. [3.16]a)

Starting from the definition of the resistivity tensor in Eq.(3.3)) and our definition of
the projection of the tensors Eqs.(3.343.35) we can identify (VT = 0)}

o Elong o ‘/long w X d

Plong = 7 = Ji I s (366)
E rans Vrans
Prrans = tJ = t] d. (3.67)

Here we used Eiong = Viong/l; J = I/(w X d), Eirans = Virans/w. In the experiment we
only need to measure the voltages Vigng, Virans, and the current I applied to the Hall bar,

"Using Ohms law E = pj we can establish the following definition of sign for Plong: if Eiong is parallel
to j then piong is positive, if Eioyg is antiparallel to j then piong is negative. In the very same way we
can then define the sign of ptrans using Eipans and the reference direction t.



3.3 Anisotropic magnetothermopower and anisotropic magnetoresistance 129

@ [N (b)

Figure 3.16: (a) Definition of the parameters and connection polarity for the determination of
Plong, Pirans i Hall bar geometry. A constant current I is applied to a Hall bar
with thickness d and width w. The longitudinal voltage Viong is measured across a
distance [, together with the perpendicular voltage Virans across w. (b) Definition
of the parameters and connection polarity for the determination of ¥jong, Xtrans i
Hall bar geometry. A constant temperature difference AT is applied between the
two ends of the Hall bar with a total length ly. The voltage drop Vione along the
Hall bar is measured over a distance [, and a second perpendicular voltage Vi;ans,
over the width of the Hall bar.

and calculate the resistivity using the geometrical data of the Hall bar mesa structure.
For the determination of the Seebeck parameters Yiong, Xtrans i an experiment, we
apply a constant temperature difference AT across the whole structure over a length [
and measure the voltage difference longitudinal and transverse to the thermal gradient
as depicted in Fig. [3.16(b). To calculate the Seebeck coefficients we use the definition in

Eq.(3.3) and the projection of the tensors Egs.(3.36/}3.37)) and find (j = 0)
Elong o ‘/longl_()

Sione = = Jong 0 3.68

I N (3.68)
Etrans ‘/trans lO

Sirans = — 9. 3.69

‘ vT AT w (3.69)

Here we used VT = AT/ly. These two equations are only correct, if the temperature
increases linearly over the whole Hall bar (i.e. the magnitude of the temperature gradient
is constant). Thus the extraction of Seebeck parameters is possible, if we know the
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Figure 3.17: Screen shot and description of selected input fields for the final simulation software
of ADMR and ADMTP experiments.

temperature difference between the two ends and the dimensions of the Hall bar and
measure Viong, Virans under a constant temperature difference.

3.3.1.6 Experimental procedure for and analysis of AMDR and ADMTP
experiments

In the preceding section we showed how one extracts experimentally longitudinal and
transverse resistivity and thermopower. In the following we explain in more detail the
experimental procedure for ADMR and ADMTP experiments and give insight into the
realization of an simulation algorithm written in LabVIEW to fit the data with our series
expansion model.

In an ADMR (ADMTP) experiment the external magnetic field H is rotated with fixed
field magnitude pioHpeas in one of the 4 rotation planes defined in Fig. [3.13((a)-(d), while
the longitudinal and transverse resistivity (thermopower) are recorded as a function of
external magnetic field orientation («, 3, 7, d, depending on the selected rotation plane).
To achieve an identical magnetic domain configuration prior to each measurement an
initialization is carried out by sweeping the field at a fixed orientation from pgHi, to
toHmeas. For a successful quantitative extraction these measurement have to be carried
out at various pioHmeas and in at least 3 rotation planes defined by Fig. [3.13((a)-(d).

For the analysis and quantitative extraction of the data a LabVIEW based software
has been developed during the work of this thesis. The LabVIEW software allows to
load 9 independent data sets for a simultaneous processing. Moreover, the code of the
software includes 15 different rotation planes in cartesian coordinates and allows also the
user a definition of individual rotation planes by the input of two orthogonal vectors in
the rotation plane. The description of the free enthalpy in this software already contains
8 uniaxial, 3 cubic anisotropy parameters and allows the definition of one additional
uniaxial anisotropy parameter. In addition, the software includes 17 different projections
of the resistivity and Seebeck tensors in cubic and tetragonal symmetry. The modular
framework allows the easy definition of new projections in the future.

For the simulation the software loops for each external field orientation trough the
following procedure: First the external magnetic orientation in cartesian coordinates
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is determined from the field orientation angle. Next, based on the input parameters
(external magnetic field strength, magnetic anisotropy parameters) the magnetization
orientation is determined from a numerical minimization of the free enthalpy in spher-
ical coordinates (to reduce the number of independent parameters from 3 (cartesian)
to 2 (spherical)). This numerical minimization utilizes a ”Quasi-Newton” method to
find the global minimum of the free enthalpy with a gradient search. Finally, using
the resistivity (Seebeck) input parameters and the determined magnetization orienta-
tion the longitudinal and transverse resistivity (Seebeck coefficient) are calculated. The
software automatically generates for each data set a simulation file in a user specified
folder. In this file all relevant input parameters and the simulation results are stored.
An import routine allows to load old simulation parameters stored in these files into the
program. In addition, the software allows to simulate the ferromagnetic resonance field
as a function of external magnetic field orientations. This allows a seamlessly comparison
of magnetotransport determined magnetic anisotropy to the anisotropy determined from
ferromagnetic resonance experiments.

The following steps have to be carried out during a simulation process to obtain in the
end an optimized set of magnetic anisotropy and resistivity (thermopower) parameters
from ADMR (ADMTP) experiments: First we choose reasonable starting values for the
magnetic anisotropy parameters using an educational guess (Or set them all to 0). This
enables us to carry out the numerical global minimization of the free enthalpy in the soft-
ware. We then start to optimize the resistivity (Seebeck) parameters for the projection
of the tensor that fits our sample (Sect. [3.3.1.3). At a first glance the simulation seems
to be rather tedious to carry out as we have to optimize many parameters. But one can
utilize for a first guess of parameters that the magnetization follows directly the external
magnetic field rotation for large magnetic fields. This enables us to neglect the influence
of magnetic anisotropy at large magnetic fields. In addition, for any of the used rotation
planes (Fig. 3.13|(a)-(d)) not all py110 (3i110) parameters contribute to the angular de-
pendence of longitudinal and transverse resistivity (thermopower). For example for an
ip rotation we can safely assume mg = 0, thus the number of parameters contributing
to the resistivity (thermopower) are greatly reduced. The very same arguments can be
used for the oopj (m; = 0) and oopt (mz = 0) rotation planes at large field values. This
enables us to determine a first set of p; 110 (Xi110) from the experiment. We then tune the
anisotropy parameters and p; 110 (2i110) iteratively until an optimal agreement between
simulation and experiment is achieved [235].

To conclude this whole section we summarize the results obtained. Starting with a
linear response model of electrical and thermal currents we defined the resistivity and
Seebeck tensors as tensors connecting an electrical field with a electrical current and a
thermal gradient, respectively. Neglecting spin dependent scattering these quantities can
be calculated from the Fermi surface of the material using the effective mass tensor. In
case of a ferromagnetic system the calculation process becomes very complicated and we
chose to describe the tensors in a phenomenological approach as a series expansion of the
magnetization direction. We utilized the Onsager relations and Neumann’s principle to
reduce the number of parameters of the expansion for cubic and tetragonal symmetry.
In an experiment on thin films it is only possible to measure projections of the tensor
components and thus only selected expansion coefficients. This can be described in the
right handed coordinate system defined by the unit vectors of the direction of electrical
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current (thermal gradient), surface normal and transverse direction. In our model we
project the resistivity and Seebeck tensor using this coordinate system and obtain linear
relations between the parameters describing the longitudinal and transverse projection
and the expansion coefficients. These relations enable us to calculate the full tensor de-
scription for cubic symmetry by using the results of measurements carried out along one
crystallographic direction and rotations of the magnetization in three different planes (ip,
oopj, oopc). In case of tetragonal symmetry the calculation of the full resistivity and
Seebeck tensor is possible, if we use for example an (113)-oriented ferromagnetic film (c-
axis along [001]-direction) and use experimental data obtained for the electrical current
(thermal gradient) along two orthogonal directions ([332] and [110]) for rotations of the
magnetization in 3 different planes (ip, oopj, oopt). To take into account the competition
of external H field and magnetic anisotropy we use the free enthalpy approach, which
allows us to determine the magnetization orientation by taking into account contribu-
tions from the external magnetic field and magnetic anisotropy of the sample. The series
expansion and the free enthalpy formulation are the key ingredients for a full quantita-
tive description of the magneto-galvanic properties and the magnetic anisotropy from the
experiment. Moreover, we defined the polarity of the connection scheme for the measure-
ments of the longitudinal and transverse resistivity and thermopower, which is crucial
for the exact determination of the full tensor description of the galvanomagnetic effects.

3.3.2 Magnetothermopower and magnetoresistance in (Ga,Mn)As

In Sect. [3.3.1]we provided the framework for a full quantitative extraction of the resistivity
and Seebeck tensors from ADMR and ADMTP experiments. In the following section we
focus on the partly extraction of these tensor properties from ferromagnetic (Ga,Mn)As
thin films grown on differently oriented GaAs substrates by low temperature MBE.
(Ga,Mn)As is the prototype of a ferromagnetic semiconductor with a Curie temperature
below 170 K [238-240]. The compatibility of (Ga,Mn)As to GaAs makes it an interesting
candidate for spintronic applications. The successful realization of novel spin-electronic
devices has already been demonstrated in (Ga,Mn)As, such as the emission of circu-
larly polarized light from a spin light emitting diode [241], 242], the tunneling anisotropic
magnetoresistance in (Ga,Mn)As/insulator/normal metal structures[243], and nonvolatile
memory device concepts [244-246]. The strong p — d coupling between the delocalized
holes and the localized electrons in the Mn d shell leads to large magneto resistive effects
in (Ga,Mn)As [241, 247-250], which makes it an ideal test bed for the full quantita-
tive extraction of the transport property tensors. Moreover, recent publications already
verified that it is possible to apply the here presented resistivity model to ADMR ex-
periments in (Ga,Mn)As and extract quantitative data for the resistivity and magnetic
anisotropy [235], 236] and even quantify small changes in magnetic anisotropy induced by
strain effects [251]. The few existing publications [252] 253] dealing with the anisotropic
magnetothermopower and the Nernst effect in (Ga,Mn)As showed large magnetother-
mopower effects and a direct dependence on the orientation of the magnetization. These
results are suggesting that it should be possible to extract the full quantitative descrip-
tion of the resistivity and Seebeck tensors, and gain a deeper understanding of the Fermi
surface of (Ga,Mn)As using the Mott relation (Eq.(3.16)). In addition, recent experi-
ments have revealed the spin-Seebeck effect in (Ga,Mn)As/Pt heterostructures [25] 27].
To separate spurious contributions form the spin-Seebeck signal a deeper understanding
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of anisotropic magnetothermopower effects certainly is important.

In this following section we focus on experiments paving the way for the quantitative
determination of both the resistivity and Seebeck tensors in (Ga,Mn)As. First a descrip-
tion of the sample and the experimental setup is provided. On-chip thermometry carried
out on our samples allowed us to monitor the evolution of the temperature gradient as
a function of position, directly by resistance measurements. In the end we present the
experimental results obtained for (001)- and (113)-oriented (Ga,Mn)As thin films and
compare the extracted components of the tensors quantitatively.

3.3.2.1 Sample preparation and on-chip thermometry

The samples investigated here are two 30 nm thick (Ga;_,,Mn,)As films, one (z = 4%)
grown on (001)- and the other (z = 5%) on (113)-oriented GaAs via low temperature
molecular beam epitaxy [235, 236] by W. Schoch in the group of W. Limmer at the
university of Ulm. The samples have been cleaved into 2 x 6 mm? rectangles, with the
long side along the [110]- and [332]-direction, respectively. Using optical lithography
and wet chemical etching Hall bar mesa structures have been defined, with the current
direction parallel to the long side of the sample. The width of the Hallbar was 250 ym and
the separation between the contact pairs was 625 um. The samples were then mounted
on a specially designed, home-built carrier, which allowed to couple one end of the sample
to a thermally isolated resistive heater and the other end to a temperature bath via a
copper block. An illustration is shown in Fig. (a). This setup enables us to control the
temperature gradient in the sample by changing the power applied to the resistive heater.
Two calibrated Cernox temperature sensors enabled us to monitor the temperature of the
hot and cold end of the sample holder. To achieve a good thermal contact between carrier
and sample we glued the sample using GE Varnish to the hot and cold end. Electrical
contacts to the Hall bar were established by Al wedge-bonding. The sample carrier was
then mounted onto a dipstick and placed in a superconducting magnet cryostat system
(uoH = 7T, 1.8 K < T < 350K) equipped with a stepper motor, which allowed a rotation
of the external magnetic field in different planes with respect to the sample. More details
can be found in the Diploma thesis of S. Meyer, whom I supervised as a part of my PhD
thesis [254].

As it is important for the exact determination of the thermopower to know the tem-
perature evolution across the sample, we applied on chip thermometry. This is real-
ized by measuring the resistance of different transverse contact pairs, labeled 1, 2, 3 in
Fig. [3.18|a). The measured resistance is dominated by the narrow connections between
bar and contact pads, thus representing a lateral, well-defined temperature sensor. To
determine the relation between resistance and temperature we first carried out a calibra-
tion by slowly (10 K/h) increasing the dipstick temperature from 8 K to 75 K, without a
current applied to the resistive heater. In order to exclude spurious signals, we measured
each pair separately and repeated each measurement twice. The results obtained are
summarized in Fig. for the (001)-oriented sample. All resistance curves exhibit a
distinct minimum around 15K and a maximum at 65K, and are highly reproducible.
These calibration curves allow us to identify from the resistance of the transverse contact
pair the temperature at the position of the pair on the sample. We established a dipstick
temperature of 10 K, changed the electrical power applied to the resistor, and measured
simultaneously the resistance of each contact pair. The graph in Fig. (c) displays
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Figure 3.18: Results of the on chip thermometry for a 30nm thick (001)-oriented
(Gag.96,Mng g4)As sample. (a) Illustration of the sample mounted to the tem-
perature gradient holder, which is equipped with a resistive heater to control the
temperature at the hot end of the sample. (b) Temperature calibration curves for
the resistance of each transverse contact pair, establishing a direct connection be-
tween the resistance of each pair and the temperature at their respective position
on the sample. (c) Change in resistance of each contact pair with increasing power
applied to the heater at a base temperature of 10 K. (d) Extracted spatial evolu-
tion of the temperature for Ppeater = 160mW, due to a bad thermal connection
between sample and carrier we loose a large amount of the temperature gradient.
(e) Calculated evolution of the local temperatures for different heater powers. The
average sample temperature drastically increases while the temperature gradient
on the sample experiences only minor changes. Drawn lines are only a guide to
the eye.

the results obtained from these measurements. All three resistances show a distinct min-
imum at Pieater = 100mW and increase with higher heater power. Using the calibration
curves and the temperatures of the Cernox temperature sensors we calculated the evolu-
tion of temperature across the whole sample for different powers applied to the resistor.
For Pheater = 160mW we show in Fig. [3.18(d) the lateral evolution of the temperature.
Although the temperature difference between the two Cernox sensors is 30 K, the tem-
perature gradient measured between the transverse contact pairs is only 0.1 K/mm. We
attribute this large decrease in thermal gradient to the bad thermal contact between cold
and hot end of the sample holder and the sample itself. The power applied to the resis-
tor not only induces a thermal gradient in the sample but also considerably changes the
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average temperature T}, of the sample itself. This effect becomes more visible if we look
at the evolution of the temperature in Fig. 3.1§(e). For Bieater > 200mW the tempera-
ture gradient across the sample stays constant and only the average sample temperature
increases with heater power. Moreover, the largest temperature gradient is established
for Preater = 90mW. In order to take into account the increase in T,ye With Pheater We
carried out the ADMR and ADMTP experiments under a constant Peater fOr resistivity
and thermopower measurements. Nevertheless, for future experiments it is important
to reduce the loss in temperature gradient at the sample, which we plan to achieve by
mechanical clamping the sample and carrying out the experiments in vacuum. Moreover,
the expected larger tuning range of the temperature gradient allows to study in more
detail the linear dependence of the longitudinal and transverse thermopower signal on
the thermal gradient, while the average sample temperature remains nearly unchanged.
In our current setup due to a constant increase of the sample temperature with increasing
heater power an inspection of the linearity is impossible, but we assume in the following
sections that the linearity is maintained in our setup.

3.3.2.2 ADMR and ADMTP for (001)-oriented (Ga,Mn)As

In the following we first present the results obtained for the (001)-oriented (Ga,Mn)As
thin film and electrical current (thermal gradient) along the [110]-direction. In our
ADMR and ADMTP experiments we applied a fixed current to the resistive heater
(Pheater = 250mW) of our setup, establishing a fixed average temperature T}, = 25.2K
and gradient VT' = 0.5 K/mm determined from on-chip thermometry. For the exper-
iments we used three distinct rotation planes for the external magnetic field: in-plane
(ip, Fig.|3.19(a)), out-of-plane perpendicular to j (oopj, Fig. [3.19(d)), and out-of-plane
perpendicular to £ (oopt, Fig. @(g)) Following the experimental procedure described
in Sec. we applied an external initialization field pgHi, = 3T at a fixed field
orientation (a = 0° for ip and 5,y = —90° for oopj, oopt) before carrying out the ADMR
and ADMTP (j = 0) measurements at pigHmeas- The thermal gradient applied to the
sample was identical for both types of experiments. Using Egs.(3.66}3.67]i3.68]i3.69) we
calculated then piong, Prans aNd iong, Lirans. LThe transverse signals are offset corrected,
such that the signal is symmetric to the y-axis. The offset in the transverse signals arises
due to a lateral displacement (in our measurements 2 — 10 ym) of the transverse contacts
on the sample, which leads to a spurious longitudinal signal. For the offset correction
we subtract a fraction (0.1-4%) of the longitudinal signal from the transverse signal. In
Fig[3.19(a)-(i) we compare the results obtained for ADMR and ADMTP experiments at
a constant magnetic field of 1T and a fixed heater power of 250 mW.

The results obtained for the ip ADMR measurements reflect the anisotropic magne-
toresistance (AMR) of (Ga,Mn)As and are represented in Fig. [3.19(b). At puoH = 1T it
is safe to assume that the magnetization follows directly the orientation of the external
magnetic field. The ip ADMR measurement map the dependence of piong and pirans on the
orientation of the magnetization direction. In classical AMR theory the important pa-
rameter defining the resistivity is the angle between current and magnetization direction
(cf. Eqgs.(3.63113.64)). For piong we observe that the resistivity for magnetization parallel
to the current direction pj is smaller than for a perpendicular alignment p,. This is in
contrast to the observation for classical 3d ferromagnets, where one finds pj > p, [252],
and is one characteristic feature of the ferromagnetic semiconductor (Ga,Mn)As. More-
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over, the observed angular dependency of ping clearly deviates from the expected cos?
dependency for a classical AMR theory Eq.(3.63), but can be explained within the se-
ries expansion model, outlined in Sect. [3.3.1.3] as discussed below. Another interesting
feature, that can only be explained if we consider the crystal symmetry of the system is
the difference in oscillation amplitude for pjone and pians: for the longitudinal resistivity
we observe a change of 0.5 ufdm, whereas the transverse resistivity changes by 6 puQ2m,
which is a more than a magnitude larger. This effect is not expected for a classical AMR
theory, where the change in resistivity for longitudinal and transverse resistivity is equal
(cf. Eqs.). We note that both piong and pirans exhibit a two fold symmetry for a
full 360° field rotation, which reflects, that only contributions even in m from our series
expansion model influence the ip ADMR measurements.

For the ip ADMTP measurements in Fig. [3.19c) we observe again a two fold symmetry
over the whole 360° rotation in Xjong () and Xipans(cr), which represents the anisotropic
thermopower. Interestingly, the angular ip evolution of Y., is inverted compared to
Plong, the thermopower is largest for parallel alignment of m and j and smallest for
perpendicular alignment, thus > > ¥,. This inversion has also been reported by Pu
et al. [252]. In contrast Yians(c) shows the same structure as pgans() for the ip case,
minima and maxima occur roughly at the same positions, only the signal to noise ratio
is not as good for the transverse thermopower.

The angular dependence of piong and pirans for an external field rotation in the oopj plane
for uyoH = 1T is depicted in Fig. [3.19(e). The applied external magnetic field is large
enough that the magnetizations follows the field direction and only minor deflections
from this behavior due to the demagnetizing field of the thin film are expected. The
longitudinal resistivity exhibits a two fold symmetry and we identify a maximum for
h || i and a minimum for h || t. The angular dependence of piong(3) arises due to the
out-of-plane AMR of (Ga,Mn)As and is in contrast to the angular dependence reported
in [235], where piong(8) developed additional maxima and minima. These differences
might be attributed to the different measurement temperatures, 25.2 K used here and
4.2K in [235]. In this field rotation plane the transverse resistivity is dominated by the
contributions from anomalous and normal Hall effect. For these contributions, we expect
a maximum signal for h || i and a minimum for h || —f due to the p-type conductivity
of the (Ga,Mn)As layer, which is also visible in our experimental data.

The angular dependence of ¥,,4(/5) for an oopj rotation of the external magnetic field
in Fig. B.19(f) is identical to the one of ping(8) in Fig. B.19(e). We observe minima
in the longitudinal thermopower if the field is oriented in the film plane and maxima
for h parallel or antiparallel to fi. In contrast the angular evolution of the transverse
thermopower is inverted compared t0 pirans(/5) in this rotation plane, with a minimum in
Yrans(0) for h || fi and a maximum for h || —i.

If we rotate the magnetic field in the oopt plane (Fig.[3.19(g)), the longitudinal resistiv-
ity in Fig. (h) exhibits again a two fold symmetry and shows the same characteristic
evolution as for the oopj rotation plane. Maxima in piong(y) occur for h parallel or an-
tiparallel to n and minima for h in the film plane. Moreover, the shape of pirans(7) is
dominated by the contributions due to the anomalous and normal Hall effect, leading to
the characteristic cosine dependence.
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Figure 3.19:

Results obtained from ADMR and ADMTP experiments on a 30 nm thick (001)-
oriented (Gag.96,Mng.04)As sample at Thye = 25.2K and pgH = 1T. (a) Illus-
tration of the ip rotation plane of the external field direction h in the coordinate
system defined by j, t, and f. The arrow indicates the direction for a positive
rotation angle o. (b) Angular dependence of piong and perans for an ip rotation of
the external magnetic field. (c) Evolution of ¥jons and Eians for an ip rotation.
(d) Hlustration of the oopj rotation plane and definition of positive rotation angle
B. Oopj rotation results for piong and pirans (€) and Xigng and eans (f). (g)
Definition of the oopt rotation plane with positive rotation angle v. (h) Angu-
lar dependence of piong and pirans for oopt rotation. (i) Xiong() and Mirans(cr)
for an oopt rotation. Symbols represent experimental data and red lines fits via

Eqs.(3.42}3.43)) and Eqs. (3.45}i3.46)).



138 Chapter 3 Spin caloritronics

Surprisingly, the longitudinal thermopower shows an inverted trend in Fig. [3.19(i)
compared to the angular evolution of piong(7) in Fig. [3.19(h). Xjong(y) has its lowest values
for h parallel or antiparallel to n and its largest for h oriented in the film plane. One
should note that this inversion between the angular dependence of piong(7y) and Xiong ()
could not be seen in the oopj rotation plane. In contrast, the angular dependence of
Yirans(Y) in the oopt rotation plane is, despite the decreased signal to noise ratio, similar
t0 Lirans(f) in the oopj rotation plane. This also includes, that pyans(y) and Xipans(y)
exhibit an inverted angular evolution. For a maximum in pyans(7y) we find a minimum in
Ytrans(7y) and vice versa.

The aim of our measurements is to extract a quantitative description of the resistivity
and Seebeck tensor including effects from the magnetization orientation. In order to
investigate the influence of magnetic anisotropy, we have carried out measurements of the
longitudinal and transverse resistivity (thermopower) at three distinct external magnetic
fields poHmeas = 1T, pioHmeas = 0.5T, and pigHpeas = 0.1 T, the last two are not shown
here. To reflect the magnetic anisotropy in our model we used the following description
of the free enthalpy

1
G001y (m) = —ppH (hom)+ Bygr (m,)* + Bi1o 5 (my +my )* + Be ymy + Be ymy + B ,m,.

2
(3.70)
Following the process described in Sect. and using the LabVIEW based sim-
ulation, we optimized the set of anisotropy (Booi, Biio, Bex, Bey, Bc.), resistivity
(Eqs.(3.42B.43)) and Seebeck (Egs.(3.45]3.46)) parameters until we achieved a satis-
factory agreement between simulation and experiment [235]. During this optimization
process we only allowed pg 119 and X 119 to depend on the magnetic field strength.

For the thin film investigated here, we found for the magnetic anisotropy parame-
ters Bogr = 83mT, By = 10mT, and B.x = B.y = B., = —12mT. The resistivity
and Seebeck parameters are summarized for pgH = 17T in Table [3.2 The red lines
in Fig. [3.19(b),(c),(e),(f),(h),(i) represent the simulation results obtained with these pa-
rameters, which reproduce nicely the measured data. We note, that we are not able to
determine pg 110, 29110, and X 110, as they vanish for all 3 rotation planes used in the
experiment [235].

From our series expansion of the resistivity and Seebeck tensor in powers of m in
Sect. we found that we expect additional contributions in the thermopower due to
the Onsager relation, which are described by the parameters ¥4 110, 25,110, and ¢ 110
in Egs. (3.45)3.46). With the 3 rotation planes used in our experiment we are unable to
determine X4 119. But for the ip rotation we expect from the theory an influence of ¥¢ 119
on Yirans(@). Unfortunately the low signal to noise ratio makes a confident extraction
impossible. This fact is illustrated by two fits to the data in red and blue in Fig. M(c)
The red one represents ¢ 119 = 0 #V/K and the blue ¥¢ 119 = 4.0 uV/K. It is evident,
that both curves describe the experimental results in a satisfactory way. From this we
conclude, that our data provides no clear indicator for the existence of the additional
parameter Y 139 compared to the theoretical description of pirans, such that we chose
Yc110 = 0. In case of ¥p 119 we expect only a contribution in Yi,ns(cr) for the oopt
rotation plane, unfortunately we again face the problem of a low signal to noise ratio,
which makes a confident extraction impossible. This becomes visible from the two fits
to the data in red ¥p 119 = 0 #V/K and blue ¥ 119 = 4.0 uV/K in Fig. W(Q As it is
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parameter ADMR parameter ADMS
po.110 (pf2m) 237.9 Y0110 (WV/K) 152.2
1,110/ £0,110 2.8 x 1073 ¥1,110/ 20,110 3.7 x 1072
2,110/ £0,110 1.4 x 1072 ¥2.110/ 20,110 2.4 x 1072
£3.110/ L0110 —4.4 x 1073 | E3110/20.110 1.6 x 1072
p4,110/p0,110 4.6 x 1073 Y4110/20,110 2.0 x 1073
P5.110/ Po.110 —8.4 x 1073 | X5110/Z0.110 1.2 x 1072
P6,110/ Po,110 5.8 x 1072 | Xg110/20,110 —3.9 x 1072
p7,110/ Po,110 2.5 x 107 | X7.110/Z0,110 2.6 x 1072
ps,110/ Po,110 0.0 38,110/ 20,110 0.0
£9.110/ Po,110 - Y9.110/20,110 -
YA110 -
2B,110 0
Yc,110 0

Table 3.2: Extracted simulation parameters from ADMR and ADMTP measurements for the
(001)-oriented (Ga,Mn)As thin film for poH = 1T and T,ye = 25.2K

evident from these two curves the additional parameter reflects no increase in fit quality,
we therefore chose ¥ 119 = 0 #V /K for our simulation.

From the experimental data we already discussed the differences in angular dependency
between resistivity and thermopower. These difference are visible in the set of p; 119 and
Y110 parameters in Table . The inverted ip angular evolution for pions and Yiong results
in the opposite sign of ps 119 compared to X3 119. We also find a sign reversal for ps 10
and X5 1109, which reflects the inverted angular dependence for the oopt rotation plane
in Fig. [3.19(h)+(i). The third set of parameters with different sign for resistivity and
thermopower are pg 110 and g 1109, which describe the anomalous and normal Hall/Nernst
effect in our sample. This is due to the inverted evolution of pians compared to Yians for
the two out-of-plane rotation planes. These sign changes between selected parameters in
the set of p; 119 and ¥ 110, also indicate that it is impossible to use a single scaling factor
to transform each p; 119 to the corresponding i 119 parameter. This is a direct result of
the tensor formulation of the Mott relation in Eq..

We can now use the extracted p; 19 and X159 to calculate a part of the tensor com-
ponents for the resistivity and the Seebeck tensor with the set of equations and
. As already pointed out above, this enables us to calculate 10 out of 20 tensor
components for the resistivity and 13 out of the 29 parameters for the Seebeck tensors. As
our experimental data allows us not to determine pg 119, 29,110, and Xa 110, these numbers
are further reduced to 7 for the resistivity and 7 for the Seebeck tensor. The obtained
values for the tensor parameters are summarized in Table [3.3] From these calculations
we find, that (p®3% + p(+39)) has the opposite sign as (X33® 4 $*32)) " This sign
reversal is also found in p*>® and (459 As already discussed in Sect. we are
not able to determine all components of the tensors in the (001)-oriented (Ga,Mn)As
thin film. Thus, we can not use the Mott relation (Eq.(3.16])) and invert the resistivity
tensor to calculate the energy derivative of the conductivity at the Fermi energy for the
(001)-oriented (Ga,Mn)As thin film. These limitations can be circumvented by carrying
out the same experiments in (113)-oriented (Ga,Mn)As (cf. Sect. [3.3.1.3)).
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parameter resistivity (udm) | parameter Seebeck (uV/K)
(P09 4 p@La) L L)y 17935 0 [ (204 4 £&La) L 5La)y T 150.8
( (1,a) + p 3,1,(1)) 13.8 (E(l,a) + E(3,1,a)) o
(p 2,2,a) (4 2,a) 4.9 (E(2,2,a) 4 2(4,2@)) 6.5
(P (2,3,a) + (43a) 0.4 (E(2 ,3,a) + 2(4,3@)) 2.5
(p (2,4,a) + p(44a)) o (E(Z 4,a) 4 2(4,4,11)) o
p(3 2,a) 0 E(S,Z,a) _
p(4:5:0) 1.1 | 345 -2.5
p46.0) _ $(4,6,0) -
pl&Ta) -1.0 | X7 -0.7
p8.a) _ $(4,8,0) _

2(3,3@) o
2(3,4@) 0
2(4,9@) 0

Table 3.3: Extracted tensor parameters from ADMR and ADMTP measurements for the (001)-
oriented (Ga,Mn)As thin film for yoH = 1T and T,ys = 25.2K

3.3.2.3 ADMR and ADMTP for (113)-oriented (Ga,Mn)As

From the previous experiments on (001)-oriented (Ga,Mn)As thin films, we can state
that our series expansion model is perfectly suited to describe the observed angular de-
pendence of resistivity and thermopower. Unfortunately, we could not find substantial
evidence for the additional parameters in the Seebeck tensor, which are created by the
lower number of restrictions from the Onsager relations compared to the resistivity tensor.
This was mainly caused by the low signal to noise ratio of our experimental thermopower
signal. Moreover, the selected projection plane of (001)-oriented (Ga,Mn)As is not suited
to extract the full resistivity and Seebeck tensor. Both problems can be solved by using
(113)-oriented (Ga,Mn)As. For this orientation we already pointed out in Section [3.3.1]
that it is in principle possible to extract the full tensor description by applying an elec-
trical current/thermal gradient along two perpendicular directions.

As a first step towards the determination of the full tensor description, we carried out
ADMR and ADMTP experiments on the (113)-oriented, 30 nm thick (Gag.g5,Mng g5)As
film grown via LT-MBE on a (113)A-oriented GaAs substrate in the same fashion as in
Sect. For the ADMR and ADMTP experiments we applied a fixed current to the
resistive heater (Peater = 160 mW) of our setup, establishing a fixed average temperature
Tove = 25.0K and gradient V1" = 0.6 K/mm determined from on-chip thermometry. For
the experiments we used the followmg three distinct rotation planes for the external mag-
netic field: in-plane (ip, Fig.|3 , out-of-plane perpendicular to (oopj, Fig.[3.20(d)),
and out-of-plane perpendlcular to (oopt, Fig. - . For the experiments we used
poHinie = 37T) at a fixed field orientation (a = 0° for ip and B, = —90° for oopj, oopt).
The ADMR and ADMTP experiments were evaluated in analogy to Sect. [3.3.2.2] The
results obtained for ADMR and ADMTP experiments at an external magnetic field of
poH = 1T are summarized in Fig. [3.20(a)-(i)

In Fig. (b) we show the results of ip ADMR experiments. For the ip geometry it is
safe to assume, that the magnetization directly follows the external field orientation. The
origin of the observed angular dependence in pjong and pirans is the AMR of the ferromag-
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netic semiconductor. For the longitudinal resistivity we find a two fold symmetry and
p| < p1, which is consistent with the data obtained from the (001)-oriented (Ga,Mn)As
film (Sect. and with [236]. The transverse resistance shows no inherent symme-
try over the full 360° rotation, this is evident from the different absolute values of the
maxima and minima of the curve, which has been already reported in [236].

In comparison, the angular dependence of the longitudinal and transverse thermopower
from the ip ADMTP measurements in Fig. [3.20|c) exhibits remarkable differences to the
ADMR measurements. Yjong () is not two fold symmetric as piong (), due to the different
absolute values of the minima in ¥,,,(c), as a direct result the longitudinal thermopower
for m || t is larger than for m || —t. This effect can be understood within our series
expansion model and will be discussed below. Moreover, we find that 3 > ¥, meaning
that piong(@) and Xjong(r) are inverted in their angular dependence, a result that we
have also obtained for the (001)-oriented sample in Sect. [3.3.2.2, In contrast, Yians(cv)
is not inverted in the angular dependence compared to pgans(@), but the asymmetry in
absolute values is more pronounced for the transverse thermopower, such that the only
visible maximum is around a = 135° and visible minimum is around «a = 225°, whereas
the minimum at o = 45° and maximum at o = 315° in pyans(cr) have vanished into a
plateau at o = 0° for the transverse thermopower.

For the ADMR experiments in the oopj rotation plane in Fig. [3.20(e) piong(5) exhibits
a two fold symmetry with minima at h parallel or antiparallel to t and maxima at h
parallel or antiparallel to n. The evolution of py.ans(f) follows a cosine dependence, with
a maximum for h || n and a minimum for h || —n. This angular dependence of pgans
indicates the domination of normal and anomalous Hall effect in (Ga,Mn)As.

We compare these ADMR measurements with the ADMTP experiments in oopj geome-
try (Fig.[3.20(f)). The longitudinal thermopower exhibits no symmetry for a full rotation,
which is visible in the different absolute values of maxima and minima of ¥, (/). Inter-
estingly, we observe no exchange of the position of maxima and minima when we compare
Yiong (8) With piong(8), which is identical to the ADMR and ADMTP experiments on the
(001)-oriented sample. The angular dependence of the transverse thermopower exhibits
a minimum for f = 10° and a maximum for § = 170°, this suggests that the position of
maximum and minimum have shifted away from h || n and h || —n compared to prans(5).
Moreover, a plateau in Xians(5) is visible at § = —90°, which is not the case for peans(8).
These differences between pirans(f5) and Yians(5) are reflected in the modeling of the
ADMR and ADMTP experiments, which we will further discuss below.

For the oopt rotation plane ADMR experiments in Fig. (h), we observe a two
fold symmetry of piong(7). The longitudinal resistivity shows maxima for v = —10°
and v = 170°, and minima for v = 80° and v = 265°. One should note that these
~ values no longer coincidence with any coordinate axes defined by j, t, and n. For
the transverse resistivity we find again a normal and anomalous Hall effect domination
characterized by a cosine dependence. The ADMTP experiments in oopt geometry yield
a angular dependence in X, that is inverted compared to piong, this behavior has been
also observed in the ADMR and ADMTP experiments on the (001)-oriented sample
presented in Sect[3.3.2.2l The minima of Si,,(7y) have different absolute values. For
Yirans(y) the angular evolution is inverted compared to perans(7)-
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Figure 3.20: Results obtained from ADMR and ADMTP experiments on a 30 nm thick (113)-
oriented (Gag.95,Mng.05)As sample at Thye = 25.0K and poHd = 1T. (a) Illus-
tration of the ip rotation plane of the external field direction h in the coordinate
system defined by j, t, and fi. The arrow indicates the direction for a positive
rotation angle o. (b) Angular dependence of piong and perans for an ip rotation of
the external magnetic field. (c) Evolution of Xjons and Yians for an ip rotation.
(d) Hlustration of the oopj rotation plane and definition of positive rotation angle
B. Oopj rotation results for piong and pirans (€) and Migng and Mians (f). (g)
Definition of the oopt rotation plane with positive rotation angle 4. (h) Angu-
lar dependence of piong and pirans for oopt rotation. (i) Xiong(ar) and Mirans(cv)
for an oopt rotation. Symbols represent experimental data and red lines fits via

Eqgs.(3.5213.49) and Eqs.(3.563.57) with a single set of parameters.
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Following the same procedure as for the (001)-oriented sample we used the following
equation to describe the magnetic anisotropy within our free enthalpy formulation:

1 1
Guys)(m) = —ppH(hom) + Bom(mz)2 + BllO§(mx + my)2 + BllSﬁ(mx + my + 3mz)2

+Bc7xmi + BQymi + Bc,sz-
(3.71)

Using the Egs.(3.52}§3.49) and Eqs. (3.56]i3.57) and iteratively optimizing our set of param-
eters for ugH = 1T, poH = 500mT, and poH = 100 mT (Sect.[3.3.1.6, From this process

we obtained the magnetic anisotropy parameters B.x = B.y = —bmT, B., = —3mT,
Boor = —10mT, Byjg = —2mT, and B3 = 35mT. The final p, 335 and Y, 355 parameters
are summarized in Table [3.4] and the results of our simulation are depicted as red lines in
Fig. 3.20(b), (c), (e), (f), (h), (i). The red lines reproduce the measured data very well
and are able to reflect the angular dependence found in the resistivity and thermopower.
The observed offset between simulation curve and data in the longitudinal signals orig-
inates from small deviations of the sample temperature for the three different rotation
planes, as for each rotation plane the sample has to be remounted onto the dipstick.

parameter ADMR parameter ADMS
Po,332 (uQm) 635.0 Z07335 (MV/K> 148.0
P1,333/ Po,353 —9.4x107° | By 355/%0 355 5.7x 1072
P2,333/ Po,353 1.4 x 1072 Yo 533/ 20,353 2.2x 1072
P3.333/ Po.333 2.5 x 1072 Y3335/ 0,333 3.7 x107?
Pa,333/ Po332 7.9 x 107" | 5y 555/% 333 5.4 x 107
Ps,333/ Po,353 4.7 x 107 Y5333/ 20,353 —1.2x107°
P6,333/ Po,353 —3.3 X 1072 | 3¢ 593/%0.353 —4.7 x 107
P7,33§/P0,33§ 6.3 x 1077 Z7,335/20,335 1.4 x 1073
5 A 553 1.0 x 1072

Table 3.4: Extracted simulation parameters from ADMR and ADMTP measurements for the
(113)-oriented (Ga,Mn)As thin film for poH = 1T and T,ye = 25.0K

Comparing the p; 355 with the X, 355 parameters, we find a sign change in the following
two parameter pairs: p; 355 and 3 335, p5 353 and X5 535. The sign change between p; 555
and ¥ 355 reflects the inversion between longitudinal resistivity and thermopower for
the ip and oopt rotation planes. The observed inversion of angular dependence between
transverse resistivity and thermopower is accounted by the sign change between pg 535
and ;5 353. The additional parameter in the thermopower model ¥, 335 = 1.5 uV /K is in
contrast to the simulation results for the (001)-oriented sample an important parameter,
that describes the different absolute values of the minima in the longitudinal thermopower
for the ip (Fig. [3.20(c)) and oopj (Fig. [3.20(f)) rotation plane. These findings make it
impossible to neglect this additional parameter in the thermopower simulation, thus our
experimental data and the corresponding simulation approve that our assumptions for
the development of the series expansion model are correct. Unfortunately the difference
in absolute value found in the maxima of ¥, for the ip, oopj and in the minima/maxima
in the oopt rotation plane are not accounted by any of our parameters. We attribute
these differences to an additional transverse thermopower signal superimposed onto the
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longitudinal thermopower signal or a possible tilting of the rotation planes in the exper-
iment.

Moreover, it is impossible to find a universal scaling constant that translates all p; 535
to their corresponding 3, 355, which supports the assumption of a tensor Mott relation
(Eq.(3-16)).

We calculate the components of the resistivity and Seebeck tensor using Eqs.
and Egs. (3.58)) respectively. The results of this calculation are summarized in Table [3.5]
From the linear relation for the resistivity parameters we extracted a linear restriction
for the p; 535 parameters given by Eq.. If we use the parameters extracted from our
experiment we obtain for the LHS 2.425 uQdm and for the RHS 2.421 u{2m, the values
differ only by 6 x 1072 from each other. Thus we assume that our extracted parameters
fulfill the imposed linear restriction, which further supports, that our underlying model
is capable of describing the various effects found in ADMR and ADMTP experiments.

parameter resistivity | (uf2m) | parameter Seebeck | (1V/K)
(p(O,a) + p(2,1,a)) _ (Z(O,a) -+ Z(Q,l,a)) _
(p(O,c) + p(2,1,c)) _ (Z(O,c) + 2(2,1,0)) _
pte) 29.8 | ©9) -0.22
pte) 31.1 | x(eb) -0.01
p22a) -19.1 | x(229) 0.02
p(2,2,c) _ 2(2,2,0) _
p23) 1.8 | x239) 11.2
p2:3:) 2294 | R@3el) -0.49
p(24a) _ N(24,0) -
»(1e2) 3.9
3(2:3,2) 1.2

Table 3.5: Extracted tensor parameters from ADMR and ADMTP measurements for the (113)-
oriented (Ga,Mn)As thin film for o = 1T and T,ys = 25.0K

Our extracted p; 335 and %, 355 parameters, allow us to calculate 5 of a total of 9 and
7 of a total of 11 components of the resistivity and Seebeck tensor respectively. This
represents the first successful step to a full description of the resistivity and Seebeck
tensor for a (113)-oriented (Ga,Mn)As sample, under the assumption of a tetragonal
symmetry. Due to the limited amount of available samples and time, we were unable
to conduct further experiments with electrical current/thermal gradient along the [110]-
direction on an identical sample. In the future such experiments could be carried out after
the improvement of the caloritronic measurement setup is finished [254]. Nevertheless,
these calculations allow us to directly compare selected components of resistivity and
Seebeck tensor with each other and even with the components obtained from the (001)-
oriented sample.

A comparison of the tensor components for the (113)-oriented sample shows that pe)
and ¥ are different in sign. Moreover, for the calculated Seebeck components (2%
is the largest contribution, in contrast there are 3 components p(t®, p(1e) and p3e)
that are largest in their absolute value. In addition, it is not possible to translate the
resistivity tensor components into the corresponding Seebeck components using a single
scaling factor, supporting our tensor description of the Mott relation Eq..
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A comparison between identical tensor components for the (001)- and (113)-oriented
sample reveals that for example the value of the p(1* component changes from 13.8 uQm
for the (001)-oriented to 29.8 uQm for the (113)-oriented sample. This holds also for
other components for both the resistivity and Seebeck tensor. Wether this change in
components can be attributed to the difference in Mn concentration, or in differences in
strain states for the two different orientations, or a combination of both, is not possible
to determine from these experiments on single samples. But the results emphasize, that
it is important to use for the extraction of the full resistivity and Seebeck tensors a set
of samples from the very same wafer from one growth run to exclude these influences.

In summary, our results obtained for (001)-oriented and (113)-oriented (Ga,Mn)As
demonstrate, that the model proposed for the description of ADMR and ADMTP ex-
periments is suited to reproduce the measured data. We would like to stress that while
the ADMR series expansion model is already known in literature [236], the ADMTP
series expansion is a new approach investigated by this thesis. Moreover, the results
proof, that we are in principle able to extract the full tensor description of resistivity
and thermopower from a (113)-oriented (Ga,Mn)As sample, if we use the two perpendic-
ular in-plane directions, [332] and [110], as directions for the applied electrical current
and thermal gradient. We note that recent publications report the successful applica-
tions of the series expansion model to extract the resistivity parameters in (113)-oriented
(Ga,Mn)As for an electrical current along the [110] direction [255] and the [332] direc-
tion [236]. These reports pave the way for an extraction of the full resistivity and Seebeck
tensors for a (113)-oriented (Ga,Mn)As.

The on-chip thermometry used to determine the thermal gradient on the sample, is an
elegant way to directly quantify the local thermal evolution on the sample. The results
from these experiments show, that the thermal coupling between cold /hot base and the
sample itself needs improvement. In the future such an improvement of the setup could
be achieved by introducing a new dip-stick system where the sample is placed in vacuum
and not in the He gas flow [254]. Moreover, the the thermal coupling between base and
sample could be increased by using a mechanical clamping technique.

3.3.3 Magnetoresistance in Heusler compound thin films

Our results obtained for (Ga,Mn)As thin films proved that our proposed resistivity and
thermopower model is capable to describe the angular dependence observed in ADMR
and ADMTP experiments. The assumptions used for the development of the model
are universal and not limited to a particular material system. In the framework of the
provided theory, we also carried out ADMR and ADMTP experiments on Cobalt-based
Heusler compound thin films, as discussed in the following.

For our experiments we use the Cobalt-based Heusler compound Co,FeAl (CFA) as up
to now only a qualitative analysis of the magnetoresistance and magnetic anisotropy is
available in literature [182, 256]. A more profound quantitative analysis of these effects
allows to directly compare experimental results with theoretical calculations. Recent
publications already verified an application of the series expansion model to the ADMR
of FegSi [237, 257-259]. Based on these promising results we focused in our experiments
on the extraction of resistivity and magnetic anisotropy parameters of CFA thin films as
a function of temperature.

The samples we have investigated were grown at the university of Bielefeld by Inga-
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Mareen Imort. CFA thin films were deposited on (001)-oriented MgO substrates via
magnetron sputtering at room temperature. The base pressure of the chamber was
1 x 10~" mbar, during deposition an Ar atmosphere of 1.5 x 1072 mbar was maintained.
Prior to deposition of the CFA film a 5nm thick MgO buffer layer was sputtered onto
the substrate [260]. Then the CFA thin film was sputtered onto the buffer layer at room
temperature. Afterwards the CFA thin films were annealed in-situ at 500 °C for 1 h, which
leads to a single crystalline CFA thin film in the B2 structure. To protect the film from
oxidation a 1.2nm thick MgO layer was sputtered in-situ onto the sample as a capping
layer. In the following, we present data obtained from a set of samples with different
CFA film thicknesses: 20nm, 50 nm, 80 nm, and 100 nm. Using optical lithography and
argon ion beam milling, the films were patterned into Hall bar structures with the current
path along the CFA [110]-direction for electrical characterization. Each sample was then
mounted onto a custom built sample holder and electrically contacted via Al wire wedge
bonding (More details can be found in the diploma thesis of A. Krupp [192]). The samples
were then placed into an Oxford Spectromag 4000 magnet cryostat system equipped with
a stepper motor to freely adjust the orientation between sample and external magnetic
field. The sample holder in combination with the dip stick enabled us to rotate the
external magnetic field in three different planes: ip (Fig. 3.21a)), oopj (Fig. B-21d)),
and oopt (Fig. [3.21]g)). In analogy to Section we used ADMR experiments for the
quantitative extraction of resistivity and magnetic anisotropy parameters. Here we used
poHinis = 3T at o = 0° (ip), B,y = 270° (oopj and oopt).

In the following we present the ADMR data obtained for a 50 nm thick (001)-oriented
CoyFeAl film at T = 10K, the results are collected in Fig. [3.21f(a)-(i).

For an ip rotation (Fig. [3.21fa)) at poH = 1T the magnetization directly follows
the rotation of the external field such that m || h. The angular dependence of the
longitudinal resistivity in Fig. (b) exhibits a cos?(a) dependence, which is reflected in
the dumbbell shape in the polar plot of the ADMR data. Moreover, we find that pj < p.
from the position of the maxima and minima. This has been already reported for the
Heusler compound Fe3Si [237] and we also found the same ip magnetization orientation
dependence in our (Ga,Mn)As samples. But one should note that this dependence is in
contrast to that of classical 3d-ferromagnets, where one finds p > p, [163, 252]. For
Ptrans (Fig. (c)) at upH = 1T the curve exhibits also a dumbbell shape, but compared
t0 plong it is rotated by 45°. This is consistent with AMR theory, from which we expect a
sin(2«) dependence. Moreover, the pyans curve is asymmetric, with a more pronounced
maximum at o = 225° and a less pronounced one at = 45°. This originates from the
combination of a non-perfectly oriented ip rotation, i.e. the external field has also an oop
component, and the fact that pyans is dominated by the AHE and Hall contributions, as
will be discussed below. When we reduce the field to o H = 20 mT the magnetization will
not always stay parallel to the external magnetic field, due to the magnetic anisotropy in
our sample. This is reflected in piong (Fig.[3-21(b)) as abrupt changes located close to a =
45°, o = 135°, a = 225°, and v = 315°. These abrupt changes indicate a nearby magnetic
hard axis, where the magnetization orientation drastically changes, which then leads to
an abrupt change in piong. Moreover, around o = 0°, a = 90°, o = 180°, and o = 270°
Plong Ne€arly stays constant, which is equivalent to the fact that the magnetization stays at
a fixed orientation. Thus these ranges indicate a nearby easy axis. From the experimental
data, we can already extract the existence of two ip easy axes along the [110]- and [110]-
direction and two ip hard axes along the [100]- and [010]-direction. This qualitative
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description of magnetic anisotropy is substantiated by the quantitative extraction of
anisotropy parameters discussed below. In contrast, the influence of magnetic anisotropy
is for puans (Fig. [3.21)(c)) only weakly visible as abrupt changes at o = 45°, o = 135°,
a = 225° and a = 315°.

In case of the oopj rotation plane (Fig.|3.21[(d)) we again observe a dumbbell shaped
curve for piong at poH = 37T in Fig. |3.21fe). The minima are located at § = 0° and
B = 180°, while the maxima are at 8 = 90° and 8 = 270°. This means that pioye is larger
for m parallel or antiparallel to t than for m parallel or antiparallel to n. Compared
to our (001)-oriented (Ga,Mn)As sample (Fig.|3.19|(e)) the angular dependence has been
inverted. For pg.ns and an external field of pgH = 3T we observe a cosine dependence
which is indicated by the heart shaped structure in Fig. 3.21[f). We attribute this
angular evolution to the AHE and Hall effect of the sample. Moreover, one finds that
Prrans > 0 for m || n, compared to literature, where in Cobalt-based Heusler compounds
both positive and negative values have been reported [I85, 261, 262]. A quantitative
comparison between the oscillation amplitude of pians for ip and oopj rotation yields
40nQ2cm and 1100 nQ2cm respectively. This clearly indicates that the AHE and Hall
contributions dominate pirans, Which explains the asymmetry of pgans for the ip rotation
due to an imperfect sample alignmentff] By reducing the field to yoH = 1T the influence
of the large shape anisotropy due to the huge magnetic moment of CFA becomes clearly
visible in our ADMR experiments. piong and pans both stay at constant values for the
large parts of the whole field rotation, only around g = 0° and § = 180° deviations
are visible. This observation is explained by the fact that the magnetization stays for
the constant part of the rotation at a fixed orientation in the film plane. At rotation
angles near the oop direction, the projection of H along n is large enough to align the
magnetization partly out-of-plane. These results indicate that the [001]-direction is a
magnetic hard axis.

In the last oopt rotation configuration (Fig. [3.21{(g)) we obtain for pione at poH = 3T
in Fig. |3.21(h) again a dumbbell shaped curve. But compared to the oopj rotation
the curve is rotated by 90° and elongated with maxima located at v = 0° and v =
180°. These inversion in angular dependence arises due to the difference in ip and oop
AMR contributions to piong and will become more visible when comparing the extracted
resistivity parameters. For pyans (Fig. |3.21[i)) the angular evolution does not change
between oopj and oopt rotation, due to the dominance of the AHE and Hall contribution.
At a reduced field of pgH = 1T the influence of the shape anisotropy is clearly visible in

plong and Ptrans-

8From our fit we extracted a tilt angle of 0.014° for the ip rotation axis with respect to the surface
normal.
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Figure 3.21: Results obtained from ADMR experiments on a 50nm thick (001)-oriented

CogFeAl sample at " = 10K. (a) Illustration of the ip rotation plane of the
external field direction h in the coordinate system defined by j, t, and A. The
arrow indicates the direction for a positive rotation angle a. Angular dependence
of plong (b) and pirans (c) obtained for an ip rotation of the external magnetic
field at poH = 1T (black) and ppH = 20mT (blue). (d) Schematic drawing to
illustrate the oopj rotation plane and define the positive rotation angle 5. ADMR
results in oopj configuration for piong (€) and prans (f) at poH = 1T (black) and
poH = 3T (red). (g) Definition of the oopt rotation plane with positive rotation
angle . Angular dependence of piong (h) and perans (i) for a rotation executed in
oopt orientation at upH = 1T (black) and poH = 3T (red). Symbols represent
experimental data and lines corresponding fits via Eqs. and .
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For the quantitative extraction of resistivity and anisotropy parameters, we used the
following expression for the free enthalpy:

Garooncra(m) = —pgH(hom) + By (m,)* + BllO%(mx +my)* + Bc(mj + mj + m,).

(3.72)
Here, Byy; represents an oop uniaxial anisotropy, a combination of contributions from
shape and intrinsic anisotropy, Bjjg an in-plane uniaxial anisotropy and B, a cubic
anisotropy. Due to the lattice mismatch between substrate and film, we expect that
the intrinsic cubic symmetry of CFA is reduced to a tetragonal symmetry due to strain
effects. We thus used Eqs. and to calculate piong and pirans from the mag-
netization orientation. In order to reduce the number of resistivity parameters we only
included parameters up to the second order of m, which reduces the set of parameters
to {01105 1,110, P2.110, P6,110; p77110}|§|. To fit the experimental data we optimized the set
of parameters until a satisfactory agreement between simulation and experiment was
achieved (cf. Sect. . The only field dependent parameter was pg, while all other
parameters were kept constant for all field strengths. We note that the number of param-
eters is further reduced due to vanishing projections of m for selected rotation planes.
The obtained fits are represented as colored lines in Fig. [3.21|(b), (c), (e), (f), (h), (i).
The perfect agreement between simulation and experiment verifies the validity of our
proposed model for the Cobalt-based Heusler compound CFA.

We have carried out ADMR experiments for all 4 CFA samples (20 nm, 50 nm, 80 nm,
100 nm) at various temperatures Te{10 K, 50 K, 100 K, 150 K, 200 K, 250 K, 300 K, 350 K}.
For all samples and temperatures we fitted the data with our model and extracted a set
of anisotropy and resistivity parameters. The results of this procedure are summarized
in Fig. [3.22

For all thicknesses the resistivity parameter py (Fig. [3.22(a)), which is the only con-
tribution to pione that is independent of magnetization orientation, reflects the typical
temperature dependence for metallic conduction: with increasing temperature the resis-
tivity increases and at low temperatures the resistivity approaches a residual value. This
metallic temperature dependence has already been reported by other groups for Cobalt-
based Heusler compounds [256]. Comparing the absolute values of py for the different
thicknesses, we find that the 20nm and 50 nm thick CFA film resistivity parameter are
identical, but the 80 nm and 100 nm thick films slightly deviate. These differences might
be attributed to diverging relaxation of strain for the variable thicknesses. As already
mentioned above, pg was the only field dependent resistivity parameter in our simula-
tion. As an example we show pg as a function of the external magnetic field for the 50 nm
thick sample at 7' = 10K in Fig. [3.22(c). The resistivity parameter exhibits negative
magnetoresistance as py decreases with increasing field.

The remaining 4 m dependent resistivity parameters are up to 3 orders of magnitude
smaller than pg. For all thicknesses investigated the temperature dependence in each
resistivity parameter is qualitatively identical, but they differ in their absolute values.
The parameter p;, representing the in-plane AMR, is negative for all thicknesses and
temperatures and thus reflects that the longitudinal resistance for j || m is smaller than
for j L m. With increasing temperature the magnitude of this parameter decreases.
The out-of-plane AMR parameter p, is also negative for all temperatures and thicknesses

9In the following we omit the 110 in the index of the resistivity parameters.
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Figure 3.22: (a) Extracted resistivity parameters as a function of temperature for 4 CFA thin
films with 20 nm (black), 50 nm (red), 80 nm (green), and 100 nm (blue) thickness.
(b) Temperature dependence of the magnetic anisotropy parameters B., B11g, and
Byo1 extracted from the ADMR experiments. (c) Field dependence of py observed
at T = 10K for a 50 nm thick CogFeAl film. The lines are guides to the eye.

investigated and differs from p;, which is a result of the single crystalline structure of the
samples. In addition, one can clearly see, that the anomalous Hall effect, represented by
Ps, is one order of magnitude larger than the other magnetization orientation dependent
resistivity parameters, thus dominating the contributions to the transverse resistivity.
Moreover, pg increases with higher temperatures. An interesting temperature dependence
is observed for p; representing the planar Hall effect. For the 80 nm and 100 nm thick
films the sign of this parameter changes between 100 K and 150 K. All other resistivity
parameters, exhibit no characteristic features in this temperature range. At the moment
we can not give any explanation for this behavior, but it might be connected to the strain
relaxation with increasing film thickness. Moreover, due to the B2 structure the atomic
order in our thin films might change with increasing thickness, which also influences the
resistivity parameters.

The magnetic anisotropy parameters for the different film thicknesses and their tem-
perature dependence are depicted in Fig. [3.22(b). The two contributions Bjjp and B,
influencing the in-plane magnetic anisotropy are rather small. The film thickness has
no influence on the cubic contribution and B, decreases with rising temperature. The
positive value indicates that we have two easy axes in the film plane oriented parallel to
the [110]- and [110]-direction. The additional negative uniaxial Bjjo contribution makes
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the two easy axes unequal, such that the [110]-axis is more "easy” than the other and
changes with film thickness. Unfortunately, the change is not systematic, which makes a
determination of the origin rather difficult. A possible explanation might be the relax-
ation of misfit strain with increasing thickness. The ip magnetic anisotropy values we
have obtained have the same order of magnitude than recently published values obtained
for CooMnGe on (001)-oriented GaAs [263]. The large uniaxial contribution By, shows
for all 4 samples within the experimental error identical values, which linearly decrease
with higher temperature. Thus By, is thickness independent. Two effects contribute
to this parameter, magnetic shape anisotropy and strain induced anisotropy. Using the
saturation magnetization Mg = 4.8 ug/f.u. [183] we can calculate the shape anisotropy
of a thin film via Bgape = 3p0Ms and obtain Bgape = 614mT. The difference between
Bghape and By, must be covered by the additional anisotropy originating from strain. Due
to the high Curie temperature the saturation magnetization is nearly constant over the
temperature range we have investigated, the temperature dependence of Byy, can then
be explained as a temperature dependent strain originating from the different thermal
expansion coefficients of substrate and thin film.

As already mentioned, the m dependent parameters pi, ps2, p3, pg, p7 are up to 3
orders of magnitude smaller than the independent parameter py. From our experiments
on (Ga,Mn)As we know that the ratios %, g—é between the m dependent and independent
parameters are nearly identical (cf. Table and Table . Due to the metallic nature
of conduction, the reported Seebeck coefficient for the Cobalt-based Heusler compounds
is only some —10pxV /K [196]. This value is one order of magnitude smaller than for
(Ga,Mn)As (see Table[3.2]and Table[3.4). For our ADMTP experiments on CFA thin films
these low ratios and the small Seebeck coefficient lead to a highly demanding accuracy of
the measured thermopower voltages. In a first series of experiments with our setup, we
could not find any angular dependence of the longitudinal or transverse thermopower in
ADMTP experiments [192]. Such that a direct comparison of ADMR and ADMTP for
CFA thin films is currently not possible, but it may be possible to resolve these issues
with an improved dipstick system [254], if we achieve an increase in signal-to-noise ratio
by at least one order of magnitude.

The results presented in this section prove that it is possible to apply the series ex-
pansion model to CooFeAl thin films on (001)-oriented MgO and extract quantitative
resistivity and magnetic anisotropy parameters from ADMR data. For the resistivity the
magnetization dependent terms are dominated by the AHE/Hall contribution parameter
ps- Moreover, we find that p; describing the planar Hall effect changes its sign with
temperature for the 80 nm and 100 nm thick films. The magnetic anisotropy exhibits a
large uniaxial oop anisotropy, 2/3 of this contribution can be attributed to the shape
anisotropy of the thin film, the remaining part is related to magnetoelastic contributions,
originating from the difference in thermal expansion for the substrate and the film.

These promising first results open up the opportunity to also extract the full resistivity
and Seebeck tensors for a (113)-oriented Cobalt-based Heusler compound, following the
approach described in Sect. [3.3.1] The knowledge of the full tensor descriptions can then
be used to calculate the Fermi surface of this material and obtain a deeper insight into
the underlying physics.
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3.4 Spin currents in magnetic insulators

In the third part of this chapter we focus on pure spin currents in ferromagnetic insulators
(FMI) and FMI/normal metal (NM) hybrid structures. A pure spin current corresponds
to a flow of spin angular momentum only. Thus, a pure spin current can propagate not
only in electrically conducting, but also electrically insulating materials. Spin currents
thus are very different from charge currents, which only exist in electric conductors. As
already discussed in Sect. spin pumping and the spin Seebeck effect can be used to
generate pure spin currents from a ferromagnet into a NM. In the following we investigate
the application of ferromagnetic insulators as pure spin current sources and drains. We
utilize the inverse spin Hall (ISHE) and spin Hall (SHE) effect in normal metals, which
translates a spin current into a charge current and vice versa, to detect these spin currents
in FMI/NM heterostructures.

For our experiments we choose yttrium iron garnet (Y3Fes012) as the ferromagnetic
insulator. YIG and rare-earth iron garnets are a very versatile ferromagnetic material
class and allow to tune their magnetic properties by doping with various elements. This
versatility makes YIG an interesting candidate for spin current related experiments. The
YIG samples we use for the experiments have been grown during the work of this thesis

via laser-MBE (Sect. [3.2.2)).

Utilizing the spin pumping effect we determine the spin mixing conductance (g4,) for
our YIG/Pt hybrid samples as a function of YIG film thickness in Sect. with two
different sets of experiments: on the one hand, we extract g;; by measuring simultane-
ously the FMR signal and ISHE voltage in our hybrid structures. On the other hand,
we calculate the spin mixing conductance from the difference in Gilbert damping for a
single YIG thin film and a YIG/Pt heterostructure. Last but not least we introduce in
Sect. a new magnetoresistance effect in FMI/NM hybrid structures. Stemming from
the combined action of the SHE and ISHE. The effect is observed in ADMR experiments
on YIG/Pt hybrid structures, where Pt is used as a spin current generator and detector,
while YIG serves as a selective spin current sink.

3.4.1 Spin current generation via spin pumping in YIG/Pt bilayers

As already discussed in Sect. a well established way to generate pure spin currents
is spin pumping: a precessing magnetization (with cone angle ©) emits a pure spin
current Jg into an adjacent normal metal (NM). Inside the NM, the diffusing spin current
generates a conventional charge current J. via the inverse spin Hall effect which can be
detected via conventional electronics (see Fig. [3.23((a)) [6l 13, 264]. A great part of
the experimental results presented here were obtained in close collaboration with Franz
Czeschka and Johannes Lotze. A more detailed and in depth description of spin pumping
experiments can be found in the PhD thesis of Franz Czeschka [265]. In his thesis
Franz Czeschka has investigated the spin pumping effect in mostly metallic FM/NM
heterostructures, within the work of this thesis the scope was extended to FMI.

A crucial parameter in spin pumping measurements is the spin mixing conductance
g1 As detailed in the PhD thesis of F. Czeschka [265] and in Ref. [13], we could show
that for conductive ferromagnets (FM), gy indeed is essentially independent of the fer-
romagnet’s properties as predicted by theory. However, whether the same also holds for
magnetic insulators (FMI) is not clear up to now. As pointed out by Heinrich et al. [170],
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gy, for FM/NM interfaces is determined by the sum of the transmission and reflection
amplitudes at the interface, whereas gy for FMI/NM interfaces also does not vanish but
is determined by the phase of the reflection amplitude. Recent calculations predict a
comparable magnitude of gy for both types of interfaces [266]. However, so far no broad
quantitative experimental data for FMI/NM interfaces exist to clarify this point.

In the fashion of the experiments in the PhD thesis of F. Czeschka [265] and in Ref. [13],
we performed a quantitative analysis of the spin pumping data of Kajiwara et al. [I71]
who used YIG as FMI and Pt as NM. We found that gy is several orders of magnitude
smaller (gy ranges from 6 x 10" m™2 to 4 x 10" m~2) than determined for F/N interfaces
(typically gy = 1 x 10" m~2). Recently, Heinrich et al. [I70] experimentally obtained
gy ~ 1.2 x 10¥m~? for YIG/Au interfaces from a difference in the Gilbert damping
between bare YIG and YIG/Au/Fe/Au films. This value is much larger than the one of
Ref. [I71]. For both of these experiments the NM layer was deposited ex-situ on the YIG
layer, which will negatively influence the interface quality.

In the following, we use our excellent, laser-MBE grown YIG/Pt hybrid structures
(Sect. to perform spin pumping measurements on various in-situ fabricated YIG/Pt
bilayers at various temperatures and find that for our samples, gy of FMI/NM is compa-
rable (gy ranges from 3 X 10"¥ m=2 to 9 x 10" m~2) to that of FM/NM interfaces. These
experiments were performed at the Walter Schottky Institute in the group of Martin
Brandt. In addition, we compare these results with gy calculated from the difference in
Gilbert damping between our bare YIG and YIG/Pt films determined from frequency
dependent FMR experiments carried out in cooperation with the group of Georg Wolters-
dorf at the Universitat Regensburg.

The opportunity to in-situ fabricate FMI/NM bilayers in our laser-MBE setup re-
sults in a clean YIG/Pt interface. For our spin pumping experiments we have grown
stoichiometric YIG layers on (111)-oriented GGG with a thickness ranging between
10nm < tyig < 160nm as FMI and Pt with tpy = 7nm as NM. The deposition pa-
rameters and the resulting structural and magnetic properties of these samples are iden-
tical to the values given in Sect. [3.2.2] The samples were then cut into rectangular bars
(length L = 3mm and width w = 1mm) and contacted via aluminum wire bonds for
spin pumping measurements as indicated in Fig. (a).

We used a magnetic resonance spectrometer (Bruker ESP 300) in a temperature range
3K <T <290K at a fixed microwave frequency of vyw = 9.3 GHz and measured as a
function of the external magnetic field H for the spin pumping experiments. The samples
were positioned at the center of the TE;p; microwave cavity, at a node of the microwave
electric field and an anti-node of the microwave magnetic field. In this way, it is possible
to suppress microwave rectification voltages [13, 265]. The FMR signal was detected
via lock-in technique, so that the microwave absorption at the FMR corresponds to a
peak-dip structure in the signal, where the inflection point indicates the resonance field
H,. To allow for an unambiguous measurement of the dc voltage sign, the dc voltage
Ve was recorded via a nanovoltmeter [265].

Figure [3.23] shows (b) FMR and (c) Vg traces measured on a YIG/Pt bilayer sample
with tyvig = 10nm at a microwave power of Pyrw = 100 mW for a series of temperatures
between 3 K and 290 K. H is oriented in the FMI film plane, parallel to the short side of
the sample (Fig.[3.23|(a)). The FMR signal (Fig.[3.23|b)) shows a single resonance line for
each temperature. The simultaneously recorded Vg, (Fig. [3.23|(c)) exhibits a maximum
at the resonance field of the FMR. We attribute this extremum in Vg, to spin pumping
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Figure 3.23: (a) Illustration of the spin pumping experiment in our YIG /Pt hybrid structures:
A precession of the magnetization in the YIG layer is achieved by FMR using a
static H in the film plane and an additional microwave field with a characteristic
frequency. The precessing magnetization emits a spin current Jg into the Pt. In
the Pt layer the inverse spin Hall effect transforms Jg into a charge current J,
which can then be detected as a voltage drop Vpc between the two bondwires.
Panels (b) and (c) show the temperature dependent evolution of the FMR (b) and
Vbe (c) as a function of applied field obtained for a YIG /Pt hybrid structure with
tyic = 10nm. The resonance field and the maximum in Vp¢ coincide for all tem-
peratures investigated. (d) Scaling behavior of our spin pumping signal evaluated
via Eq. . Our data (red circles) lies well within the grey shaded area, which
represents the scaling for conductive ferromagnets/Pt heterostructures [13]. For
comparison we included the data of Kajiwara et al. as blue crosses [I71].(e) Tem-
perature dependence of the spin mixing conductance determined from our experi-
ment using Eq. (circles) and spin mixing conductance at room temperature
obtained by Heinrich et al. (squares) [I70] and Kajiwara et al. (crosses) [171].

at the YIG/Pt interface in combination with the inverse spin Hall effect in Pt and thus
identify Visy = Vg, [6, 13} 16, 264], 267]. The sign of Vg, corresponds to the one obtained
for the FM/NM bilayers in [13] 265].

With decreasing temperature, H,. shifts to lower fields as does the maximum in V..
This shift is related to the increase of the magnetization of YIG (cf. SQUID magnetometry
data in the inset of Fig. [3.11f(a)), which in the end leads to an increase of the shape
anisotropy contribution effectively lowering the ip ferromagnetic resonance field.

The magnetization precession cone angle at resonance O = 2haw/(V3AH,,) [268]
can be extracted from the FMR peak-to-peak linewidth AH,,, and the dc voltage Vic res
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at H.e is used as a measure for Vigy = Vi res-

Figure m(d) shows Visn/ (vaw PR w) versus sin® O, thus obtained as circles, where
P represents the ellipticity correction factor as detailed in [269], w the width of the sample
and R the 4-point resistance of the samplﬂ. Full symbols indicate data obtained at room
temperature, whereas open symbols represent data taken at lower 7. For comparison,
the data for YIG/Pt extracted from the spin waves spectrum of Ref. [I71] are added as
crosses. In our previous publication [I3] we could confirm the scaling law

—e aggAgp tanh 51
SIS T Db g L Psin? © (3.73)

O'FtF + O'NtN

‘/ISH =

derived by Mosendz et al. [270, 271] for the inverse spin Hall dc voltage Visy arising due
to spin pumping in conductive FM/NM bilayers, assuming that the NM layer is an ideal
spin current sink. Here, e is the electron charge, Agp the spin diffusion length in the NM,
or the conductivity of the FM, oy the conductivity of the NM, tr the thickness of the
FM, tx the thickness of the NM, agy the spin Hall angle [272] of the NM, and gy the
effective spin mixing conductance [271]. From the experiments presented in [I3], 265] we
find that for the double logarithmic scaling plot of Fig. |3.23(d), all values of conductive
ferromagnets lie within a certain region, indicated as a gray shaded area.

All measurements of our in-situ fabricated YIG /Pt bilayers are located within or close
to the gray shaded region in contrast to the data extracted from Ref. [I7I] (blue crosses
in Fig. [3.23(d)). These deviations indicate differences in interface quality between our
samples and the YIG /Pt bilayers used by Kajiwara et al..

From Eq. , the spin mixing conductance

gy = —Visn/ [vmw PRweC sin® O] (3.74)

with C' = aggAsp tanh(tx/2Asp) can be calculated using the experimental data as shown
in Fig.[3.23|(d), the room temperature values agy = 0.013 and Agp = 10nm for Pt [271],
273] and P = 1.2 calculated as detailed in Ref. [271]. Figure |3.23(e) shows the results
versus temperature. Again, the gray shaded area indicates the values of gy found in
our previous publications [I3] for conductive FM/NM heterostructures. Clearly, the here
measured values for YIG/Pt interfaces lie within the gray area which suggests that gy
of magnetic insulator/Pt corresponds to that of ferromagnetic conductor/Pt interfaces.
This correspondence thus confirms theoretical calculations [266] and the experimental
results obtained by Heinrich et al. for YIG/Au interfaces [I70]. Moreover, g4 only slightly
depends on T' confirming our observations for other FM /Pt bilayer samples [13].

For a better comparison, we added to Fig. [3.23(e) the value of gy for a YIG/Au
interface as determined by Heinrich et al. [I70]. This value is slightly smaller than our
values for YIG/Pt, which may indicate a difference in interface quality or a difference in
the band structure of Au and Pt.

A potential reason why g4 extracted from Kajiwara et al. [I71] are orders of magnitude
smaller than ours of the FM/NM bilayers might be attributed to a difference in interface
quality. This difference in interface quality originates from the ex-situ deposition of Pt
by Kajiwara et al. [I71]. Another reason might be the presence of spin wave excitations

10The 4-point resistance was measured using two additional contacts not shown in the illustration in

Fig. [3.23(a).
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in their samples, which complicate the evaluation of the spin mixing conductance [274].

In a second set of experiments in Regensburg, frequency dependent FMR experiments
on a bare YIG sample (tyic = 27nm) and a YIG/Pt (tyi¢ = 27nm, tp; = 7nm) hybrid
structure both grown on (111)-oriented GGG substrates were conducted to determine
the difference in the Gilbert damping parameter « arising from the Pt layer. These FMR
experiments have been carried out in collaboration with the Universitat Regensburg
in the group of Georg Woltersdorf. In these experiments the external magnetic field
was applied perpendicular to the film surface. For both samples FMR spectra were
recorded at different frequencies ranging from 5 GHz to 20 GHz. From theses spectra the
ferromagnetic resonance field H,es and the linewidth AH,, were extracted. One should
note that in both samples the FMR signal exhibited a structure consisting of multiple
Lorentzian lines. We used 3 Lorentzian curves to fit the data and extract H,es and AH,
for each peak. The final results are depicted in Fig. [3.24{a) and (b) for the bare YIG and
the YIG /Pt hybrid structure, respectively.

1000

wAH (mT)

Figure 3.24: Frequency dependence of the resonance field Hyes (black symbols) and the FMR
signal line width AH, (red symbols) determined from FMR measurements at
various microwave frequencies vpyg for (a) a bare YIG thin film and (b) a YIG/Pt
heterostructure on (111)-oriented GGG substrates. Using linear fits (colored lines)
to the data we extract the gyromagnetic ratio v and the Gilbert damping « for
both samples. The difference in Gilbert damping is then used to determine g4, via

Eq..

For the bare YIG sample in Fig. [3.24)a) the extracted H,es (black symbols) increases
linearly with the microwave frequency vgyr as one would expect from the simple oop
resonance formula jigH,es = 7 '27vpyr + By. Using a linear fit (black line) to the data
we extract for the gyromagnetic ratio yyig = 0.189 GHz/mT and the uniaxial anisotropy
field By = 175mT. From ~ we can then calculate the effective g-factor of the YIG layer
using v = guph~! and obtain g = 2.14. This value differs from the expected g = 2 of
bulk YIG and may be attributed to the stress present in the YIG/substrate interface
due to the lattice mismatch between substrate and film. Please note that within the
experimental error the HRXRD measurements in Sect. revealed no deviation from
the bulk lattice value for YIG. The extracted anisotropy field B, = 175 mT corresponds
well to B, = 184 mT obtained from measurements on another 25 nm thick YIG film on
GGG in our FMR setup (cf. Fig. [3.12(a)) by comparing the out-of-plane and in-plane
resonance fields.
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The FMR linewidth (red symbols) for our bare YIG sample also increases linearly with
microwave frequency as one would expect for pure Gilbert damping. The frequency de-
pendence is described by oA Hy, = v~ 'a2rvpyg, and one expects a vanishing linewidth
for vpyr = 0. From a linear fit (red line in Fig. [3.24a)) we extract from the slope
ayie = 0.0012. Interestingly the abscissae of our fit is nonzero (0.1 mT) indicating
that the nature of damping is not only Gilbert but also magnon related. Compared to
ayic = 0.0006 obtained by Heinrich et al. [I70] for a bare YIG film, our value is a factor
of 2 larger. We mainly attribute this difference to the high surface roughness of our GGG
substrates (cf. Sect. , which may be improved by annealing the substrate prior
to the YIG deposition. Nevertheless the low Gilbert damping in our samples verifies the
high quality of our stoichiometric YIG thin films.

For the Pt/YIG hybrid structure we expect an increased Gilbert damping and a neg-
ligible shift in resonance field due to the spin current generated at the YIG/Pt in-
terface. This is supported by the frequency dependent FMR measurements shown in
Fig. [3.24{b). From the position of H, (black symbols) at various frequencies we deter-
mine yyig/py = 0.193 GHz/mT and B, = 227mT from a linear fit to the data (black line).
The gyromagnetic ratio only changes by 2% compared to the value we obtain for our bare
YIG film. In contrast, the uniaxial anisotropy field has changed significantly by 52mT
(20%). The origin of this difference is not clear. In the future, further investigations in
Pt/YIG hybrid structures with different thicknesses could resolve this issue.

The linewidth AH,, depicted in Fig. 3.24(b) as red symbols increases linearly with
increasing vpyvr. Using a linear fit to the data, we extract ayiq/pe = 0.007 using ~y
obtained from the frequency dependence of the resonance field. Comparing this value to
our bare YIG we observe an increase in the Gilbert damping by a factor of 6 due to the
spin current generation at the interface. We note that this increase in « is larger by a
factor of 3 than the one reported in [170] for YIG/Au interfaces. We attribute this to
the in-situ deposition of our films, which improves the interface quality, or a difference in
the spin mixing conductance for YIG/Pt and YIG/Au interfaces.

We use now the difference in o between the bare YIG and the YIG/Pt heterostructure
to determine the spin mixing conductance gy. According to the theory provided in [I70,
275] we calculate gy via

(avic/pe — avig) 4mMstyig
gus

gy = (3.75)

Here % is proportional to the number of spins per unit area, accordingly CYYIG% is

the number of lost spins per unit area due to damping and ayrig/ps Mstvic ig the number of
spins lost per unit area due to spin-pumping and damping. This equation holds only under
the assumption that Pt acts as a perfect spin sink. Using the saturation magnetization
Mg = 129kA /m determined from SQUID-magnetometry measurements (cf. Figl3.11j(a))
we obtain gy = 1.4 x 10 m~2 for our YIG/Pt hybrid structure. The determined spin
mixing conductance agrees very well with the values we extracted from spin pumping
experiments. Moreover, the calculated spin mixing conductance lies within the grey
shaded area in Fig. [3.23{(e) which confirms that our samples exhibit a gy which is equal
to conductive FM/Pt hybrid structures. Compared to gy = 1.3 x 10® m~2 determined by
Heinrich et al. [I70] for YIG/Au heterostrucures, our spin mixing conductance exceeds
this value by one order of magnitude. As stated above, we attribute this increase to
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the improved interface quality due to the in-situ deposition of our hybrid structure, or
an material specific difference in the spin mixing conductance of YIG/Pt and YIG/Au
interfaces.

In conclusion, a pure spin current can be generated in the NM Pt by exciting a pre-
cessing motion of the magnetization in the FMI YIG using FMR. To determine the
effectiveness of angular momentum transfer gy we applied spin pumping and frequency
dependent FMR experiments, which both yield that 1.0x10®¥ m™2 < g4 < 1.0x10* m~2.
Most importantly, our data suggest that the effectiveness of angular momentum transfer
from the FMI to the NM described by ¢4 is in our YIG /Pt hybrid structures equal to the
values obtained for conductive ferromagnets. Thus our experiments establish YIG/Pt
heterostructures as ideal spin current sources (YIG) and detectors (Pt) paving the way
for new pure spin current based applications and experiments.

3.4.2 Spin magnetoresistance in YIG/Pt thin films

In the preceding section (Sect. we investigated the generation of a spin current in
YIG/Pt hybrid structures by spin pumping. From these experiments we know that our
heterostructures are very efficient pure spin current sources and that these spin currents
can be detected exploiting the inverse spin Hall effect (ISHE) in the Pt layer. In this
section we investigate a magnetoresistance effect referred to as the spin current magne-
toresistance (SMR), which occurs only in FMI/NM heterostructures. The SMR stems
from a combination of the spin Hall effect (SHE), which transforms a charge current
into a spin current, and the inverse spin Hall effect, which transforms a spin current
into a charge current. The physical principles resulting in the SMR effect are schemati-
cally illustrated in the following using a phenomenological model. Please note that this
phenomenological model has been derived after the experiments and is only capable of
describing qualitatively the experiment, but is unable to produce exact quantities.

For the explanation of the SMR we first consider the ordinary Hall effect in the sin-
gle band model as illustrated in Fig. [3.25(a). Due to the external magnetic field the
charge carriers experience a Lorentz force. The normally assumed boundary condition is
that the charge carriers can not escape on the sides transverse to the charge current J.
(connecting a voltmeter between contacts A and B, contacts are open). Thus the charge
accumulation leads to a compensating electrical field Ey,y;, which can be detected as a
voltage drop between the contacts A and B. In the single band model we can write the
equilibrium of forces accordingly —qEg.n = ¢v x B. Within the single band model this
boundary condition also yields that the longitudinal resistance is independent of B. If
we now change the boundary conditions and short Ep,; = 0 (placing a short between the
transverse contacts A and B) we allow a transverse current to flow. The current source
driving the charge current has to compensate this transverse current flow such that J.
stays constant. This leads to an effective increase of the longitudinal voltage applied to
the sample. Thus, the longitudinal resistance is under this boundary condition even in
the single band model dependent on the external magnetic field.

In the case of the spin Hall effect as illustrated in Fig. [3.25|b) we obtain a spin accumu-
lation on the transverse sides to J. in the sample. If this spin accumulation cannot escape
the sample, a gradient in the spin dependent electrochemical potential compensates the
spin current generated by the spin Hall effect. The longitudinal resistance is independent
of the spin Hall effect. But if the generated spin current can flow via the contacts A
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(b)

Figure 3.25: (a) Illustration of the ordinary Hall effect in the single band model. Due to the
applied external magnetic field B and the longitudinal charge current J. the charge
carriers are accumulated on one side of the sample. If the contacts A and B are
open, then a voltage drop between the transverse contacts can be detected. If the
we place a short between the two contacts, a transverse current will flow, leading
to a change in the longitudinal current. (b) The very same argument holds for the
spin accumulation generated by the spin Hall effect due to the charge current J..
If the contacts allow no flow of spin current, the spin accumulation generates a
gradient in the spin dependent electrical potential. In contrast, if the spin current
is allowed to pass through the transverse contacts, the longitudinal current is
influenced and thus the longitudinal resistance changed.

and B (connecting a ”spin current short”) the current source driving the charge current
has to compensate this transverse current flow, which again results in a increase in the
longitudinal resistance.

In both cases, the longitudinal resistance either remains constant or changes depending
on the boundary conditions. The observed SMR in FMI/NM heterostructures is thus
strictly speaking no new magnetoresistance effect, but caused by the spin Hall effect in
the NM and the possibility to continually change the boundary conditions by varying the
orientation of the magnetization in the FMI. In the following we will discuss the change
of boundary conditions and the spin current generation via the spin Hall effect in more
detail.

For a more quantitative explanation of the SMR effect we consider first a charge current
J. flowing through the NM (Pt) layer as indicated by the blue arrow in Fig.|3.26|a). This
charge current induces a spin current due to the spin Hall effect in the NM layer, which
flows across the NM/FMI interface, depicted as the magenta arrow in Fig. |3.26{a) and
named Jg. The spin orientation s of Jg is oriented perpendicular to Js and J. because of
the SHE:

h
JS = O'SH <—%> JC X S. (376)

Here agy = ogp/o is the spin Hall angle defined by the ratio of spin Hall conductivity
osn and the electric conductivity o [272]. At the FMI (YIG)/NM (Pt) interface, this spin
current can be absorbed by the ferromagnet if s is perpendicular to the magnetization M
of the ferromagnet. This absorption can only occur in the perpendicular configuration,
because only then it is possible to transfer the spin angular momentum of the spin
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Figure 3.26: Graphical illustrations for the spin magnetoresistance effect exhibited by FMI/NM
hybrid structures. A charge current J. (blue arrow) flowing in the NM (Pt) is
converted via the spin Hall effect into a spin current Jg (magenta arrow) oriented
antiparallel to the surface normal. Due to the vector product for the conversion
the spin orientation s (grey arrow) is perpendicular to J. and Js. At the FMI/NM
(here: YIG/Pt) interface the spin current is absorbed or reflected depending on
the orientation of the magnetization M (red arrow) to s. The panels (a)-(c) show
the basic three principle orientations and the resulting alignment of M to s. (d)
Definition of the coordinate system defined by j, t, and n in our YIG/Pt hybrid
structures.

current in the NM to the magnetization of the FMI. In the cartesian coordinate system
defined by j, t, and n (see Fig. [3.26/d)) three different configurations are possible as
illustrated by Fig. [3.26(a), (b), and (c). In Fig. [3.26[a) the magnetization is oriented
along j and thus perpendicular to the spin orientation of Jg such that the spin current
is absorbed. Figure [3.26(b) illustrates the case, when M is oriented along t and thus
antiparallel to s, the spin current is not absorbed at the interface. Last but not least
in Fig. c) the magnetization points along n and is perpendicular to s which allows
again an absorption of the spin current in the insulating ferromagnet. From these three
different magnetization orientations the ones in Fig.[3.26|(a) and (c) are identical, because
in both cases M is perpendicular to s, while in Fig. |3.26(b) M is antiparallel to s. In
this simple picture we expect an higher resistance of the NM layer if the spin current
is absorbed at the interface, effectively changing the boundary conditions, and a lower
resistance if not, such that Ryis > Ruvjs.

For a deeper understanding one has to consider the various vector products involved
in the conversion of a charge current into a spin current, absorption and reflection of the
spin current at the FMI/NM interface, and conversion of the reflected spin current into
a charge current. We illustrate this phenomenological approach in the following and use
the coordinate system defined by j, t, and n in Fig. [3.26/(d). We start by the conversion
of the charge current J. oriented along j into a spin current Jg oriented along —n. Due
to the vector product nature of this conversion (Eq.(3.76)) we find that s || —t. At the
FMI/NM interface the part 1 —mos = 1 4+ m ot of the spin current perpendicular
to the magnetization direction m gets absorbed. To reduce the lengthy expressions we
now define my = m ot. The remaining part m os = —my of the spin current gets
reflected at the interface. This reflected spin current Jgpacx flows parallel to n and the
spin orientation sy, is oriented along —m due to the projection of the spin orientation
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onto the quantization axis of the magnetization in the FMI [276]. This reflected spin
current is converted into a charge current J.pack via the inverse spin Hall effect. This
process can be described by

2e

Jc,back = O'SH <_ﬁ) Js,back X <_m) (377>

For the reflected spin current Jg pack wWe write:

h

o= s (=50 ) (- )|~ % (~0) (3.75)

We can now substitute Eq.(3.78]) into Eq.(3.77)) and obtain

Jeback = g (—me)|Jel(§ x t) x (—m)
= agymy|Je|(n) x (m) (3.79)

= —a%Hmt|JC](m X n).

The vector product m x n can be written in the coordinate system defined by j, t, n in
the following fashion:
m X n = mj — mst. (3.80)

Here we used the projections of the magnetization direction m; = moj, my = mot,
m, = m o n onto the coordinate system. Using the expression defined in Eq.(3.80) we
rewrite once more Eq.(3.79)) and obtain the final result:

Jeback = —adumi|Jeli + adgmymy|J.|t (3.81)

In the end we find that the final charge current J. pae is divided into two contributions:
one along the initial current direction j and a second part along the transverse direction t.
In figurative speech we may say that the initial charge current in the NM gets increased if
the magnetization of the FMI is oriented parallel or antiparallel to t, due to the m? term
in Eq.. In addition, a perpendicular current along t is generated, the magnitude of
this current follows the product mjm, which resembles the planar Hall effect present in
conducting ferromagnets (cf. Eq.(3.64)).

This effect thus leads to a magnetoresistance effect in the NM, which is sensitive to the
magnetization direction of the FMI. The relative magnitude of this effect is defined by
oy, which would result for Pt (agg = 0.012 [271]) in a 10~* relative resistance change.
Moreover, this effect will only be visible if the thickness of the NM layer does not exceed
the spin diffusion length in this material. A more quantitative description requires the
analysis of the spin accumulation and diffusion in the NM; where the FMI/NM interface
acts as a selective spin sink for the spin accumulation depending on the magnetization
orientation in the FMI.

In analogy to the ADMR experiments in Sect. and for a quantitative analysis of
our data presented further below we introduce the longitudinal pions and transverse peans
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resistivity of the NM as a function of magnetization orientation m of the FMI

Plong = L0 + le?, (382)
Ptrans = P2My + P31 (383)

This magnetization orientation dependence described by p; and p3 are based on our
phenomenological approach (Eq) Thus, we expect p; = —p3 from our calculations.
Moreover, the ratios p;/po and ps/po should be of the order of 107*. For the description
of pirans We included an additional parameter ps to describe the normal Hall effect in the
NM layer. Thus we expect ps to depend on the magnitude of the external magnetic field.
Interestingly, if we compare Eq. to the polycrystalline AMR description defined by
Eq.(3.63) and think of it in the framework of ADMR experiments, we expect that the
SMR is not discernible from the polycrystalline AMR of a ferromagnetic conductor for
rotations of the magnetization in the film plane (i.e. the plane enclosed by j and t).
But for the oop rotations we expect a different behavior: the magnetization orientation
dependence of the SMR vanishes for a rotation of the magnetization in the oopt plane
(plane enclosed by j and n) and depends on m for a rotation of m in the oopj plane
(plane enclosed by t and n). In contrast, for the conventional AMR of a polycrystalline
FM the situation is reversed: no m dependence for the oopj rotation plane and a clear
m dependence for oopt rotation plane. The SMR thus is qualitatively different from a
polycrystalline AMR.

To describe the magnetization orientation in the FMI we apply again the free enthalpy
approach. To keep the discussion as simple as possible we use the expression

Gy(m) = —poH(hom) + Bym?, (3.84)

for the free enthalpy Gp/(m), which takes only the shape anisotropy contribution (By)
and the Zeeman energy into account.

With these expressions at hand we now present the experimental results obtained for
our YIG/Pt heterostructures. For these experiments we used YIG/NM and YIG/NM1/-
NM2 heterostructures grown on (111)-oriented GGG substrates. For the NM we chose
either Cu, Au, or Pt in these structures. The YIG layer for these samples was grown
via laser-MBE using our optimized set of parameters described in Sect. After
the growth of the YIG we in-situ deposited the NM layers on top of the sample using
electron beam evaporation, while the sample remained at room temperature. After the
deposition process the structural properties were investigated using HRXRD confirming
the excellent structural quality of our YIG layers as described in Sect. [3.2.2] As a next
step we patterned Hall bar mesa structures out of the plain film using photolithography
and argon ion beam milling as illustrated in Fig. [3.26(d). The width and length of the
Hall bar were 80 ym and 800 pm, respectively. The SMR effect was then analyzed using
ADMR experiments. In an ADMR experiment we record piong and puans as a function
of the external magnetic field orientation, while rotating the external magnetic field at a
fixed field strength H,e.s in three distinct rotation planes: ip, oopj, oopt as defined in
Sect. [3.3.1.4] Prior to the angular variation we initialize the magnetization by applying
poHiny = 3T along o = 0° (ip), S = v = —90° (oopj,oopt). For the definition of «, 3,
and 7 see the illustrations in Fig. [3.27(a),(b), and (c), respectively.

We begin the evaluation of the SMR with the analysis of the ADMR results obtained
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for a YIG (20nm)/Pt (7nm) hybrid structure at 7' = 300 K. The obtained experimental
results are summarized in Fig. a)-(c).

=

(n@m)

plong

hilt  hilj  h-t : (b) hjlt  hiin hi|-t : © hil-i hiln hilj
-180° -90° 0°  90° 180° : -90° 0° 90° 180° 270° : -90°  0°  90° 180° 270°
NS EA406.6"""'"'.,E\EA4O6.7"""""
'§ 4065 105 1§ 40661
'S 064 iy 2 1S 4065
LS a L 406.4{
1S 406.3 o 406.3°
i 4067 i 4067
'E 406.6 10§ 'E  406.6
He] a Hei L
12 4065 2 1E 4065
Qf’ 406.4
;4003 " Puans 500
. l l 1
\ 4067 ax T
"E 4066

(nQm)

plong

plong

, H =" H
° .90° 0° 90° 180° : -90°  0°  90° 180° 270° .
o ! B !

Figure 3.27: ADMR results obtained for a YIG (20nm)/Pt (7nm) hybrid structure on a (111)-

oriented GGG substrate at 7' = 300K. (a) Angular dependence of piong (squares)
and pirans (circles) for an in-plane rotation of the external magnetic field at
toHmeas = 1T (black), poHmeas = 500mT (red), and poHmeas = 100mT (blue).
The ip angle « is defined in the illustration above the data panels (arrow indicates
positive direction). (b) Dependence of piong (squares) and pians (circles) on the
oopj magnetic field angle 8 at pgHmeas = 1T (black), poHmeas = 500mT (red),
and poHmeas = 100mT (blue). The positive angle § is illustrated by the drawing
above the data plots. (c) Angular evolution of pjong (squares) and pirans (circles)
for the oopt rotation plane at pgHmeas = 1T (black), poHmeas = 700mT (wine
red), and poHmeas = 100mT (blue). The oopt angle « is defined in the illustration
above the experimental data. The green lines in each panel represent a fit to the
data using Eqs.. Interestingly, the angular dependence of pjong vanishes
for the oopt rotation plane, which is not consistent with the conventional AMR
of a polycrystalline FM, but indeed reproduces the behavior expected for SMR.

For the ADMR experiments for an ip magnetic field rotation pgHpeas = 1T (black),
foHmeas = 500mT (red), and poHmeas = 100mT (blue), depicted in Fig. m(a), we
observe a maximum in pjone for h = H/H parallel (o« = 0°) or antiparallel (o = 180°)
to j and a minimum for h parallel (& = —90°) or antiparallel (o = 90°) to t at every
fixed Hyeas- Due to the vanishing ip magnetic anisotropy of the YIG layer it is safe to
assume that the magnetization of the YIG layer is always oriented parallel to the external
magnetic field. Thus pppg is expected to follow a cos?(a) dependence in accordance to
Eq., which is nicely reproduced by our ADMR data. In addition, the transverse
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resistance also exhibits a cos?(a) dependence shifted by —90°. We observe a maximum
N pPrans at @ = —45° and a = 135°, while the minimum is located at @ = 45° and
a = —135°. For both piong and pirans the amplitude of the angular dependence is not
influenced by the external magnetic field strength.

In case of the oopj rotation plane we observe for piong at floHmeas = 1T and pioHmeas =
500mT maxima in resistivity located at f = 0° (h || n) and 5 = 180° (h || —n). The
minima in pieng occur at f = —90° (h || t) and § =90° (h || —t). At poHmeas = 1T the
longitudinal resistivity again exhibits a cos?() dependence. Upon reducing Hieas the
shape anisotropy more and more influences the orientation of the magnetization in YIG
and explains the deviations from the cos?(/3) dependence. For the transverse resistivity we
now observe a completely different angular dependence as for piong. Pirans has a minimum
at 5 = 0° (h || n) and a maximum at § = 180° (h || —n). The amplitude of this
cos(3) dependence of pians is strongly dependent on the external magnetic field strength
(cf. Fig. B.28(a)) and is mainly caused by the ordinary Hall effect of the Pt layer. The
abrupt changes at 1o Hmeas = 100 mT visible in pjone and peans originate from the in-plane
reorientation of the magnetization, if the field is rotated near g = 0° and 180°.

Interestingly, the angular dependence of pione vanishes for the oopt rotation plane.
This is in stark contrast to the expected angular dependence of a conventional AMR of a
polycrystalline FM, but corresponds nicely to our qualitative model of the SMR. Thus,
we exclude a conventional AMR as the source of the observed MR. For pians We again
observe a cos(y) angular dependence, which again stems from the ordinary Hall effect in
Pt. The abrupt changes in piong and pirans visible at pgHpeas = 100mT are explained
within the abrupt in-plane reorientation of the magnetization, when the field orientation
is continuously rotated near v = 0°, v = 180°.

For a more quantitative analysis we employ here the simulation technique we already
successfully applied to (Ga,Mn)As in Sect. and Cobalt-based Heusler compounds in
Sect. [3.3.3] First we choose a starting value for B,, and determine for every magnetic field
orientation the magnetization direction m by numerically minimizing the free enthalpy
given by Eq.(3.84). Knowing m for every field orientation we use a fixed set of p; param-
eters to calculate piong and peans using Eqs.. We then iteratively optimize By
and the p; parameters until we achieve a satisfactory agreement between experiment and
simulation for all rotation planes and H,..s. For the simulation all p; parameters except
p2 were chosen to be independent of the external magnetic field strength. The simulation
curves finally obtained are drawn as green lines in Fig. [3.27(a)-(c) and reproduce the ex-
perimental data very well. From the simulation we find By, = 75mT. The corresponding
p; parameters are summarized in Table

YIG (20 nm)/... | Pt (7nm) | Au (7 nm)/Pt (7 nm) | Cu (9 nm)/Pt (7 nm)
po [nQm] 406.5 143.0 111.0

o1/ 0 5.9x 10 ° 24 x 10" 0.9 %10

03/ 00 5.9 x 104 2.4 % 10~ 0.9 x 104
p2(1T) [nQcm] —34 —11 -8

Table 3.6: Results obtained for p; from fits to the experimental data at T'= 300K for Pt/YIG,
Pt/Au/YIG, and YIG/Cu/Pt heterostructures

From the extracted p; parameters of our simulation we find that p; = —ps. This
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corroborates the prediction based on the qualitative description of the SMR effect, and
makes the assumption of a spin current-related origin of the observed MR plausible.
We studied in more detail the field dependence of py for 7' = 300K and T = 30K
extracted from the fit of our ADMR data. In Fig. [3.28(a) po increases linearly with
increasing magnetic field as we would expect for an ordinary Hall effect. We applied
a linear fit to the data to extract the Hall coefficient of our Pt and obtained rg.; =
—2.5 x 107" m?/C for both temperatures. This value is close to —2.1 x 10711 m3/C
reported in [277] for evaporated Pt films. Moreover, we find a non vanishing abscissa
pape = —0.80n2cm at T' = 300K and papg = —0.87nQ2cm at 7' = 30K. The origin
of this effect can not be explained within our simple, qualitative model of the SMR.
However, it is reminiscent of an anomalous Hall effect. Therefore we conclude that this
effect may either be attributed to an additional effect in the SMR which can only be
calculated from a full quantitative approach or indicates an induced ferromagnetism at
the YIG/Pt interface [278-280]. However, this induced magnetism can not account for
the characteristic angular dependence of our YIG /Pt hybrid structure as one then expects
a polycrystalline AMR in the Pt. As this is not consistent with our data, we exclude the
induction of magnetism in Pt as a source for the observed AHE type of signal in ps.
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Figure 3.28: (a) Magnetic field dependence of py extracted from the fit to the ADMR data at
T = 300K (black squares) and 7" = 30K (blue circles). The black and blue lines
represent linear fits to determine the Hall coefficients rg,; and AHE contributions
pang for T'= 300K and T' = 30K, respectively. (b) Temperature dependence of
p1/po determined for two different YIG (20nm)/Pt (7nm) samples (black, red)
from our fit to the ADMR data. The observed SMR, varies only slightly with
temperature.

The SMR is based on the tunable absorption/reflection of spin currents at the FMI/NM
interface, thus one would expect that the spin mixing conductance gy plays a crucial
role. From the spin pumping experiments on YIG/Pt hybrid structures in Sect. we
already know that gy varies only weakly with temperature. In Fig. [3.28(b) we plotted
the extracted ratio p1/py as a function of temperature for two different YIG (20nm)/Pt
(7nm) samples. The ratio decreases slightly with decreasing temperature. At 7" = 5K
p1/po is reduced by 34% compared to T = 300K. This observation agrees well with
the temperature dependence of gy in Sect. [3.4.1] However, a full quantitative analysis
of the SMR effect would be necessary to account for the influence of the spin mixing
conductance. Such an analysis is beyond the scope of this thesis.

While the magnetoresistive behavior observed in our YIG /Pt samples is not consistent
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with an induced magnetization (magnetic proximity effect) at the interface, an experiment
to rule out magnetic proximity as the origin of the SMR appears desirable. Following
a suggestion by E. Saitoh in January 2012, we investigated the impact of a second NM
layer between YIG and Pt on the SMR. In Fig. [3.29(a)-(f) we compare the ADMR signal
of a YIG (20nm)/Pt (7nm) hybrid structure to a YIG (20nm)/Au (7nm)/Pt (7nm)
and a YIG (20nm)/Cu (9nm)/Pt (7nm) heterostructure.
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Figure 3.29: Magnetoresistance data (symbols) and corresponding fit (lines) for YIG
(20nm)/Pt (7nm) (panels (a) and (b)), YIG (20nm)/Au (7nm)/Pt (7nm) (pan-
els (¢) and (d)), and YIG (20nm)/Cu (9nm)/Pt (7nm) (panels (e) and (f)) at
T =300 K and puoH = 1 T . The oopt rotations (not shown here) exhibit for
all 3 samples no angular dependence in pjong. The introduction of a second NM
layer between YIG and Pt influences only the magnitude of the observed SMR.
This clearly indicates that the SMR arises due to the spin current absorption at
the YIG/NM interface and is not due to the MR behavior of an induced magnetic
polarization in the Pt layer.

For the ip rotation in Fig.|3.29(a),(c) and (e) and the oopj rotation in Fig. [3.29(b),(d)
and (f) we observe the same angular dependence of piong and piyans for all heterostructures.
Moreover, we did not observe any ip angular dependence for a YIG (20nm)/Au (7nm)
and a YIG (20nm)/Cu (7nm) heterostructure. With these results we can conclude
that the observed SMR is an effect related to spin currents and not due to an induced
ferromagnetism in the Pt layer. The extracted quantitative data for all heterostructures
from the ADMR simulation are summarized in Table po decreases with increasing
total NM layer thickness due to the higher conductivity of Au and Cu compared to Pt
as in these double NM structure the two parallel conducting NM layers both contribute
to the total resistivity. This fact is also supported by the increase in po(1T) for the
trilayer system compared to the YIG/Pt hybrid structure, due to the larger absolute
Hall constant of Cu and Au [281, 282]. The ratio p;/py decreases by a factor of 2.5
for the YIG/Au/Pt heterostructure compared to the reference of the YIG/Pt hybrid
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structure. For the YIG/Cu/Pt heterostructure the ratio even decreases by a factor of
6.6. This decrease in SMR effect can be rationalized in terms of the exponential decay
of the spin current determined by the spin diffusion length in the NM and the parallel
conduction channel which NM2 represents. By measuring the SMR with varying Au
or Cu thickness and employing a quantitative model of the SMR, it might thus even
become possible to extract the spin diffusion length using simple ADMR experiments in
the future.

In summary, we have investigated in this section a MR effect in FMI/NM heterostruc-
tures. The effect, that we call SMR, is based on the conversion of charge to spin currents
via the spin Hall effect and vice versa via the inverse spin Hall effect. In addition, the
effect also depends on the selective absorpion of spin currents at the FMI/NM interface
depending on the orientation of the magnetization. Thus this effect enables us to re-
motely sense the magnetization direction in the FMI by measuring just the resistance
of the adjacent NM layer. The signature of SMR in ADMR experiments is qualitatively
different from conventional AMR. As for the SMR the angular dependence in pjoe for
the oopt rotation plane vanishes while for the conventional AMR we would observe an
angular dependence. We note that in our experiments we only used YIG as the FMI. But
the SMR is in principle not restricted to this one material. Other FMI, i.e. ferromagnets
which have a several orders of magnitude higher resistance than the NM layer on top,
should also exhibit this type of effect. Further examples using nickel ferrite and mag-
netite as FMI are given in the outlook of this thesis in Fig. This simple method also
makes the SMR a perfect tool for the precharacterization of FMI/NM heterostructures
for other spin current related experiments. With a quantitative model for the effect at
hand it may even be possible to extract the spin Hall angle agy from SMR experiments
and determine the spin diffusion length of various NM. In the end, this observation of
a novel, simple to measure magnetoresistance effect opens the way for new spin current
related experiments in the future.

3.5 Spin caloritronics: a summary

In the preceding sections of this chapter we focused on two main topics of current scientific
interest: on the one hand the comparison of the magnetoresistance to the magnetother-
mopower of conducting ferromagnets and on the other hand the investigation of pure
spin currents generated in FMI/NM hybrid structures.

Prior to these successful experiments we presented in Section the structural and
magnetic quality of CooMnSi (CMS) and yttrium iron garnet (YIG) thin films grown via
laser-MBE.

In section we showed that, after an optimization of the growth parameters, the
structural and magnetic quality of CooMnSi films on (001)-oriented MgO substrates is on
par or even better than sputtered reference samples provided by the Universitat Bielefeld.
These results show that our laser-MBE setup is capable of growing metallic, ferromagnetic
material systems with excellent structural and magnetic properties. These results are a
first step towards the in-house production of thin films of the Heusler compounds tailored
for future spincaloric experiments.

In a second series of experiments, we optimized the growth of YIG in our laser-MBE
setup on (111)-oriented GGG and YAG substrates. The structural and magnetic charac-
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terization in Sect. of YIG films grown with the optimized set of parameters prove
that our YIG films are state-of-the-art and qualify for further experiments. More specifi-
cally, the YIG films on GGG substrates grow epitaxially, with the perfect stoichiometry,
in (111)-orientation with low mosaic spread (FWHM of the (444) YIG rocking curve
< 0.03°), exhibit low coercive fields (< 3mT), a bulk-like saturation magnetization
(Ms > 129kA/m) and a narrow FMR linewidth (ugAH,, < 1mT at 10.1 GHz) at room
temperature. Due to the large lattice mismatch and the interdiffusion of Al, YIG films
on YAG need further improvement, e.g.: the application of a buffer layer.

We furthermore studied the structural and magnetic properties of YIG /Pt hybrid struc-
tures, since these are routinely used for spin current related experiments. The experiments
showed that the quality of the YIG layer is not influence by the in-situ deposition of a
Pt layer on top.

As a first step in investigating the magnetoresistance and magnetothermopower of
conducting ferromagnets we presented in Sect. a theoretical model based on a series
expansion in powers of the magnetization direction applied to the resistivity and See-
beck tensors and reduced the number of parameters by utilizing the crystal symmetry
restrictions. Due to the Onsager relations these two magnetotransport tensors are not
identical, such that we obtain for cubic and tetragonal symmetry additional magnetiza-
tion dependent terms in the Seebeck tensor compared to the resistivity tensor. Moreover,
our calculations show that it is in principle possible to quantitatively extract the full resis-
tivity and Seebeck tensors in cubic and tetragonal symmetry by applying angle dependent
magnetoresistance (ADMR) and magnetothermopower (ADMTP) measurements and a
simulation based on our series expansion model. The simulation was realized in a Lab-
VIEW based software during the work of this thesis. This versatile software allows to
extract quantitatively the resistivity, Seebeck and magnetic anisotropy parameters from
ADMR and ADMTP experiments. The knowledge of the full magnetotransport tensors
would allow to determine the Fermi surface of the ferromagnetic material via the gener-
alized Mott relation. As a side effect, we can also extract the magnetic anisotropy of the
ferromagnet by investigating the field dependence of ADMR and ADMTP signals.

To demonstrate that our theory is capable of describing experimental data, we car-
ried out ADMR and ADMTP experiments in two different conductive regimes: On the
one hand, we used the dilute magnetic semiconductor (Ga,Mn)As in (001)- and (113)-
orientation (Sect. and, on the other hand, metallic Cobalt-based Heusler com-
pounds (Sect. . These proof-of-principle experiments showed that we can simulate
the experimental results with our model and extract quantitative numbers for magneto-
transport tensor elements and the magnetic anisotropy for these two different regimes of
conductivity. Moreover, our experiments showed that the additional functional terms in
the Seebeck tensor due to the Onsager relations are indeed present. These first promising
results confirm that ADMR in combination with ADMTP experiments are powerful tools
to reveal the properties of the Fermi surface of ferromagnetic conductors.

In the second part of this chapter we investigated the generation of pure spin currents
using ferromagnetic insulators (FMI). The usage of FMI allows to separate the flow of
angular momentum (spin current) from the flow of charge carriers (charge currents). For
our experiments we focused on the FMI yttrium iron garnet.

With excellent YIG layers on GGG substrates at hand we carried out spin pumping
experiments as discussed in Sect. [3.4.1] For the determination of the crucial FMI/NM
interface parameter gy we applied two different types of experiments: in a first series
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of experiments we extracted gy by simultaneously measuring the FMR signal and the
inverse spin Hall voltage signal, in the second set of experiments we calculated gy from
the difference in Gilbert damping from frequency dependent FMR measurements of a
bare YIG film and a YIG/Pt hybrid structure. For our samples we obtain a spin mix-
ing conductance ranging from 1 x 10®¥m™2 < gy < 1 x 102 m~2. These results show
that the spin mixing conductance of YIG /Pt bilayers is comparable to the one of ferro-
magnetic conductor/Pt heterostructures. Moreover, our results corroborate theoretical
calculations [260] and the experimental results of Heinrich et al. [I70]. In the end, these
results establish our YIG/Pt bilayers as perfectly suited pure spin current generators and
detectors.

In Sect. we investigated a magnetoresistance effect, the SMR, stemming from the
conversion of charge currents to spin currents via the spin Hall effect and vice versa via
the inverse spin Hall effect in combination with the selective absorption of spin currents
at a FM/NM interface. Due to the nature and magnitude of this effect, it is only de-
tectable in FMI/NM hybrid structures. In ADMR experiments on YIG/Pt bilayers, we
established the existence of the SMR and its unique oop rotation plane signal signature
(angle dependence of pjone vanishes for oopt rotation while for an oopj rotation the signal
is angle dependent). By introducing a second NM layer between YIG and Pt we verified
that the observed effect is not related to an induced ferromagnetism in the Pt layer.
In the future, the SMR effect may be used to determine the spin Hall angle and spin
diffusion length in NM layers using simple magnetoresistance measurements. Moreover,
as this effect is sensitive to the magnetization orientation of the FMI one can remotely
sense the orientation by measuring the resistance of the NM layer.

In summary, we studied the magnetoresistance and magnetothermopower of metallic
and semiconducting ferromagnets using angle dependent measurement techniques and
an advanced model for the quantitative extraction of the resistivity and Seebeck tensor.
These results show that a combination of ADMR and ADMTP provides a powerful
experimental toolbox to study transport properties of ferromagnetic conductors. In the
second part of this chapter we looked into the properties of spin currents generated by
a ferromagnetic insulators. Our results show that FMI can effectively be used as a spin
current source (spin pumping) and drain (spin current magnetoresistance).

An outlook on further possible experiments dealing with spin-dependent transport in
conductors and isolators based on the results of this thesis is given in Chapter






Chapter 4

Conclusions and outlook

This thesis deals with the investigation of spin-related phenomena in metals, semicon-
ductors, and insulators, in both plain epitaxial thin films as well as heterostructures.

This chapter concludes this thesis by summarizing the key results obtained. In order to
highlight the importance and potential influence of these results, we in addition provide
an outlook into future experiments.

4.1 Summary

State-of-the-art samples are a key requirement for the successful study of spin-related phe-
nomena. A particular focus of this thesis thus was to fabricate thin film heterostructures
with excellent structural and magnetic quality. This was achieved by the improvements
of the laser-MBE setup carried out during this thesis (c.f. Appendix . In a complemen-
tary approach, we established or intensified collaborations with other groups in order to
get access to particular samples.

A specific achievement was the optimization of ZnO thin film growth by laser-MBE
(Chapter [2)). To this end, we used TRFR, Hanle MOKE and GMR experiments to study
their spin-related properties. From the optical experiments, carried out in collaboration
with RWTH Aachen, we find that localized states exist in ZnO with long spin lifetimes,
which allow the storage of spin information on ns timescales. Moreover, these localized
states can be electrically addressed by the trapping of injected, mobile spin polarized elec-
trons. The all electrical approach using spin valve multilayers (FM/N/FM) with ZnO as
the N-layer allowed us to quantitatively extract the spin diffusion length, interface resis-
tance and spin selectivity in our ZnO films. Most interestingly, we could identify that
the temperature dependence of the spin dephasing time exhibits two different regimes.
At low temperatures (7" < 25K) the spin dephasing time saturates and the dominating
spin dephasing mechanism is a temperature independent Dzyaloshinsky-Moriya mecha-
nism. At higher temperatures (7" > 25K) the spin dephasing time decreases with in-
creasing temperature and the spin dephasing is dominated by a temperature dependent
D’yakonov-Perel” mechanism linear in k. The comparison between the spin dephasing
time determined by all electrical and all optical methods reveals that the temperature
dependence is qualitatively identical. Moreover, our data suggest that the spin dephasing
time in ZnO can be increased by increasing the structural quality.

The second main part of this thesis (Chapter [3) dealt with two newly emerging and
interconnected fields of spin electronics: spin caloritronics and pure spin current sources.

On the one hand, we investigated the magnetoresistance and magnetothermopower
of metallic and semiconducting ferromagnets using angle dependent measurement tech-
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niques. Fitting the data to an an advanced phenomenological model we were able to
provide a proof of concept for the quantitative extraction of the resistivity and Seebeck
tensors. These results show that using a combination of ADMR and ADMTP experi-
ments one can study in great detail the transport properties of ferromagnetic conductors.
In addition, we verified by the experimental results in this section that the Mott relation
Eq. is only valid in the tensor form for single crystalline samples.

On the other hand, in the second part of Chapter |3| we looked into the properties
of spin currents generated and absorbed by ferromagnetic insulators (FMI). Our results
show that FMI can effectively be used as a spin current source (spin pumping) and spin
current drain (spin current magnetoresistance). Using these concepts we showed that the
spin mixing conductance gy determined from two independent experiments utilizing spin
pumping in YIG /Pt bilayers is comparable to the one of ferromagnetic conductor /Pt het-
erostructures. These two types of experiments were: a quantitative evaluation of the DC
voltage generated by the spin pumping (in collaboration with the Walter Schottky Insti-
tut) and the determination of the difference in Gilbert damping from frequency dependent
FMR experiments (in collaboration with the Universitidt Regensburg). In addition, we
discovered a new magnetoresistance effect in FMI/normal metal hybrids, stemming from
the absorption of a pure spin current in the ferromagnetic insulator. Based on angle
dependent magnetoresistance (ADMR) experiments we showed that the signature of this
spin current magnetoresistance (SMR) effect in our YIG /Pt bilayers is qualitatively dif-
ferent from polycrystalline anisotropic magnetoresistance. These experiments benefited
from collaborations with TU Delft (Netherlands) and IMR Tohoku (Japan).

A more detailed summary of the results is provided in Section [2.6] for Chapter [2] and
in Section [3.5] for Chapter [3]

4.2 Outlook

The results obtained in this thesis pave the way for more advanced experiments, which
in the end will provide a deeper understanding of spin dependent transport phenomena.
A selection of possible experiments is discussed in the following.

Our results on ZnO thin film growth and study of their electrical properties show that
our ZnO layers on sapphire can be further improved by optimizing the buffer layer. This
may be achieved by using a combination of MgO and (Mg,Zn)O as a buffer system. In
the end, the aims of a buffer optimization should be an increase of the Hall mobility in the
7m0 layer and a low Al interdiffusion from the sapphire substrate, while the buffer itself
should not significantly contribute to the electrical properties of the whole buffer/ZnO
system.

The possibility to store spin information in localized excitonic states on timescales
of several ns opens the way to further experiments in the field of spin based quantum
information processing and allows to combine optical manipulation and read-out with
solid-state based storage of quantum information. A first crucial step is the investigation
of the coupling between the different excitonic states and a more profound theoretical
model to explain the resonant enhancement of the spin dephasing times. Subsequent
experiments should then be focused on the increase of spin dephasing time and the
tunability of the coupling between different excitonic states. It is important to note
that localized excitonic states are also present in various other semiconductors and thus
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the experiments on ZnO can be also extended to other semiconductors, like for example
GaN [283].

Based on recent experiments in our group [30] using a scannable laser to generate
spatially resolved thermal gradients in thin films it should be possible to investigate
the magnetothermopower of ZnO based spin valve structures and compare these mea-
surements to the magnetoresistance of such a device. In Fig. [4.1a) this experiment is
illustrated in more detail. While the laser spot generates the thermal gradient perpen-
dicular to the layer structure, the thermal voltage V), caused by the thermal gradient is
recorded as a function of the applied external magnetic field. As it is possible to laterally
scan the laser with a few pm resolution, it thus is possible to investigate the evolution
of the signal as a function of position. First experiments at room temperature using the
very same setup as in [30] were unfortunately unsuccessful for a sample with a 20 nm
thick ZnO spacer layer. Due to the increase in spin diffusion length with decreasing tem-
perature we however expect that successful experiments should be possible at liquid He
temperatures. In accordance with the experiments presented in [284], where Gravier et al.
investigated the spin/charge transport under a thermal gradient in metallic multilayers,
such experiments in ZnO spin valve structures would allow to extend these investigations
to semiconductors.

Figure 4.1: Novel types of experiments related to spin-dependent phenomena in ZnO. (a) Uti-
lizing the thermal gradient generated by the absorption of a laser spot one can
measure the magnetic field dependence of the thermopower of a ZnO based spin
valve structure at low temperatures in a spatially resolved fashion. (b) A precessing
motion of the magnetization in the ferromagnet on top of the ZnO layer leads to the
pumping of a spin current into ZnQ. Utilizing the inverse spin Hall effect in ZnO
one can then detect these spins as a DC voltage between the two electrical contacts
in the ZnO. (c) Taking the concept of spin current injection via spin-pumping a step
further one may also inject spins into ZnO by first generating a surface acoustic
wave in the ZnO layer that propagates through a ferromagnet. In the ferromagnet
the elastically excited ferromagnetic resonance leads to the pumping of a spin cur-
rent into the ZnO. The spins may then be transported by the surface acoustic wave
in the ZnO.

Bypassing the problem of conductivity mismatch, an efficient injection of a spin (polar-
ized) current into a semiconductor has been achieved by the spin pumping effect [8, [12]
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in silicon and gallium arsenide. These experiments can be extended to ZnO as illustrated
in Fig. [£.1(b). Here the magnetization of a ferromagnet (FM) is driven into a precess-
ing motion by an external microwave field (ferromagnetic resonance). Due to the spin
pumping effect a spin current is then injected into the ZnO layer underneath. Within the
7Zn0 the spin current is transferred into a charge current via the inverse spin Hall effect
and can then be detected as a DC voltage Vpe. In analogy to Saitoh et al. [8, [12] these
measurements allow to simultaneously determine the spin dephasing time and the spin
Hall angle in the semiconductor. Thus, such an experiment could yield more information
on the spin dephasing and the spin-orbit coupling in ZnO. Moreover, the geometry of the
experiment allows to use our high quality buffered ZnO thin films on sapphire and en-
ables a direct comparison of optical- and spin pumping-determined spin dephasing times
in one and the same sample. In more advanced experiments, utilizing coplanar wave
guides and microwave pulses to excite the ferromagnetic resonance, even the time- and
spatially resolved optical probing of the spin current injected via spin pumping might
become accessible. Such time- and spatially resolved experiments allow to further in-
vestigate the physical mechanisms localizing the mobile spin carriers on donor states as
proposed in this thesis.

Taking the concept of spin pumping a step further and inspired by the experiments of
Mathias Weiler in our group [15] 285] it is also possible to excite a ferromagnetic resonance
and then inject a spin current with surface acoustic waves (SAWs). Due to the electrical
polarization along the c-axis present in the ZnO it should be possible to utilize this effect
in ZnO/FM hybrid structures as illustrated in Fig. [1.1[c). A SAW is generated in a ZnO
layer [286] and passes through a ferromagnet deposited on top of the ZnO. Due to the
magnetoelastic coupling [285] a ferromagnetic resonance is excited in the ferromagnet.
The spin pumping effect then leads to the injection of a spin current into the ZnO. As
the spin information is carried by charge carriers and these charge carriers couple to the
SAW it is then possible to transport spin information along the SAW k-vector and later
detect it via optical or electrical means. This novel device concept should enable the
study of many different effects such as for example the spin injection efficiency with SAW
spin pumping and the influence of the SAW on the spin dephasing time.

Regarding the results obtained in this thesis for the extraction of a full quantitative
description of the resistivity and Seebeck tensors a first next experimental step consists
in the improvement of the setup for the generation of the thermal gradient. To resolve
the issue of insufficient thermal contact between hot and cold side of the sample holder
we propose the following improvements to the existing setup. As illustrated in Fig.
the thermal contact from the sample to the cold reservoir is improved by clamping the
sample using screws and a top cap pressing against the sample. To allow an electrical
isolation between sample and clamp the use of sapphire might prove ideal. On the hot
side the direct evaporation of a platinum meander structure as an on-chip heater solves
the problem of low heat transfer from the heater to the sample and also allows to use
the resistance of the Pt meander for on-chip thermometry. In addition experiments in
vacuum amend problems arising due to the additional heat exchange by the He gas flow
in the cryostat. Influences of the substrate itself may still have a negative impact on the
measurements, but can be circumvented by free standing structures as inspired by Sultan
et al. [287].

After a successful upgrade of the measurement setup further experiments on (113)-
oriented (Ga,Mn)As allow a full extraction of resistivity and Seebeck tensor. Utilizing
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Figure 4.2: Illustration of possible improvements for the caloritronics setup. Based on the
results obtained in this thesis a better thermal coupling between cold side and
sample is desirable and may be achieved by clamping the sample to the cold base.
In addition, the deposition of an electrically isolated Pt meander structure allows to
generate heat directly on-chip improving the thermal contact to the hot reservoir.

the Mott relation one then could infer the Fermi surface of (Ga,Mn)As. A next step
would be to focus on systems with a different symmetry. Here cubic or isotropic systems
are preferred, as according to our theory an easy extraction of the resistivity and Seebeck
tensors should be possible. The investigation of further materials by ADMR and ADMTP
experiments would allow to test the limits of the phenomenological theory provided in
this thesis.

The successful laser-MBE growth of Heusler compounds by laser-MBE established in
Section [3.2.1] opens the way to either utilize the low lattice mismatch between GaAs and
cobalt-based Heusler compounds to investigate the spin transport properties in Heusler
compound/GaAs hybrid structures, or even grow Vanadium-based Heusler compounds
with large Seebeck coefficients for future spincaloric experiments.

The spin magnetoresistance (SMR) effect found in YIG/Pt and YIG/NM/Pt het-
erostructures in Section (3.4.2] is not limited to the ferromagnetic insulator YIG alone
according to the current phenomenological theory, but should also be present in other
ferromagnets with a resistance that is several orders of magnitude larger than the resis-
tance of the platinum layer. As a first set of experiments we also investigated the existence
of the SMR effect by means of ADMR experiments in two samples with different ferro-
magnetic insulators. The first sample consists of a 20 nm thick, (001)-oriented Magnetite
(Fe3Oy4) layer grown via laser-MBE on a (001)-oriented MgO substrate covered in situ by
an electron beam evaporated, 7nm thick, Pt film. The second sample consists of a 620 nm
thick nickel ferrite (NiFe,Oy) layer grown via chemical vapor deposition on (001)-oriented
MgAl,O4 and a sputter deposited 10 nm thick Pt layer, which was deposited after clean-
ing the surface of the nickel ferrite by Ar ion beam millingEl Both samples have been
structured into Hall bars using photolithography and Ar ion beam milling at WMI. We
then conducted ADMR experiments in ip, oopj, and oopt geometry in the fashion of
the experiments with YIG/Pt hybrid structures in Section [3.4.2] In Fig. [£.3(a)-(f) we
compare the obtained results to the data obtained for the YIG (20nm)/Pt (7nm) al-

IThe NiFe,O4 layer was grown in the group of A. Gupta at the University of Alabama. The Pt layer
was deposited later in the group of Giinther Reiss at the Universitat Bielefeld.
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ready shown in Fig. |3.27|(a)-(c). We also applied the same theoretical model to simulate
the obtained data for the three different samples. In Fig. [4.3(a)-(f) the open symbols
represent experimental data, while the green lines represent a fit to the data. We note
that in case of the magnetite sample the data was recorded at T' = 5K, while all the
other data were taken at 7' = 300 K.
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Figure 4.3: Magnetoresistance data (symbols) and corresponding fit (lines) for the
YIG(20nm)/Pt (7nm) (panels (a) and (b)), the FesO4 (20nm)/Pt (7nm) (pan-
els (c¢) and (d)), and the NiFeaO4 (620nm)/Pt (10nm) (panels (e) and (f)) het-
erostructure at puoH = 1 T (For the YIG and NiFesO,4 sample, 7' = 300 K, and for
the Fe3Oy4 sample, T' = 5K). The longitudinal resistance in the oopt rotation plane
(not shown here) exhibited no angular dependence for all three samples. The an-
gular dependence in all three samples corresponds to the one expected for the spin
magnetoresistance. The p;/po ratio determined from the simulation is —5.9 x 1074
for YIG/Pt, —2.1 x 10™* for Fe3O4/Pt, and —2.7 x 10~* for NiFe3O4/Pt. These
results indicate that the spin magnetoresistance is an universal effect and is not
limited to the use of YIG as the ferromagnetic insulator.

The parameters of the fit extracted from the experiments at pgH = 1T are summarized
in Table In all cases the fit reproduces very well the angular evolution of the data
and confirms our simple phenomenological model of the SMR effect.

The identical angular evolution for all 3 samples clearly demonstrates that the SMR
effect is not limited to YIG as a ferromagnetic insulator, but is an universal effect that is
detectable when the resistance of the normal metal is several orders of magnitude lower
than the one of the ferromagnet.

Future experiments on the SMR effect should provide a deeper understanding of the
underlying physics by investigating the SMR signal as a function of Pt layer thickness and
the thickness of an additional NM layer (such as Au or Cu) between the platinum and the
ferromagnetic insulator. Moreover, the spin mixing conductance and the spin Hall angle
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YIG/Pt F6304/Pt NiFeg O4/Pt
(20 nm) /(7 nm) | (20 nm)/(7 nm) | (620 nm)/(10 nm)
po [nQm)] 406.5 202.6 242.0
1/ o T59x 10" 91 x 10" 97 x 10"
03/ Po 5.9 x 1074 2.1 x 1074 2.7 x 1074
p2(1T) [nQcm)] —34 —4.2 —2.2

Table 4.1: results obtained for p; from fit to the experimental data for a Pt/YIG (7' = 300 K),
a Pt/Fez04 (T = 5K), and a Pt/NiFeaO4 (T = 300 K) heterostructure

are parameters that influence the magnitude of the SMR signal. Thus a direct comparison
of the SMR signal to the spin pumping signal in the very same heterostructures will
supply further evidence for the physical origin of the SMR effect. In the very same
line of argument a quantitative comparison of the SMR signal to the spin Seebeck effect
(SSE) seen in spatially resolved thermal gradient experiments [30] involving Pt/YIG
hybrid structures would be helpful to investigate a connection between these two effects
in more detail. If the phenomenological description for the SMR effect given in this
thesis is correct, we expect a universal scaling relation between SMR, spin pumping and
spatially SSE signal magnitude, as all three effects will be influenced by the spin mixing
conductance gy and the spin Hall angle agp.

(©

€)) (b)

Figure 4.4: (a) Illustration of the conventional sample geometry for the observation of the SMR
effect consisting of a Pt/FMI hybrid structure on a substrate. (b) More advanced
structure using a platinum layer sandwiched between two different ferromagnetic
insulating ferromagnets. (c) FMI/Pt multilayers allow to increase the signal of the
SMR effect.

Inspired by the results obtained for the SMR effect one can think about more advanced
heterostructures, which allow us to investigate the effect on a new level. In Fig. [{.4[a)
we depicted the standard setup for the SMR effect consisting of a bilayer of FMI and
NM (in this case Pt). If we add a second different FMI on top of the Pt layer as
illustrated in Fig. 4.4(b), we introduce a second selective spin sink on top of the Pt.
Assuming the two FMI have different coercive fields, or one of the magnetizations is
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pinned by coupling it to an antiferromagnet, it should be possible to generate different
relative orientations between the two magnetizations m; and ms of the two FMI by
either sweeping the magnetic field or changing the external magnetic field orientation.
This relative orientation then should influence the MR signal generated by the SMR if
one passes a current J through the Pt layer and measures the resistance of the NM layer.

If we continue to think about multilayer structures, the aim of increasing the SMR
magnitude is achieved by a more complicated multilayer structure. In hindsight, we
expect from our proposed model also an increase in AR/R if the NM is sandwiched
between two FMI insulators with identical magnetic properties. This should increase the
signal by a factor of 2. Taking the concept a step further, as illustrated in Fig. (C),
one can stack repeatedly a combination of NM/FMI double layers on a FMI layer. It
is then possible to investigate the propagation of the spin current trough a FMI layer
by passing an electrical current through one Pt layer and detecting the voltage drop
generated by the propagating spin current due to the inverse spin Hall effect in the other
Pt layer [288, 289]. These new heterostructures represent a challenge to the growth
department, as it is necessary to obtain multilayers with high crystalline and magnetic
quality, an alternative would be the use of lateral structures, as already reported by
Chumak et al. [290]. Another interesting field is the fabrication of tunnel devices with a
FMI as the tunnel barrier. This aim is simultaneously achieved by realizing the structure
in Fig. [£.4(c) with very thin (below 2nm) FMI layers. With these structures it might
be possible to investigate the influence of the magnetization orientation on the tunnel
current through the FMI barrier. It may be beneficial to use an all oxide epitaxial
approach for the growth of such FMI/NM multilayers. Indium tin oxide (ITO) (cubic
crystal structure, lattice constant ¢ = 1.01 nm [291]) could be a possible candidate for
such structures as successful spin pumping with YIG/ITO heterostructures has already
been demonstrated [5].

As evident from the list of possible experiments inspired by the results of this thesis, a
multitude of new physical questions arise related to spin transport. Clearly, interesting
results are to be expected in the years to come.



Appendix A
Upgrade of the laser-MBE system

Laser-MBE is a physical vapor deposition technique that allows to grow epitaxial thin
films on single crystalline substrates. The process uses high fluence UV excimer laser
pulses to ablate a polycrystalline target (cf. Fig. |A.1). This target usually consists of a
polycrystalline material with the same stoichiometry as the film to be deposited and is
mounted below the substrate. Due to the high energy density on the target surface, a
plasma plume is generated directed towards the substrate, where the material is deposited
. To optimize the growth conditions various parameters can be changed and controlled
during the deposition process: laser energy fluence at the target pgp, target-to-substrate
distance, background gas type, pressure in the chamber, and substrate temperature.
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Figure A.1: Tllustration of the laser-MBE process. A focused UV-excimer laser beam with a
pulse duration of about 25 ns hits a polycrystalline target. Due to the high power
density exceeding GW/cm? a plasma plume is generated and target material is
moved towards the substrate mounted above the target. With a second continuous
wave infrared laser it is possible to heat the substrate. The optical photograph on
the left has been taken during a deposition process of a ZnO thin film on a sapphire
substrate in our laser-MBE chamber.
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During the work of this thesis we upgraded our laser-MBE system by adding various
new components and optimizing the existing setup. The extensions to the system con-
sisted of a new infrared laser heater system (Surface, LH 140), with integrated realtime,
pyrometer-based temperature control, a new optical beam guide, lens system (both cus-
tom built in-house) and entrance window (PVD Products, PLD Intelligent window) for
the excimer laser, a new RF-plasma single atom source unit (Oxford, HD25), and a new
LabVIEW based control software allowing for an automated operation of the laser-MBE
system. On the following pages, we will provide an introduction into these additions with
a focus on the new lens system and the LabVIEW based control software.

A.1 New lens system ” Brenninger”

The new optical beam guide for the excimer laser (Lambda Physik, COMPexPro201,
wavelength 248 nm (KrF)), maximum pulse energy 700 mJ, pulse duration 25 ns, maxi-
mum repetition rate 10 Hz) installed during the work of this thesisE] consists of two rect-
angular apertures and 4 dielectrically coated (reflection optimized for 248 nm) mirrors.
It is mounted on a custom built optical track that shields the UV laser beam, guiding
the excimer beam from the laser through the lens system (Fig. [A.2|a)) into the laser
entrance window (Fig. [A.2[b)) of the laser-MBE chamber. The main part of the new
optical train is a telescope system consisting of 5 lenses in total, cf. Fig. (a). Lenses
1 to 5 are mounted on 4 motor-driven lens carriers allowing a vertical movement across
a total height of 120cm. The lens carriers are attached to 4 stepper motors (MAXON
Motor, DC brushless motor with planetary gearhead (reduction 1539/65) and encoder
(500 counts/2000 quad counts per turn), track pitch of 1.75mm per revolution), each
connected to a controller with a spatial resolution of less than 0.005 mm. They are con-
trolled by a PC (MAXON Motor EPOS controller), thus allowing full automation of the
lens system itself. The lenses are arranged such that they build up a classical telescope
zoom optics, creating a sharp image of the excimer laser’s rectangular aperture on the
surface of the PLD target. Thereby, the positions of lenses 1 to 3 determine the size of the
image, lenses 4 and 5 assure perfect focusing. For the lenses the following focal lengths
were selected: 350 mm for lens 1 (plano-convex), —100 mm for lens 2 (plano-concave),
—100 mm for lens 3 (plano-concave, installed inverted), 350 mm for lens 4 (plano-convex),
and 750 mm for lens 5. Moreover, lens 2 and lens 3 are connected to each other and move
together on the lens track. To reduce the number of parameters for the optimization of
the focal point of the system, we kept the distance I3 = 120 mm (distance between lens 2
and lens 3), [5 = 240 mm (distance between lens 4 and lens 5), and lg = 774 mm (distance
between lens 5 and the target in the laser-MBE chamber) fixed. A change of these 3 pa-
rameters influences the range of achievable spot area sizes on the target, determining the
tuning range of pgp. This leaves the parameters l; and [, for the optimization process.
Note that [y is simply determined from the other 5 parameters as the total track length
(4020 mm) from the excimer laser to the target is fixed.

The optimization of the lens distance parameters was carried out in the following
way. For fixed [, values we varied [, and put for each value an ablation spot on a
SrTiO3 polycrystalline target to evaluate the sharpness of the spot. We then selected

LA large part of the planning and installation process was carried out with the unlimited support of
Stephan Geprags and Thomas Brenninger.
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Figure A.2: (a) Photograph of the new lens system after installation. (b) Photograph of the
intelligent window with energy monitor equipped. (c¢) Illustration of the new lens
system consisting of 5 lenses. The 5 lenses have a focal length of 350 mm, 100 mm,
100 mm, 350 mm, 750 mm for lens 1, lens 2, lens 3, lens 4, lens 5, respectively. (d)
Optical micrograph of the focal spot when firing one laser pulse onto a SrTiOj
polycrystalline target after optimization of the lens system was finished. (e) Area
of the spot size as a function of lens 3 to lens 4 distance 4 determined from
the experiment (symbols) and second order polynomial fit to the data (line). (f)
Lens 1 to lens 2 distance Iy as a function of I4 obtained from an optimum focus

determination experiment (symbols) and second order polynomial fit to the data
(line).

the [y yielding the sharpest ablation spot. This optimization process was carried out for
different [, values. An example for an ablation spot after optimization is shown in the
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optical micrograph in Fig.[A.2|d) (the edges are highlighted with red lines). The spot has
a nice rectangular shape (only two edges are shown) and sharp edges. In Figure [A.2{e)
we plot the resulting area of the ablation spot Ag,otatarget Versus Iy (symbols). The area
decreases with increasing I, value as expected for a classical telescope zoom optics. The
resulting dependence of Iy on Iy is depicted in Fig. (f) as symbols. To allow for a
direct calculation of I, and [, from the desired spot area we fitted both data sets with a
second order polynomial. This yields the following two equations:

Agpot@target[mm?] = 0.00258 x (I;[mm])* — 1.15938 x (I4;[mm]) + 129.62389,
lo[mm] = —0.10688 x (I;[mm])? + 34.49139 x (I4[mm]) — 2609.8966.

Solving the first equation for I gives us a direct way of calculating 4 as a function of the
desired spot size area and will be used in the LabVIEW control software to seamlessly
change pgp. The second equation then allows to determine I, from the calculated [, and
used for this purpose in the software.

From this optimization process we obtain a lens system that allows to change the size
of the rectangular excimer laser spot on the PLD target between 1.2 mm? and 12 mm?
without losing sharpness of the spot itself. The corresponding on-target laser fluences
are 0.5 J/cm? to 5.5 J/cm? corresponding to a power density of 20 MW /cm? to 0.2
GW /ecm? at a pulse duration of about 25ns. the maximum fluence is by 1.5 J/cm? higher
as compared to the previously installed optics.

In addition, the UHV laser entrance port of the PLD chamber was replaced by an
Intelligent Window (IW, PVD Products), combining two unique features. First, it is
able to keep the optical beam path clean for extended periods of time. A high quality,
anti-reflection coated window mates to the large flange using a Viton O-ring. Inside
the large flange is a large diameter, UV grade fused silica disc. Between the disc and
the PLD target is an aperture that limits to a small section the portion of the disc
coated by ablated material from inside the deposition chamber. This disc ensures that
the coated window is kept clean by intercepting the ablated plasma plume. Once the
exposed section of the disc has become coated, the disc can be easily rotated exposing
a new, optically clean surface, even during deposition. If the disc is fully coated a
spare disc is inserted, and the coating of the old disc is removed via chemical-mechanical
polishing?] Second, an insertable mirror allows to determine the energy of the incoming
excimer laser beam after the disc through a second installed window. For this purpose
we use a pyroelectric detector head (OPHIR, PE50BF-SH-V2) with a resolution of 3
pd. Knowing the absorption factor (Eatarget = 1.735 X Eamonitor), One can calculate the
energy at the target. This IW helps to improve the deposition capability by accurately
monitoring one of the most critical parameters in the process: pgp. The properties of
laser-MBE grown thin films depend strongly on this value, which may vary due to several
factors in all PLD systems. Films continually build up on the inner surface of the PLD
chamber’s laser entrance port. Also, excimer laser output and beam brightness can vary
significantly depending on the lifetime of the laser gas fill, output coupler, and electrodes.
Furthermore, the components of the optical train degrade with time due to color centers
and/or degradation of reflecting or coated surfaces. Monitoring and adjusting the energy
that actually enters the chamber before each run, or during the growth process, results

2Normally, polishing is carried out by the crystal laboratory of the TU Miinchen.
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in a constant on-target laser fluence and helps to yield reproducible film properties and
deposition rates.

A.2 LabVIEW based control system

To use the full potential of this optical train, a new LabVIEW based application has
been developed for the laser-MBE PC, which controls all the sensitive parameters of the
laser-MBE system. To allow this all around control the PC is interfaced in the following
way with the components: the stepper motors for the lens system and for target height,
selection and rotation are connected to EPOS (MAXON Motor) controllers, one of these
controllers (for the target height) is connected via serial communication (COM port
15) to the PC and relays via CAN Bus the communication to the other 6 controllers.
The excimer laser is serially connected (COM port 7) to the PC and has 2 additional
BNC cables connected to the trigger in and trigger out running to the output and input
of a DAC card (Adlink, NuDAQ) in the PC, which allow to trigger the laser via the
PC. The tunability of the pressure in the laser-MBE chamber is achieved by a VAT
variable pressure controller connected to a motorized slab gate valve and a baratron
pressure transducer (MKS, 1mbar full scale equals an output voltage of 10V), serial
communication to the PC is established via COM port 9. The substrate temperature is
stabilized by heating the back of the substrate via an infrared 140 W laser (wavelength
940 nm) coupled into the laser-MBE chamber via a lens system and an optical fibre. The
output of this heating laser is controlled in real-time via the LASCON server (Linux
based real-time control from the company Dr. Mergenthaler). This server monitors
(10kHz sampling rate) the substrate temperature via a two color pyrometer (lowest
detectable temperature in single color mode: 300°C) and adjusts the laser output to
achieve a typical temperature stability below 0.1 °C. This server is connected to the PC
via ethernet (IP of the LASCON server: 192.168.30.12, TCP Port: 9125).

The LabVIEW system is based on the query-state-machine concept. Each interfaced
device is running in its own instanced loop. Command queues and events are used to
establish ways of communication between the user interface and the connected devices.
In the following we present in detail the different user interface parts of the laser-MBE
control software. The main user interface is divided into 5 parts: ”Basic Motor Control”
contains simple controls for the stepper motors of the lens system and target height, rota-
tion and selection. ”Pressure Control” provides access to the variable pressure controller.
Settings of the excimer laser, such as pulse energy, repetition rate, refill and gas line
handling, are displayed and changed via the ”Excimer Laser Control”. The "LASCON
Control” is an user interface that allows to change the basic settings of the LASCON
server, i.e. temperature set point, laser heater output, script execution. The ”Data Se-
lection Panel” is a tab selector that provides access to in depth controls and information
of the different devices.

In the following, each user interface control is explained in more detail.

A.2.1 Basic Motor Control

The motor control is realized via two user interface inputs: ”Basic Motor Control”
(Fig.[A.4[a)) and the "EPOS Control” tab (Fig.[A.4(b)) in the "Data Selection Panel”.
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Figure A.3: Screenshot of the main user interface of the latest version of the LabVIEW based
control software which has 5 substructures: ”Basic Motor Control”, ” Pressure Con-
trol”, ”Excimer Laser Control”, "LASCON Control” and ”Data Selection Panel”
with a tab selector.

The ”Basic Motor Control” allows to change parameters that are normally relevant dur-
ing a laser-MBE process. The "EPOS Control” tab allows to adjust in more detail
parameters of the stepper motors.

Within the ”Basic Motor Control”, the ”"Energy@Target” textbox displays the energy
of the excimer laser in Joule at the target calculated from the last energy measurement
with the OPHIR pyroelectric measurement head. This value will be automatically up-
dated after an energy measurement. Moreover, if the software is run after a shutdown
the last stored value in the Log file is automatically loaded and displayed.

The textboxes ”LensState” and ”Height State” display the status of the lens system
and the target height, respectively. For the ”LensState” one of five different statuses
will be displayed: ”"None” (system after a restart), ”Lenses moving” (movement of lens
positions is currently in progress), ”Lenses moving (Energy)” (lens system moves into
the energy measurement position), ”Energy measurement” (lens system reached energy
measurement position, energy measurement in progress), "Ready” (lens system reached
position for set energy density at target, ablation can begin). For the "Height State”
of the target height one of three different statuses is selected: "Moving” (target height
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Figure A.4: (a) Basic Motor Control enables the user to easily access relevant tasks for the
stepper motors. (b) The ”Epos Control” tab provides in depth information on the
status of each stepper motor and allows to home and clear errors for each stepper
motor.

is adjusted), "Moving to 0” (target height is moving to home position), and ”Ready”
(selected target height is reached, ready for ablation).

An indicator "Epos Fault?” provides the user with information of any errors of any
of the 7 stepper motors used for the lens movement or the target manipulation. If this
indicator is colored red an error has occurred, and the user should check the "Epos
Control” tab to see which stepper motor has an error and should immediately fix the
cause of this error.

By clicking on one of the 3 green buttons ”Disable Targetheight”, ” Disable Targetposi-
tion” and ”Disable Targetrotation” the user disables the stepper motor controller of the
respective target manipulation axis and can then carry out manual adjustments.

The button ”End Process” sets first the target rotation to 0, then disables all 3 axes
of the target manipulation. Thus this button can be used after a deposition process to
set the target manipulation into an idle state.

The input field ”Installed Targetkarusell” has three values ”Karusell 17, ” Karusell 27,
and " Karusell 3”. For a correct positioning of the target into the focal spot of the lens
system the correct value for the installed target carousel must be selected (each carousel
has different offset corrections stored in the software). For positioning the target in the
focal spot it is crucial to have selected the right target carousel in the software.

The input field ” Targetheight [mm]” allows to adjust the target height such that the
top of the target sits in the focal spot of the lens system. The value to type in here is the
distance from the top of the target to the base plate of the target carousel in mm. If this
value is changed, the software calculates the correct position by taking into account the
selected target carousel and the target height. Then it first moves the target height into
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the 0 position ("Moving to 0”) and then to the correct value ("Moving”). After reaching
the final value the ”"Height State” will display ”Ready”.

Clicking the button ”Fix Target Position” leads to a storage of the current position
of the target selection as a setpoint into the EPOS controller and enables the position
control of the target position. This button should be pressed after adjusting the target
position, such that the excimer laser will hit the right spot on the target. The slider
"TargetPositionAdjust” allows to fine tune the target position on the fly.

By changing the value in the input field " Target Rotation Speed”, the target rotation
is enabled and the target will start to rotate with the given value as quad counts per
second (revolution of the target itself is about 0.25 Hz for a value of 300).

When clicking the button ”StartEnergyMeasurement” the system will prepare and
carry out an energy measurement of the excimer laser. Please note that this button is
only to be clicked on after the excimer laser has been switched on, warmed up and fired
such that the energy of the pules has stabilized. After this button has been clicked the
lens system first moves into the energy measurement position (during first tests we found
that the measured energy is very sensitive to the lens positions), during this process the
”LensState” displays ”Lenses moving (Energy)”. After the lens system has moved into
this position the ”LensState” displays ”Energy measurement”. A user dialog pops up
prompting the user to open the shutter of the excimer laser and to move the mirror of
the ”Intelligent Window” into position. The user should only confirm the dialog after
carrying out the required steps. After the user interaction the software automatically fires
40 laser pulses and measures for each pulse the energy using the pyroelectric measurement
head. The first 10 results are discarded and the remaining 30 values are used to calculate
the mean value. Using the conversion factor (1.735) this mean value is then converted
into the energy at the target. Using this value and the value in the field "EnergyDensity
[J/cm?]” the new values of the lens positions are calculated. The lens system then moves
into these positions, while the ”LensState” displays ” Lenses moving”. After reaching the
correct positions the ”LensState” changes to ”Ready”. For each energy measurement the
software generates an ASCII encoded file that stores the measurement values located in
the path ”D:\User\Excimer_Energy\Logs\”. Each filename has the prefix "run” and a
combination of date and time affixed to it.

The input field ”EnergyDensity [J/cm?]” allows the user to change the energy density
at the target. The software uses this input value and the value of ”Energy@Target
[J]” to determine the corresponding spot area at the target and then uses the equations
determined from the optimization process to calculate the lens positions. After changing
the value a user dialogue appears asking the user if an energy measurement should be
carried out. If this dialogue is closed with "No” the software uses the already present
value in ”Energy@Target [J]” for its calculation process.

Clicking the button ”SetConnectedDevices” opens a new user dialog, where the connec-
tion of the software to the VAT pressure controller, the excimer laser, and the LASCON
server can be switched on and off separately. To warant an optimal operation of the soft-
ware it is important to disable first the connection of the software to one of these devices
before switching the device off. Please also note that the connection to the LASCON
server can only safely be established by waiting 1 minute after switching on the laser
heater, due to the boot time of the server.

More advanced settings for each stepper motor can be accessed in the software using
the "EPOS Control” tab. Within this tab there are two sets of lens parameters that can
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be used to adjust the lens positions manually (for a focal spot optimization). For each
set of parameters the corresponding button will start the movement of the lenses to the
desired positions. We note that the software moves the lenses always upwards towards
the final position to minimize hysteresis effects. Moreover, before each move the software
checks for possible lens crashes and accordingly corrects the set point values if necessary
and displays a user warning.

In addition, the "EPOS Control” tab provides further information of each stepper
motor controller. Each axis is displayed as a horizontal arrangement of buttons and
textboxes. The "Nodeld” is a read-only textbox displaying the Nodeld of the corre-
sponding axis. The ”Status” textbox displays the current status of the axis: ”"enabled”,
"disabled”, ”Fault”, and ”blank”. The input textbox ” Position Must” allows to manually
adjust the current position (displayed values are quadcounts). The green textboxes ” Ac-
tualPosition” display the actual position of the axes. The grey ”Error” textboxes contain
entries describing the source of the error of the axes, if the axis is in the "Fault” state.
The "Fault Clear” buttons allow to clear the "Fault” state of the axes. The clearing of
the ”Fault” state should only be carried out by an experienced user and after the source
of the error has been fized! The buttons ”STOP” allow to halt any movement of the
respective axis immediately. ”Disable EPOS” disables the active feedback control of the
corresponding axis via the stepper motor.

Clicking the button ”Go to Home” has different results depending on the axis used. For
"Lens 17, "Lens 2”7, "Lens 3”, and ”Lens 4” the axis moves into positive directions until
the positive limit switch is reached and takes this position as the new zero-position. For
the " Targetheight” the positive limit switch has to be enabled first by switching on the
grey box underneath the laser-MBE chamber, before pressing the homing button. The
axis moves after clicking the button into positive direction until the positive limit switch
is closed. This position is then used as the new zero position. For the ”Targetposition”
and " Targetrotation” axes a click on the "Go to Home” button just sets the current
position of the axis as the new zero position.

A.2.2 Pressure Control

The ”Pressure Control” in Figure enables the user to directly change relevant param-
eters of the pressure stabilization. Note that if the LabVIEW software is connected to
the pressure controller, the controller becomes remotely locked, no front panel operation
is possible.

The LED indicator on the top right side signals the connection state of the software:
green color means the software is connected to the pressure controller, red no connection.

Within this panel three textboxes inform the user of the current status of the variable
pressure valve: ”OperationMode”, ”VATpressure Actual” and ”Valve Position”. The
textbox ”OperationMode” has two values: "POS” indicating a direct position control
of the gate valve and "PRES” indicating a Pl-loop control of the gate valve position to
stabilize a certain pressure. The actual pressure from the Baratron pressure gauge is
shown in the textbox " VATpressure Actual”, while the actual valve position is displayed
in the ”Valve Position” scrollbar.

The ” Auto Zero” button can be used to set the zero value of the pressure reading,
which compensates the voltage signal of the pressure gauge to 0. This button should be
clicked if the actual pressure fluctuates around zero at the base pressure of the laser-MBE
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Figure A.5: The Pressure Control allows the user to adjust the pressure in the laser-MBE
chamber.

chamber. An ”Auto Zero” should only be carried out if the pressure in the laser-MBE
chamber is at the base pressure.

The ”Open Valve” and ”Close Valve” buttons open and close, respectively, the gate
valve completely (”Open” equals a position value of 1000, and ”Closed” a position value
of 0). Clicking these buttons sets the controller into the "POS” state. The pressure
controller should be in the "POS” state when a gas atmosphere is introduced or extracted
from the laser-MBE chamber, i.e. opening or closing gas inlet valves and changing settings
of the gas flow controllers.

To directly control the valve position it is possible to input an integer value between
0 and 1000 in the "Position SetPoint” textbox and then click the ”Set Position” button.
This sets the controller into the "POS” state.

The direct pressure stabilization of the pressure control is activated by typing a pressure
set point into the textbox ”Pressure SetPoint” (note that you can change the pressure
measurement unit with the dropdown box to the right) and clicking on the ”Set Pressure”
button. The software then calculates automatically the optimal values for the analog to
digital conversion of the pressure gauge and activates the pressure control mode with the
desired set point.

A.2.3 Excimer Laser Control

The excimer laser can be controlled in the software via the ” Excimer” control (Fig.|A.6(a)).
All relevant information read out from the laser are collected in the ”Excimer Laser” data
tab (Fig.|A.6((b)). The round LED indicator in the top left corner of the ”Excimer” panel
indicates the status of the connection to the laser: red no connection, green connection
present.

There are 4 textboxes in the control panel that inform the user of the important
parameters of the excimer laser: “OPMODE”, "High Voltage (kV)”, ”Energy Live”, and
"Warmuptime (s)”. "OPMODE” displays the current operation mode of the excimer
laser. It should normally display "OFF:0” (laser is off without any errors) or "ON”
(laser is switched on, ready to fire). If there are any errors indicated by the operation
mode, the software will inform the user with a popup and more information on the error.
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Figure A.6: (a) The main Excimer Control allows to fully control the excimer laser and the
pulses fired by the laser. (b) In depth information on all the relevant excimer laser
parameters are provided in the Excimer Laser data tab.

"Warmuptime (s)” displays the remaining time in seconds until the warm up process of
the excimer is finished. (After the power of the laser is switched on, the thyratron in the
excimer laser needs to warm up to protect it from damage.) ”High Voltage (kV)” displays
the voltage of the discharge used to initiate the lasing process in kilovolts. ”Energy Live”
shows the energy of the last laser pulse measured internally (a beam splitter inside the
laser couples out a small fraction < 1% of the laser pulse to an energy monitor).

With the buttons ”Laser On” and ”Laser Off” the user can switch the excimer laser
on (laser is ready to fire) or off (laser is in standby and not ready to fire).

Three buttons allow to manipulate the gas handling of the excimer laser ”Flush Line”,
"Purge Line” and "Fill Laser”. A click on the button "Flush Line” allows to pump
out one of the gas lines which can be selected from a pop up window. ”Purge Line”
pumps out the selected gas line and fills it with inert gas. A refill of the laser reservoir
is carried out by clicking the ”Fill Laser” button. A series of pop up windows guides
the user through this process and displays the progress. First all gas bottles need to be
opened, the software then flushes each line twice to clean the gas lines. Then the laser
reservoir is pumped out to a low pressure level (< 20 mbar). After the pump out a new
fill is initiated, the laser automatically mixes the gas in the reservoir. After the fill is
complete the user is prompted to close all gas bottles except the inert gas. The software
then purges the halogen line two times to remove any remaining halogen gas in the line.
Afterwards all gas bottles can be closed and the filling process is complete.

The energy of the laser pulses can be set by the input field " Energy” in mJ. The excimer
laser internally monitors the energy of each pulse and adjusts the voltage of the discharge
to stabilize the desired energy set point (in most cases this value will be 450 mJ).

The control also allows to specify the pulses the laser should fire. "Frequency” sets the
repetition rate of the laser pulses in Hertz (a maximum of 10 Hz is possible). ”Mode”
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allows the user to select from two pulse modes ”"Normal” and ”Packet”. In ”Normal”
mode, the laser will fire the number of pulses defined in ”Number of Pulses” with a
repetition rate defined by ”Frequency”. In the ” Packet” mode the laser will fire a sequence
of pulse packets as specified by the input fields " Number of Packets”, ” Pulses per Packet”
and ”Wait between packets” (time is in ms). Note that the excimer laser has to be in
the 7On” operation mode, which is established by clicking the ”Laser On” button. A
pulse series is started by clicking the "RUN" button and can be stopped immediately by
clicking the "STOP” button. The laser is triggered externally via the digital out of the
DAC card installed in the laser-MBE PC. The timing of each pulse is carried out in the
LabVIEW software itself.

The ”Counter” and ”Total Counter” textboxes enable the user to monitor the number
of pulses fired, clicking on the "Reset” button sets the total counter to 0. The ”Total
Counter” adds up each laser pulse fired while the software is running, while the ” Counter”
counts up for each pulse series initiated by pressing the "RUN” button.

More detailed information on the parameters of the laser are displayed in the " Excimer
Laser” data tab. Most of the values are self explanatory. One important parameter is the
”Reservoir Pressure (mbar)”, which displays the pressure in mbar of the laser reservoir.
This value is a good indicator for the age and quality of the laser fill: After a new laser fill
this value is above 3400 mbar and decreases, the longer the filling remains in the reservoir.
It is advisable to refill the laser at reservoir pressures below 3330 mbar to achieve a high
homogeneity of the excimer laser beam.

A.2.4 LASCON Control

Access to information on and control of the LASCON server is provided by the "LASCON
Control” panel (Fig.[A.7(a)) and 4 data selection tabs: "LASCON Main” (Fig. [A.7(b)),
?LASCON Process data” (Fig.[A.7|(c)), "LASCON Pyrometer” (Fig.[A.§|a)), and "LAS-
CON Settings” (Fig. [A.§(b)). The most important parameters can be monitored and
controlled via the "LASCON Control” panel. The round indicator LED on the top left
corner of the panel indicates the connection status of the software to the LASCON server:
red: disconnected, green: connected. Note that a connection can be established via the
”SetConnected Devices” button in the ”Basic Motor Control” panel.

The status of the server core is displayed by the indicator ”Core Status”. The most
common values are "READY” (core is idle) and "PROCESSING” (core is processing).
The actual temperature measured by the built-in pyrometer is displayed in °C in ” Actual
Temperature (°C)”. Moreover, the temperature measured by an additional pyrometer
(equipped with a camera and mounted in such a fashion that the film side of the substrate
can be monitored) is displayed in ”Pyrometer Old Temperature” again in °C.

The current temperature set point in °C is shown in the input field ”SetPoint (°C)
It is automatically updated if a process script changes this value. Moreover, the user
can directly change the temperature set point by typing in the desired value into the
input field and confirming with return. The current laser heater output is shown in bar
graph "Power Heating Laser (%)”. The values are ranging from 0% (no heater output)
to 100% (maximum heater output). The user can directly input the value and confirm
with return.

The number of the currently selected process script is displayed in 7 Active Processs-
cript” and can be changed by the user. The buttons ”Start Process” and ”Stop Process”

b}
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Figure A.7: (a) LASCON Control allows to directly control and monitor temperature set point,
laser heater output and script process execution. (b) The LASCON Main Data
tab allows to manipulate old and generate new scripts for the LASCON server to
execute. (c) Process data of the LASCON server can be downloaded in the Process
data tab.

start and stop the execution of the selected process script, respectively. The square LED
indicator " ProcessIsRunning” at the bottom of the panel is bright green if a process is
currently running.

The ”SendMessage” button allows to send a message to the LASCON server. A popup
appears, where the user has to type in the number of the message. This enables to
communicate with the core during the execution of a process script and for example
allows to continue the LASCON script execution if a ”"WAITMSG” is used in the script.

Critical errors are indicated by 4 round LEDs at the bottom of the panel. Please note
that all 4 LEDs will be red after the start up of the LASCON Server as the measured
temperature of the laser head is below the detection limit. After the heater output is
above 0% this error display will be gone.

The process scripts executed by the LASCON core can be edited and viewed in the
”Lascon Main” data selection tab.

A list of all process scripts stored on the LASCON server is displayed in the left list.
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It is refreshed after a connection has been established between server and software. In
addition, a manual refresh is achieved by clicking the ”Get List From Server” button. In
this list the process script number and name are displayed. Clicking one of the scripts on
the list displays the script in the ”Scripttext” box on the right. In this box the user can
change and edit the script (for an introduction into the script language please consult
the LASCON manuals). The displayed script can be saved and loaded from the local
disk by clicking ”Save to Disk” and "Load from Disk”, respectively. To transmit the
edited script to the server the user has to click the ”Transmit” button. A pop up asks
for the respective processscript number, to which the script should be saved to (a total
number 1023 scripts can be stored on the LASCON server, when selecting an existing
script number the old script will be replaced). Afterwards a popup informs the user if
this process was successful. To delete a script from the server a click on the ” Delete from
Server” button is necessary. After clicking the button a pop up asks for the process script
number to delete.

Apart from the editing and displaying of process scripts this data selection tab also in-
forms the user about the available disk space on the LASCON server in ” Free Diskspace”.
The LASCON server saves for each executed script the relevant parameters on its disk.
If the disk is nearly full the auto delete function of the server will delete the oldest saved
process data. To each process execution a unique number is assigned displayed in the
"Processcounter” field. Using this number allows to download the process data from the
server.

The download and display of process data is carried out in the "LASCON Processdata”
data selection tab. Please note that due to the large amount of traffic generated while
downloading process data the download should be only executed while no script is running.
The data to display is selected by putting in the corresponding process script number
into the ”ProcessData” field. A graph on the left displays the data downloaded from the
server. The button ”Save Processdata to Disk” allows the user to store the downloaded
process data in an ASCII encoded file.

The "LASCON Pyrometer” data selection tab displays relevant parameters of the built-
in pyrometer of the LASCON system. The upper and lower detection limit of the current
settings are displayed in ”Upper Limit (°C)” and ”Lower Limit (°C)”, respectively. The
pilot laser of the LASCON system can be switched on by clicking the round LED indicator
"Pilot 27. Additionally, the intensity of the pilot laser can be tuned via the tuning knob
right below or by typing a value into the input box (the integer intensity values range
from 0 to 255, but are non linear. Be careful!).

The data selection tab "LASCON Settings” displays the currently active settings of the
server. Changes made in this tab influence the performance of the LASCON system and
should therefore only be changed if you have first familiarized yourself with the LASCON
manuals. The user can select in the dropdown box ”Current Setting” a setting and
activate the setting by clicking the ”Activate Setting” button. The settings itself can
currently not be changed via the LabVIEW software, please use the LASCON client
control software for changes.

A.2.5 Data Window

The "DataPlot” data selection tab (Fig. |A.9) provides the user with data logs of the
currently running process.
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Figure A.8: (a) Information on the LASCON pyrometer are accessed in the LASCON Pyrom-
eter data tab. (b) Advanced setting of the LASCON server can be read out using
the LASCON Settings data tab.

This data selection tab provides two graphs that display relevant process information.
The graph on the left side displays information on the substrate temperature: actual
temperature (read from the LASCON server), temperature set point (LASCON server),
additional temperature read from the second pyrometer, and heater output power. The
graph on the right shows information regarding the excimer laser: pulse energy (measured
internally in the excimer laser) and discharge voltage.

The ”MessageReceived” indicator displays message numbers received from the LAS-
CON Server. The "LASCONErrorMessage” indicator holds any error message sent from
the LASCON server.

Please note that the software automatically updates every minute and generates a log
file ”D:\ User\ PLDlog.dat”. This log file is ASCII encoded and contains all relevant
parameters of the system. To increase the performance of the update process the size
of the log file should be kept below 50 MB. If the file size is larger than this value, the
user should stop the software and rename the file. On the next startup the software
automatically generates a new log file.
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Figure A.9: The DataPlots data tab provides the user with information on the currently status
of the substrate temperature and the excimer laser.

A.2.6 Target Control

A more convenient way of selecting the installed targets is realized with the " Targetset-
tings” data selection tab (Fig.|A.10]).
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Figure A.10: The target data tab enables the user to store the positions and heights of the
targets installed in the target carousel.

Within this tab the user can define the name of each target installed in the corre-
sponding "Name Target” textboxes. Moreover, the target height is stored in units of
mm in the ”"HeightTarget” textbox for each target. The position of the target is stored
in the "PosTarget” textbox. To conveniently define this position the user can manually
rotate the target carousel to the desired position and store the position for each target
by clicking the corresponding ”Set ActualPosition to Target” button. These parameters
can be stored in an ASCII encoded file by clicking ”Save TargetData” and loaded into
the software by clicking ”Load TargetData”.

After the definition of all targets and positions the user can then use the drop down
list " TargetToSelect” to select a target. The software then automatically sets the target
height and rotates the target carousel to the right position.
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A.2.7 Script Control

The ”ScriptExe” data selection tab (Fig. |A.11]) allows the user to execute basic scripts
that allow an automated execution of deposition processes. The script language is case

Datarts | St | | LASCON Han v | waso

Sarpt.
| StartEermer Pulses 10 40 250 25000 oadsoree |
SendLatconMessage 1009

Figure A.11: The Script data tab allows to load and execute scripts in the laser-MBE software
for the automation of certain tasks (e.g. repetition for multilayers, temperature
ramping after deposition has finished).

sensitive. Each line of the script starts with a keyword, attached to this keyword are

parameters. Keyword and parameters must be separated by a tabulator (ASCII-Code

9). Each line must end with a carriage return/line feed (ASCII-Code 13,10). The scripts

can be created and edited with any standard text editor and must be ASCII encoded.
The following keywords are recognized by the software:

e For [From] [To] [Inc] These keywords define a loop that increases its count
value from [From] to [To] by [Inc] for each execution. The end of the loop needs
to be defined by a DoEnd. Please note that a nesting of loops is currently not
possible.

e DoEnd encloses with For the part of the script that is looped.
e ShowUserDialog [String] displays an user dialog containing the [String].

e End stops the script executions. This keyword has to be used at the end of each
script.

e Wait [WaitFor] [WaitValue] This keyword is used to put the script execution
into the wait state. In this wait state it can wait for different events defined by
the parameter [WaitFor]. Currently implemented are the following events: Time,
sets the script to wait for the time in ms defined by the parameter [WaitValue].
LasconMessage, halts the script execution until a message from the LASCON
server with the message number defined by the parameter [WaitValue] is received.
LensPositionsReady pauses all script executions until the lens system is in the
ready state. TargetReady waits until the selection of the target is finished. With
the parameter ExcimerPulses script execution is stopped until the excimer puls
packets are finished.
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e StartExcimerPulses [Frequency] [#0fPackets] [#0fPulses] [Wait] startsthe
firing of excimer laser pulses in the packet state. The excimer laser has to be
in the "ON” state. The parameter [Frequency] sets the repetition rate of the
laser, [#0fPackets] the number of packets, [#0fPulses] the number of pulses
per packet, and [Wait] the wait time in ms between packets. The script execu-
tion is automatically put into the wait ” ExcimerPulses” state when encountering a
StartExcimerPulses keyword.

e SendLasconMessage [LasconMessageNumber] sends a message to the LASCON
server with the message number specified in the parameter [LasconMessageNumber].
This is used to synchronize script execution of the LASCON server and the LAB-
VIEW software scripts.

e VATSetPressure [Pressure] [Unit] sets the set point of the variable pressure
controller to [Pressure], where [Unit] defines the pressure unit, which is either
mbar or pbar. The state of the pressure controller is automatically set to "PRES”.

e SelectTarget [Target#] selects the target from the target list. [Traget#] spec-
ifies the target position ranging from 1 to 5. The script execution is automatically
paused until the target is selected and the target height has been adjusted.

e SetTargetRotation [TargetRot] sets the target rotation speed to the value given
with TargetRot.

e SetEnergyDensity [EnergyDensity] adjusts the lens positions to achieve an en-
ergy density defined by the parameter EnergyDensity. For the calculation the
value in the field ”Energy@target” is used. The script execution is automatically
put into the wait state, and waits until the lenses have reached their new target
positions.

e VATSetPosition [ValvePosition] puts the variable pressure controller into the

"POS” state and sets the position set point to the value specified by the [ValvePosition]

parameter.

Scripts can be loaded into the software by clicking the ”Load Script” button and stored
as an ASCII encoded file by clicking ”Save Script”. Clicking ” Execute Script” starts the
execution of the script. The script execution is stopped by clicking on the ”Stop Script”
button.

The script itself is shown in the script window, while the status of the script execution
is displayed to the right side of the window.

A.3 Basic operation of laser-MBE

In this section we shortly outline the typical steps carried out during a deposition process.
This is just an overview and does not contain all the relevant steps for a successful
deposition process.

We begin at the point where the substrate holder is moved into the substrate manipu-
lator. Switch on the laser heater, excimer laser and the additional pump for the RHEED,
prior to transferring the substrate. (Laser protection goggles!). Establish a connection to



Appendix A Upgrade of the laser-MBE system 197

the LASCON server and the excimer laser using the control software on the laser-MBE
PC. With the help of the pilot laser of the LASCON laser heater the substrate holder is
positioned in the manipulator in such a way that the substrate is in the center of the pilot
laser spot. After moving the robotic arm for the transfer process outside of the laser-MBE
chamber, the slab gate valve connecting the transfer chamber to the laser-MBE chamber
is closed and the filament of the pressure gauge is switched off.

As a next step the electron beam for the RHEED (Reflection High Energy Electron
Diffraction) is switched on, and the substrate manipulator is used to adjust the substrate
height (typically around 22-23), rotation and tilt to achieve a perfect RHEED pattern
on the screen.

To introduce the growth atmosphere into the laser-MBE chamber the variable pressure
controller is switched into the "POS” mode and the gate valve closed more than half (a
position value of 400 is a good value). The gas bottle for the growth atmosphere and
all relevant valves are opened. The corresponding flow controller is switched on and a
fixed flow value is adjusted. Then the desired pressure can be set in the variable pressure
controller via the LABVIEW software. Please note, that the achievable pressure range
depends on the gas flow stabilized by the flow controller.

After the introduction of a growth atmosphere the substrate can be heated up. The
keyswitch at the laser heater is turned to the ”enable” position and, using the control
software, the script to be executed is selected and started. (Check and record the RHEED
pattern during heat up). When the substrate temperature approaches the deposition
temperature the excimer laser can be put into the 7On” state using the software. With
the shutter closed a first series of 200 pulses needs to be fired to stabilize the excimer
laser. After this warm up of the excimer laser an energy measurement has to be carried
out using the software (the user should check that the shutter of the excimer is open and
the mirror of the intelligent window is manually moved into position). After the energy
measurement the desired energy density for the deposition process can be selected within
the software.

The target for the deposition process can be selected manually or automatically with
the help of the software. Please check if the correct height value and target carousel are
selected in the software and target height and selection are in the ”Enabled” state. Then
start the rotation of the target via the software and manually move the shutter between
target and substrate. After checking if the excimer laser hits the right spot of the target,
a pre-ablation process can be carried out using the pulse control of the software (the
marror of the intelligent window has to be in the retracted state, such that the excimer
beam can pass into the laser-MBE chamber). After the pre-ablation process the normal
deposition process can start, and the RHEED pattern should be checked regularly for
changes and intensity oscillations. When the process is finished a message can be sent
to the LASCON server to start the substrate cool down. Moreover, the target can be
released and rotated away to protect the target during the cool down. When the cool
down process is finished, the growth atmosphere has to be removed from the laser-MBE
chamber. This is achieved by first setting the variable pressure controller into the ” POS”
state via the control software to a position setting equal to the value during the pressure
stabilization. Then the flow controller can be switched off and all relevant gas valves
can be closed. Afterwards the pressure controller is switched into the open state and
the substrate can be removed from the growth chamber after reaching the base pressure
level.
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The connection to the LASCON server and the excimer laser can then be disconnected
and the laser heater and the excimer laser can be switched off.

This short description is by no way a full manual to the laser-MBE process, the versa-
tility of our control software allows much more sophisticated deposition processes.

A.4 Operation of the RF atom source

Before we provide the basic steps for the operation of the RF atom source, we would
like to point out that the operation of the atom source currently leads to an increase
in noise for the pressure gauge used for the pressure stabilization and the pyroelectric
measurement head. Therefore it is impossible to use pressure stabilization or energy
measurement while the atom source is running

For the operation of the atom source first the cooling water for the source and all
relevant devices need to be switched on (RF generator, Auto Tune controller, plasma
controller, deflection unit.) The position of the pump gate valve should be set to some
value below 400. Afterwards the RF-power to the source can be increased in steps of
50 W per minute to 200 W using the plasma controller in the manual mode, as explained
in the atom source manual (check wether the reflected power is minimized by the auto
tune function). Then using the needle valve the gas can be introduced into the source.
By slowly increasing the amount of gas flowing into the source a plasma should strike
signaling the correct operation of the RF atom source. After striking the plasma the
RF power can be further increased and the gas flow tuned (typically reduced) until the
desired deposition conditions are stabilized. A background gas can be introduced using
the flow controller of the laser-MBE chamber. The plasma inside the discharge tube
generates mainly atoms of the gas inside the tube (oxygen or nitrogen) and minimizes
the generation of ions. The dissociated atoms thermally propagate through the aperture
plate of the source towards the substrate.

The RF atom source is equipped with an optical view port that allows to couple out
the light generated inside the discharge tube by the plasma. An optical line filter and an
optical fibre are used to direct the light onto a photo detector. The signal of the detector
is displayed on the plasma controller and can be used as a feedback for automatically
stabilizing the plasma by tuning the RF power. For this automatic stabilization the
plasma controller needs to be switched into the ”Auto” mode. The line filter currently
installed is suited for oxygen, an additional line filter suited for nitrogen is available.

After finishing the deposition process the RF power needs to be slowly reduced (1 W
per second until the plasma is extinguished and then 20 W per minute) to minimize
thermal strain in the discharge tube. After reducing the RF power to 0, the devices and
the cooling water (after a 10 minutes wait) can be switched off.

In summary, the new extensions and improvements to our laser-MBE setup increase
the versatility of our system and the stability of the deposition conditions. Thus, these
additions are crucial for the reproducible fabrication of high quality thin films.



Appendix B

Extraction and simulation of
temperature dependent Hall data

For the extraction of temperature dependent Hall data, we used square shaped ZnO
samples with a film thickness t and placed an Al wire contact at each corner by wire wedge
bonding. Using two different measurement geometries it is then possible to determine
Viong (Fig. M(a)) and Vipans (Fig. M(d)) by applying a fixed current I to the sample. In
both geometries we recorded up- and downsweep for an out-of-plane oriented magnetic
field.
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Figure B.1: (a) Illustration of the measurement geometry for extraction of Rions. (b) Magnetic
field dependence of the longitudinal resistance at T' = 10 K. The resistance shows a
negative magnetoresistance. (c) Field dependent longitudinal resistance after sym-
metrization. (d) Illustration of the measurement geometry for extraction of Ryans.
(e) Evolution of transverse resistance as a function of external magnetic field. (f)
Magnetic field dependence of the transverse resistance after anti-symmetrization.
A linear fit to the data is used to extract the Hall resistance (red line).
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Using Ohms law we then calculated Rjong(H) and Rians(H) via

Viong (H )
Rlong<H) = g] )

Vrans H
Rtrans(H) = %()

In order to reduce the influence of spurious signals to Riong(H) and Riyans(H) we utilized
the inherent field symmetry of both signals. The longitudinal resistance is symmetric
to a magnetic field inversion, thus we can combine up- (Riongup(H)) and downsweep
(Riong,down(H)) of the data to obtain

Rlon 7down(I—I) + Rlon u (_H)
Rlong,sym(H) = . 9 — :

In the same way, the transverse resistance is antisymmetric for a field inversion and we
calculated with the up-(Riransup(H)) and downsweep (Rivansdown(H)) data

Rtrans,dovvn(H) - Rtrans,up(_H)
B .

Rtrans,anti (H> -

We used the symmetrized longitudinal data, to determine Rjong for pgH = 0T, with this
value we calculated the longitudinal resistivity pjong using the Van-der-Pauw formula [125]

™

on, :Ron t
Plong long X ln(2)

With a linear fit to the field dependent anti-symmetrized transverse resistance, we deter-
mined the Hall resistance Ry as the slope of the linear fit and calculated the Hall carrier

concentration using
1

NHall = 5, -
Ryutaime

This procedure is illustrated for the longitudinal resistance in Fig. [B.1{(b) and (c), and
for the transverse resistance in Fig. [B.1|e) and (f).
In the following the MATHEMATICA code used for the Hall simulation is presented:

ClearAll["Global‘*"];
h=6.62606957*10" (-34)
kb=1.3804*%10"-23
e=1.60219177%x10"-19
m0=9.10938291%x10"-31
a0=0.529177*%10"-10
eps0=8.859%10"-12
mn=0. 3*m0
mStar=0.3m0

P=0.3
Eac=3.8%1.60217646%x10"-19
c1=20.5%10"10
Tpo=837
clat=5.2042%10"-10
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epsR=8.5

epsInf=4

Nd1=4.5%x10725

Nal=1x10"14

Ndis1=1%10"18

C1=2%10"-45

Nd2=7%10"22

Ed2=0.055%1.60217646%10"-19

Na2=2.2%x10"16

Ndis2=3.5%10713

Nn2=14%10"22

C2=4%10"-45

d=550%10"-9

d1=50%10"-9

d2=d-d1

hbar=h/(2*Pi)

muHall [T_J=(d1*mul [T] ~2*n1 [T]+d2*mu2 [T]*mu2h [T]*n2[T])

/ (dl*mul [T]*nl [T]+d2*mu2 [T]*n2[T])

nHall[T_]=(d1*mul [T]*n1[T]+d2*mu2 [T]*n2[T]) "2

/((d1+d2) * (d1*mul [T] "2*n1 [T]+d2*mu2 [T] *mu2h [T]*n2 [T]))

nl1[T_]=(Nd1-Nal)
n2[T_]=0.5%(Phi[T]+Na2)*(Sqrt [1+(4*Phi [T]*(Nd2-Na2))/(Phi[T]+Na2)"~2]-1)
Phi [T_]=(2(2*Pi*mO*kb*T)~(3/2) /h~3)*(1/2)* (mn/m0) ~ (3/2) *Exp [-Ed2/ (kb*T) ]
y1[x_,T_1=3"(1/3)*4*Pi~ (8/3)*epsR*epsO*hbar~2(Nd1-Nal) ~(1/3)/(e~2*mStar)
tiil[x_,T_1=(16*Sqrt [2] *Pi(epsR*eps0) "2*mStar~0.5* (x*xkb*T) ~ (3/2))

/ ((2%Na1+n1[T])*e"4*(Log[1+y1[x,T]11))

nPrime2[T_]=n2[T] (x+(Nd2-Na2-n2[T])* (Na2+n2[T]) /Nd2x*)
y2[x_,T_]1=8*epsR*xepsO* (kb*T) “2*x/ (hbar~2*e”2* (nPrime2[T]))
tii2[x_,T_]=(16%Sqrt [2] *Pi(epsR*eps0) “2*mStar~0.5% (x*kb*T) " (3/2))

/ ((2xNa2+n2[T] ) *e~4*((Log[1+y2[x,T]1])-y2[x,T]1/(1+y2[x,T])))
A1[x_,T_1=35.2/S8qrt [x*xkb*T/Ed2] * (1+Exp [-50* (x*xkb*T/Ed2)]) *

(1+80. 6% (x*kb*T/Ed2) +23. 7* (x*kb*T/Ed2) "2) / (1+41 . 3* (x*kb*T/Ed2) +

133% (xxkb*T/Ed2) "2) * (1/ (xxkb*T/Ed2) *Log [1+ (x*kb*T/Ed2)]-(1+0.5

* (x*¥kb*T/Ed2) - (x*kb*T/Ed2) “2/6) / (1+x*kb*T/Ed2) ~3)
tni2[x_,T_]=mStar/(Al[x,T]*Nn2*hbar*aO*epsR*m0/mStar)
tdisl[x_,T_]=hbar~3*(epsR*eps0) "2xclat~2*(1+4x(Pi~ (1/6)*Sqrt [epsR*eps0]
*hbar/ (37 (1/6) *2*Sqrt [mStar] *e*x (Nd1-Nal) ~ (1/6))) ~2* (2*mStar*x*kb*
T/hbar~2))~(3/2)/(Ndisl*mStar*e~4*(Pi~(1/6)*Sqrt [epsR*epsO] *hbar/

(37 (1/6) *2xSqrt [mStar] *ex (Nd1-Na1) ~(1/6))) ~4)
tdis2[x_,T_]=hbar~3*(epsR*eps0) "2*clat 2% (1+4* (Sqrt [epsR*epsO*kb*T
/(e”2%n2[T])]) "2 (2*mStar*x*kb*T/hbar~2)) " (3/2) / (Ndis2*mStar*e"4*

(Sqrt [epsR*epsO*kb*T/ (e~ 2+nPrime2[T])]) ~4)

tdp [x_,T_]=Pi*hbar~4x*cl/(Sqrt[2] *Eac”2*mStar~ (3/2) *kb*T* (x*xkb*T) "~ (1/2))
tpz [x_,T_]=2*%Sqrt [2] *Pi*hbar " 2*epsR*eps0* (x*kb*T) = (1/2)/

(e"2xP~2mStar” (1/2)kb*T)
tpolx_,T_]=2"1.5*%Pixhbar~2*epsO* (Exp [Tpo/T]-1)*(0.5446%

(x*¥kb*T) ~0.5+0.58888* (kb*Tpo) “0.5-0.1683* (kb*Tpo) “-0.5* (x*xkb*T) ) /
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(e~ 2xkb*Tpo*mStar~0.5%*(epsInf -1-epsR™-1))
tstrainl[x_,T_]=C1/(x*kbx*T)"1.5
tstrain2[x_,T_1=C2/(x*xkb*T)"1.5
271.5xPixhbar~2*eps0/ (e~ 2xkb*Tpo*mStar~0.5%(1/epsInf-1/epsR))
tLayerl([x_,T_]=(tdp[x,T] "-1+tpz[x,T] "-1+tpo[x,T] -1
+tstrainl[x,T] "-1+tdisl[x,T] " -1+tiil[x,T]"-1)"-1
tLayer2[x_,T_]=(tdp[x,T] "-1+tpz[x,T] "-1+tpo[x,T] -1
+tstrain2[x,T] "-1+tdis2[x,T] "-1+tii2[x,T] "-1+tni2[x,T] "-1)"-1
mul [T_]=ex4/(3*Sqrt[Pi])*NIntegrate[x~1.5*tLayerl[x,T]
*Exp [-x],{x,0,20}] /mStar;

mu2[T_]=ex4/(3*Sqrt [Pi])*NIntegrate[x~1.5*tLayer2[x,T]
*xExp [-x] ,{x,0,20}] /mStar;

mu2h [T_]=ex4/(3*Sqrt [Pi])*NIntegrate[x~1.5*tLayer2[x,T] ~2x*
Exp[-x],{x,0,20}]/(NIntegrate[x~1.5
xtLayer2[x,T]*Exp[-x],{x,0,20}] *mStar) ;

nHalllTheo [T_]=(mul [T]1*n1[T]) "2/ (mul [T] "2%n1[T]);
nHall2Theo [T_]=(mu2[T]*n2[T]) "2/ (mu2 [T] *mu2h [T] *n2[T]) ;
muTheo={};

nTheo={};

mulTheo={};

mu2Theo={};

niTheo={};

n2Theo={};

For[i=10,i<=350,i++,

TM=N[i*1];

mutm=N[muHall [i*1]];

ntm=N[nHall[i*1]];

nltm=N[nHall1Theo[i*1]];

n2tm=N[nHall2Theo [i*1]];

multm=N[mul[i*1]];

mu2tm=N[mu2h[i*1]];

AppendTo [muTheo, {TM,mutm}] ;

AppendTo [nTheo,{1/TM,ntm}];

AppendTo [n1Theo,{TM,nltm}];

AppendTo [n2Theo, {TM,n2tm}] ;

AppendTo [mulTheo,{TM,multm}];

AppendTo [mulTheo,{TM,multm}] ;

AppendTo [mu2Theo,{TM,mu2tm}] ;

1;

ListLogPlot [{muTheo,mulTheo,mu2Theo},PlotRange->A11]
ListLogPlot [nTheo,PlotRange->A11]
Export["dataMuTheo.dat" ,muTheo, "Data"];
Export["dataMulTheo.dat" ,mulTheo, "Data"];
Export["dataMu2Theo.dat" ,mu2Theo, "Data"];
Export["dataNTheo.dat" ,nTheo,"Data"];
Export["dataN1Theo.dat",n1Theo,"Data"];
Export["dataN2Theo.dat",n2Theo, "Data"];
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Calculation results and source code for
GMR calculations

Based on the Valet Fert model presented in Section we calculated the results for
the nominator Ng.4

_tFMa _ _tFM2 + tﬁ tFM1 tEM2
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and for the denominator Dg. 4

Dra=e "\ 5/ (=2(=14 e ) (=1 +9)rp — (A e — Agon) (=X pruat

mN

+ Afpn) + e At (A e + A on) A oraiz + Aon)) (=1 + B ) preain b +

2N

+ (=1 + BRvo) prvatenz — pntn) + (=14 e %) (2 4+ (Bear — V)7L prvin +

QtN N 2tN
+ (=14 e )2+ (Bemz — VYA Zppmz — 2(=2 + 9% + 22X 72 + et (=2 + 7)) x

2N

x AN¥on — (=1 + et ) (=1 4 By penten + (=1 + B2am) prmatenz — pntn)) + 7 X

2ty t

N
X ()\stMlpFM1((—1 + e (2 + (Brm1 + 5FM2)7))\SFfM2pFM2 + (24 Brny + 25FM16A§ Y+
2ty 2tN
+ e (24 Brny)) AN — (=1 + e ) (=1 + Bian )prnaitem + (—1 + By praietena—
N 2t 2t

— pxtn)) + A peaa ((2 + Braay + 2Brniae sty + e/ st (2 4 Braay))Agon — (=1 + et ) x

2ty

x ((=1+ 5%M1)pFM1tFM1 +(-1+ B%MQ)PFMQtFMQ — pntn)) + 2)\§,0N((—1 + e )AﬂpN—
2tN IN

-1+ e st (=14 B}%Ml)PFMltFMl +(—1+ 5§M2)pFM2tFM2 — pniN)))) + 4est x

tEM2

. t
(ﬁlee"’*FM2 MM oy sinh (%) (AX(yrp — B A2 prai) py + Al x
sf

t
X (2Bpv1rb + b + Brvi Ay pruz) oy cosh (;;) + ((Breat + 7)o (rp + A prai)+
sf

N
+ Bea A2 px) sinh (

T . t
N )) + Brage? *FM A2 ppaa sinh <ﬂ> (A (yro—
sf

A

t
- BFMI)\SfMlpFMI)pN + /\st(QﬁFMzrb + yry + 5FM2/\sf PFM1)pN cosh ()\N ) +

+ ((Braz + 7)1 + /\s PFMl) + 5FM2>\sf PN) sinh (f\N)))
sf

An exact calculation can be carried out by using the following MATHEMATICA code:

(¥Parallel Alignment of ferromagnetic electrodes*)
ClearAll["Global‘*"];

rFM1=rhoFM1*1SFFM1;

rFM2=rhoFM2*1SFFM2;

rN=rhoN*1SFN;

zI=-tN/2-tFM1/2;

zI1I=0;

zIII=tN/2+tFM2/2;

muupl [z_]=(1-betal”2)*exrhoFM1*J*(z-zI)+K1I+(1+betal)* (K2I*Exp[(z-zI)
/1SFFM1]+K3I*Exp [-(z-zI)/1SFFM1]) ;

mudownI [z_]=(1-betal”2)*e*xrhoFM1*J*(z-zI)+K1I-(1-betal)* (K2I*Exp [(z-zI)
/1SFFM1]+K3I*Exp [-(z-zI)/1SFFM1]);
JupI[z_]1=1/2*(1-betal)*J+1/(2xe*xrFM1)* (K2I*Exp[(z-zI)/1SFFM1]-K3I*
Exp[-(z-zI)/1SFFM1]);
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JdownI[z_]=1/2%(1+betal)*J-1/(2%e*xrFM1)* (K2I*Exp [(z-zI)/1SFFM1]-K3Ix
Exp[-(z-zI)/1SFFM1]);

FI[z_]=(1-betal~2)rhoFMi*J+betal/(ex1SFFM1)* (K2I*Exp[(z-zI)/1SFFM1]-
K3I*Exp[-(z-zI)/1SFFM1]);
muupII[z_]=e*rhoN*J*z+K1II+(K2II*Exp[z/1SFN]+K3II*Exp[-z/1SFN]);
mudownII[z_]=exrhoN*J*z+K1II-(K2II*Exp[z/1SFN]+K3II*Exp[-z/1SFN]);
JupII[z_]=1/2%J+1/(2%exrN)*(K2II*Exp[z/1SFN]-K3II*Exp[-z/1SFN]);
JdownII[z_]=1/2%J-1/(2xe*rN)*(K2II*Exp [z/1SFN]-K3II*Exp[-z/1SFN]) ;
FII[z_]=rhoN*J;
muupIIIP[z_]=(1-beta2"2)*exrhoFM2*J*(z-zIII)+K1III+(1+beta2)*(K2III*
Exp[(z-zIII)/1SFFM2]+K3III*Exp[-(z-zIII)/1SFFM2]);
mudownIIIP[z_]=(1-beta2”"2)*e*rhoFM2*J* (z-zIII)+K1III-(1-beta2)*(K2IIIx*
Exp[(z-zIII)/1SFFM2]+K3III*Exp[-(z-zIII)/1SFFM2]);
JupIIIP[z_]=1/2%(1-beta2)*J+1/(2xe*rFM2)* (K2III*Exp[(z-zIII)/1SFFM2]-
K3III*Exp[-(z-zIII)/1SFFM2]);
JdownIIIP[z_]=1/2%(1+beta2)*J-1/(2%e*xrFM2)*(K2III*Exp[(z-zIII)/1SFFM2]-
K3III*Exp[-(z-zIII)/1SFFM2]);
FIII[z_]=(1-beta2"2)rhoFM2*J+beta2/(e*1SFFM2)* (K2III*Exp[(z-zIII)/1SFFM2]-
K3III*Exp[-(z-zIII)/1SFFM2]);
Simplify[D[1/2% (muupIIIP [z]+mudownIIIP[z]),z]]
SolP=Simplify[Solve [{K3I==0,0==K2III,K1I==0,

muupII [-tN/2] -muupl [-tN/2]==2%e*rb* (1-gamma)*JupI [-tN/2],

mudownII [-tN/2] -mudownI [-tN/2]==2%exrb* (1+gamma)*JdownI [-tN/2],
JupII[-tN/2]-JdownII[-tN/2]==JupI[-tN/2]-JdownI[-tN/2],

muupIIIP [tN/2] -muupII[tN/2]==2%e*rb*(1-gamma)*JupII[tN/2],
mudownIIIP[tN/2]-mudownII[tN/2]==2%e*rb*(1+gamma)*JdownII[tN/2],
JupIIIP[tN/2]-JdownIIIP[tN/2]==JupII[tN/2]-JdownII[tN/2]},
{K1I,K2I,K3I,K1IT,K2IT,K3II,K1IIT,K2III,K3II1}]]

(*Antiparallel Alignemt, exchange muupIII with mudownIII and JupIII
with JdownIII and change l-gamma to l+gamma and vice versa for
second interfacex)

SolAP=Simplify[Solve [{K3I==0,0==K2III,K1I==0,

muupII [-tN/2]-muupl [-tN/2]==2%e*rb*(1-gamma)*JupI [-tN/2],

mudownII [-tN/2] -mudownI [-tN/2]==2%exrb* (1+gamma)*JdownI [-tN/2],
JupII[-tN/2]-JdownII[-tN/2]==JupI[-tN/2]-JdownI[-tN/2],
mudownIIIP[tN/2] -muupII [tN/2]==2%e*xrb*(1+gamma)*JupII[tN/2],
muupIIIP[tN/2]-mudownII [tN/2]==2%e*rb*(1-gamma)*JdownII[tN/2],
JdownIIIP[tN/2]-JupIIIP[tN/2]==JupII[tN/2]-JdownII[tN/2]},
{K1I,K2I,K3I,K1IT,K2IT,K3II,K1IIT,K2III,K3III}]]
Simplify[(K2III-K2I)/.SolP]

Simplify [(K2I)/.SolP]

FullSimplify[(K2I)/.SolP]

FullSimplify[(K3III)/.SolP]

FullSimplify[(K2I)/.SolAP]

FullSimplify [(K3III)/.SolAP]

thickness=30%10"-9;

thicknessFM=15%x10"-9;
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Const={tN->thickness,rhoFM1->75%10"-9,betal->-0.46,1SFFM1->60%x10"-9,
tFM1->thicknessFM,rhoN->1.33%10"-1,1SFN->2%10"-8, gamma->0.5,rb->0,
rhoFM2->59%10"-9,1SFFM2->21%10"-9,tFM2->thicknessFM, beta2->-0.33,
J->1,e->-13};

Plot [{Piecewise [{{((JupI[z]-JdownI[z])/J)/.S0lP/.Const,z<=-thickness/2},
{((JupIIi[z]-JdownII[z])/J)/.S0lP/.Const,thickness/2>=z>=-thickness/2},
{((JupIIIP[z]-JdownIIIP[z])/J)/.S0lP/.Const,thickness/2<=z}
}},{z,-thicknessFM-thickness,thicknessFM+thickness},AxesOrigin->{0,0}]
Plot [{Piecewise [{{((muupI[z] -mudownI[z]))/.S0lP/.Const,z<=-thickness/2},
{((muupII[z]-mudownII[z]))/.SolP/.Const,thickness/2>=z>=-thickness/2},
{((muupIIIP[z]-mudownIIIP[z]))/.SolP/.Const,thickness/2<=z}
}},{z,-thicknessFM-thickness,thicknessFM+thickness},PlotRange->Full]
Plot [{Piecewise [{{((JupI[z]-JdownI[z])/J)/.S0lAP/.Const,z<=-thickness/2},
{((JupII[z]-JdownII[z])/J)/.SolAP/.Const,thickness/2>=z>=-thickness/2},
{((-JupIIIP[z]+JdownIIIP[z])/J)/.S0olAP/.Const,thickness/2<=z}
}},{z,-thicknessFM-thickness,thicknessFM+thickness},AxesOrigin->{0,0}]
Plot [{Piecewise [{{((muupI [z] -mudownI[z]))/.SolAP/.Const,z<=-thickness/2},
{((muupII[z]-mudownII[z]))/.SolAP/.Const,thickness/2>=z>=-thickness/2},
{((-muupIIIP[z]+mudownIIIP[z]))/.SolAP/.Const,thickness/2<=z}
}1},{z,-thicknessFM-thickness,thicknessFM+thickness},PlotRange->Full]
muupP [z_]=Piecewise [{{(muupI[z])/.SolP/.Const,z<=-thickness/2},
{(muupII[z])/.SolP/.Const,thickness/2>=z>=-thickness/2},
{(muupIIIP[z])/.S0lP/.Const,thickness/2<=z}

1

mudownP [z_]=Piecewise [{{(mudownI[z])/.SolP/.Const,z<=-thickness/2},
{(mudownII[z])/.SolP/.Const,thickness/2>=z>=-thickness/2},
{(mudownIIIP[z])/.SolP/.Const,thickness/2<=z}

}1;

muupAP [z_]=Piecewise [{{(muupI[z])/.S0lAP/.Const,z<=-thickness/2},
{(muupII[z])/.SolAP/.Const,thickness/2>=z>=-thickness/2},
{(mudownIIIP[z])/.SolAP/.Const,thickness/2<=z}

15

mudownAP [z_]=Piecewise [{{(mudownI[z])/.SolAP/.Const,z<=-thickness/2},
{(mudownII[z])/.SolAP/.Const,thickness/2>=z>=-thickness/2},
{(muupIIIP[z])/.S0lAP/.Const,thickness/2<=z}

1

SPP[z_]=Piecewise [{{((JupI[z]-JdownI[z])/J)/.S0lP/.Const,z<=-thickness/2},
{((JupII[z]-JdownII[z])/J)/.SolP/.Const,thickness/2>=z>=-thickness/2},
{((JupIIIP[z]-JdownIIIP[z])/J)/.S0lP/.Const,thickness/2<=z}

1

DeltaMuP[z_]=Piecewise [{{((muupI [z]-mudownI[z]))/.SolP
/.Const,z<=-thickness/2},{((muupII[z] -mudownII[z]))/.SolP
/.Const,thickness/2>=z>=-thickness/2},
{((muupIIIP[z]-mudownIIIP[z]))/.S0lP/.Const,thickness/2<=z}

1

SPAP[z_]=Piecewise [{{((JupI[z]-JdownI[z])/J)/.SolAP
/.Const,z<=-thickness/2},{((JupII[z]-JdownII[z])/J)/.SolAP
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/.Const,thickness/2>=z>=-thickness/2},
{((-JupIIIP[z]+JdownIIIP[z])/J)/.SolAP/.Const,thickness/2<=z}
1

DeltaMuAP[z_]=Piecewise [{{((muupI[z]-mudownI[z]))/.SolAP

/ .Const,z<=-thickness/2},{((muupIlI[z] -mudownII[z]))/.SolAP
/.Const,thickness/2>=z>=-thickness/2},
{((-muupIIIP[z]+mudownIIIP[z]))/.SolAP/.Const,thickness/2<=z}
1
FP[z_]=Piecewise[{{((FI[z]))/.SolP/.Const,z<=-thickness/2},
{((FII[z]))/.S0lP/.Const,thickness/2>=z>=-thickness/2},
{((FIII[z]))/.S0lP/.Const,thickness/2<=z}

1

FAP[z_]=Piecewise [{{((muupI[z]-mudownI[z]))/.SolAP

/ .Const,z<=-thickness/2},{((muupII[z]-mudownII[z]))/.SolAP
/.Const,thickness/2>=z>=-thickness/2},
{((-muupIIIP[z]+mudownIIIP[z]))/.S0olAP/.Const,thickness/2<=z}
1

Plot [{muupP [z] ,mudownP [z] },{z,-thicknessFM, thicknessFM+thickness}]
Plot [{muupAP[z] ,mudownAP[z]},{z,-thicknessFM, thicknessFM+thickness}]
Plot [{FP[z]},{z,-thicknessFM-thickness,thicknessFM+thickness}]
Plot [{FAP[z]},{z,-thicknessFM-thickness,thicknessFM+thickness}]
dataSPP={};

dataDeltamuP={};

dataSPAP={};

dataDeltaMuAP={};

dataMuupP={};

dataMudownP={};

dataMuupAP={};

dataMudownAP={};

dataFP={};

dataFAP={};

For[i=0,i<=1000, i++,
x=N[-thicknessFM-thickness/2+(thickness+2*thicknessFM)/1000%*1i,20] ;
y1=N[SPP[x],20]1 [[11];

y2=N[DeltaMuP [x],20] [[11];

y3=N[SPAP[x],20] [[1]];

y4=N[DeltaMuAP[x],20] [[1]];

y5=N [muupP [x] ,20] [[1]];

y6=N [mudownP [x],20] [[1]];

y7=N [muupAP [x],20]1 [[1]1];

y8=N[mudownAP [x] ,20] [[1]];

y9=N[FP[x],20] [[111;

y10=N[FAP[x],20] [[1]];

AppendTo[dataSPP,{x,y1}];

AppendTo[dataDeltamuP,{x,y2}];

AppendTo[dataSPAP,{x,y3}];

AppendTo[dataDeltaMuAP,{x,y4}];
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AppendTo [dataMuupP,{x,y5}];

AppendTo [dataMudownP,{x,y6}];

AppendTo [dataMuupAP,{x,y7}];

AppendTo[dataMudownAP,{x,y8}];

AppendTo[dataFP,{x,y9}];

AppendTo[dataFAP,{x,y10}];

]

Export["dataSPP.dat",dataSPP,"Data"];
Export["dataDeltamuP.dat",dataDeltamuP, "Data"];
Export["dataSPAP.dat",dataSPAP,"Data"];

Export["dataDeltaMuAP.dat" ,dataDeltaMuAP, "Data"];
Export["dataMuupP.dat",dataMuupP, "Data"];
Export["dataMudownP.dat",dataMudownP, "Data"];

Export ["dataMuupAP.dat",dataMuupAP, "Data"];
Export["dataMudownAP.dat",dataMudownAP, "Data"];
Export["dataFP.dat",dataFP, "Data"];
Export["dataFAP.dat",dataFAP,"Data"];

FullSimplify [JupI[tN/2]-JdownI[tN/2]/.So0lP]
RPara[tN_]=FullSimplify[(1-betal”2)*rhoFM1*tFM1+rhoN*tN+(1l-beta2~2)*
rhoFM2*tFM2+rb* (1-gamma/J* (JupI [-tN/2]-JdownI [-tN/2]))+rb* (1-gamma/J*
(JupIIIP[tN/2]-JdownIIIP[tN/2]))+2*betal/(exJ)*(K2I-K3I)*Sinh[tFM1/
(2*%1SFFM1) ] +2*beta2/(exJ) * (K2III-K3III)*Sinh [tFM2/ (2%1SFFM2)]/.SolP]
RAntiPara[tN_]=FullSimplify[(1-betal”2)*rhoFM1*tFM1+rhoN*tN+
(1-beta272) *rhoFM2*tFM2+rb* (1-gamma/J* (JupI [-tN/2]-JdownI [-tN/2]) )+
rb* (1-gamma/J* (JupIIIP [tN/2]-JdownIIIP[tN/2]))+2*betal/ (exJ)* (K2I-K3I)*
Sinh[tFM1/(2*1SFFM1)]+2*beta2/ (exJ)* (K2III-K3III)*

Sinh[tFM2/ (2*x1SFFM2)]/.S0l1AP]
DeltaR[tN_]=FullSimplify[RAntiPara[tN]-RPara[tN]]

MR [tN_]=FullSimplify[DeltaR[tN]/RPara[tN]]
Const2={rhoFM1->75%10"-9,betal->-0.46,1SFFM1->60*10"-9,
tFM1->thicknessFM,rhoN->1.33%10"-1,1SFN->4*x10"-9,gamma->0.5,
rb->1%10"-10,rhoFM2->59%10"-9,1SFFM2->21%10"-9,tFM2->thicknessFM,
beta2->-0.33};

N[MR[20%10°-8]/.Const2]

LogPlot [{MR[tN]/.Const2},{tN,0,10"-8},PlotRange->Full]
dataMRofTN={};

dataMRofrb={};

dataMRofgamma{};

For[i=0,i<=1000,i++,

x1=N[0+0.1%10"-6/1000%*i,20] ;

x2=N[1%10"-15+2%10"-15%Exp[i/20],20] ;
Const3={rhoFM1->75%10"-9,betal->-0.46,1SFFM1->60*x10"-9,
tFM1->thicknessFM,rhoN->1.33%107-1,1SFN->4%10"-9,gamma->0.5,rb->x2,
rhoFM2->59%10"-9,1SFFM2->21%10"-9,tFM2->thicknessFM,beta2->-0.33};
y1=N[MR[x1]/.Const2,20] [[1]];

y2=N[MR[30%10°-9]/.Const3,20] [[1]];
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AppendTo[dataMRofTN,{x1,y1}];
AppendTo[dataMRofrb,{x2,y2}];

]

Export["dataMRofTN.dat",dataMRofTN, "Data"];
Export["dataMRofrb.dat",dataMRofrb, "Data"];






Appendix D

Expansion coefficients in cubic and
tetragonal symmetry

For the resistivity tensor we have the following relations
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For the Seebeck tensor in cubic symmetry
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For the resistivity tensor in tetragonal symmetry:
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Expansion coefficients for the Seebeck tensor in tetragonal symmetry
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