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Abstract

Current technologies for data storage and information processing are heavily reliant on
metallic, ferromagnetic materials. This hinders further improvement of devices due
to a sensitivity to external perturbations, limits of processing speeds and excessive
Joule heating from the passing charge currents. In this thesis, several promising
material composites are explored for implementing magnonic logic operations. On
a more fundamental side, interfacial effects are employed for probing the magnetic
anisotropies and phase changes of a novel material system.

Spin currents are discussed as an information carrier and for information processing.
In magnetically ordered insulators, these spin currents are carried by magnons, the
quanta of spin waves. The ferrimagnetic insulator Y3Fe;012 (YIG) has shown to be
able to transport magnons over large distances. However, for building devices based
on magnons to implement key logic operations, one needs the possibility to actively
manipulate the spin current. To this end, this thesis considers the experimental im-
plementation of a magnon valve using bilayers of YIG and another magnetic garnet,
GdgF@f,Om.

An alternative approach to implement improvements to spintronic devices is to replace
the ferromagnetic material with an antiferromagnet, enabling writing speeds in the
terahertz range. However, determining the state of an antiferromagnet is a major
challenge necessitating the development of new techniques. One of these is spin Hall
magnetoresistance (SMR), a surface-sensitive all-electrical measurement that probes
the magnetic order of a material. In this thesis, SMR is utilized to probe the magnetic
properties of the antiferromagnetically ordered compound TmFeOs (TFO). First, a
single crystal of TFO is investigated and its structural and magnetic properties are
determined using bulk measurements. Using then only surface-sensitive SMR, we can
attribute the electrical signals to the magnetic properties of the TFO.

However, for device applications, bulk materials are not suitable. This motivates us
to grow TFO as thin films, using pulsed laser deposition. The dependence of the mag-
netic properties on the choice of substrate is demonstrated. These thin films possess
similar properties to single crystals, as probed with volume-sensitive measurements.
Performing then surface sensitive SMR measurements on these samples allows us to
probe the magnetic properties of the TFO thin film in a more device relevant setting.






Zusammenfassung

Heutige Technologien zur Datenspeicherung und Informationsverarbeitung sind stark
auf metallische, ferromagnetische Materialien angewiesen. Dies verhindert eine weitere
Verbesserung der Geréte wegen der Sensitivitit beziiglich externen Stérungen, Gren-
zen von Verarbeitungsgeschwindigkeiten und frei werdender Joulsche Wérme durch
Ladungsstrome. In dieser Doktorarbeit werden einige vielversprechende Materialkom-
positionen fiir die Implementierung von Magnonenlogik untersucht. Auf einer funda-
mentalen Seite beschéftigt sich die Arbeit mit Grenzschichteffekten, um magnetische
Anisotropie und Phasendnderungen von neuen Materialsystemen zu messen.
Spinstrome werden als Informationstrager und zur Informationsverarbeitung disku-
tiert. In magnetisch geordneten Isolatoren werden diese Spinstréme von Magnonen
getragen, den Quanten von Spinwellen. Im ferrimagnetischen Isolator YsFe;O19 (YIG)
konnen Magnonen iiber weite Strecken transportiert werden. Doch um Gerite zu
bauen, die auf Magnonen for logische Operationen basieren, braucht es die Moglichkeit
die Spinstrome zu manipulieren. Dahingehend priift diese Arbeit die experimentelle
Implementierung von Magnonenventilen, wozu Bilagen aus YIG und einem anderen
magnetischen Granat, GdsFe;O012 (GIG), genutzt werden.

Ein zweiter Ansatz um spintronische Bauteile zu verbessern zielt auf die
Ersetzung der ferromagnetischen Materialien durch Antiferromagneten, die
Schreibgeschwindigkeiten im Gigahertzbereich ermoglichen. Jedoch ist die Bestim-
mung des magnetischen Zustand eines Antiferromagneten eine grofle Herausforderung,
die der Entwicklung neuer Techniken bedarf. Eine von diesen ist der Spin Hall Mag-
netwiderstand (SMR), eine oberfléchensensitive rein elektrische Messung, die die mag-
netische Ordnung des Materials priift. In dieser Arbeit wird SMR genutzt um das
antiferromagnetisch geordnete Oxid TmFeOs (TFO) zu untersuchen.

Zuerst wird ein TFO Einkristall erforscht und seine Struktur und seine magnetischen
Eigenschaften werden bestimmt, wozu das ganze Volumen des Materials untersucht
wird. Indem anschlielend die oberflichensensitiven SMR Messungen genutzt werden,
konnen wir die elektrischen Signale den magnetischen Eigenschaften des TFO zuord-
nen.

Im Hinblick auf Anwendungen sind Volumenkristalle jedoch ungeeignet. Dies mo-
tiviert uns TFO als diinne Schicht mithilfe gepulster Laserdeposition zu wachsen. Die
Abhéngigkeit der magnetischen Eigenschaften der TFO Diinnschichten von dem ver-
wendeten Substrat wird hier gezeigt. Diese Proben besitzen dhnliche Eigenschaften
wie Finkristalle, was mit volumensensitiven Techniken iiberprift wird. Indem dann
die oberflachensensitiven SMR Messungen durchgefiihrt werden, kann gezeigt werden,
dass wir damit auch die magnetischen Eigenschaften dieser Diinnschichten in einer fiir
Applikationen relevanten Umgebung bestimmen kénnen.






Introduction

Information technology has always aimed for faster and more compact devices |1} 2].
However, the smaller the structures become, the larger the current densities employed,
leading to an increase of Joule heating of the electrical conductors. There are two
problematic consequences of this: the efficiency is limited due to the generation of
waste heat, which can also cause damage to the circuitry. Secondly, there is a lower
size limit of magnetic bits since thermal demagnetization could lead to memory loss. A
way out of this would be to replace electrical charge currents by pure spin currents in
magnetically ordered insulators, which can also carry information and do not generate
Joule heating [3].

Magnons can travel large distances in magnetically ordered insulators such as
Y3Fe5012 (YIG) [4], which is necessary to utilize magnons in spintronic devices. This
makes YIG an ideal candidate for investigating such novel concepts. With regard to
device applications, one not only needs to transport information, but also to manipu-
late it. In current electronic devices, there are for example magnetoresistive elements
using the concept of giant magnetoresistance (GMR) effect [5({7], where there are two
defined electrical resistance states. An analog for magnons would be a magnon valve
[8], where there are two ‘magnon resistance’ states. There have been attempts to
realize such a device by different material stacks like YIG/CoO/Co [§], YIG/Au/YIG
19] and YIG/NiO/YIG [10]. The effect reported in these studies relies on a magnetic
configuration that depends on the history of the sample since the magnetic layers are
decoupled from each other.

An alternative, more resilient approach would be to couple the magnetic layers. The
magnetic coupling leads to the cancellation of hysteretic behavior when switching be-
tween parallel and antiparallel magnetization alignment. Here, magnetically interface-
coupled heterostructures of YIG with the another magnetic garnet GdsFe;O12 (GIG)
are grown. The magnetic configuration is determined by the relative thickness of the
heterostructure as well as the external magnetic field and temperature. This allows
us to precisely tune the magnetic properties of the heterostructures making them
interesting for device applications.

Using ferromagnetic materials in spintronic devices limits the writing speed to the gi-
gahertz range [11] due to the intrinsic switching speeds of the ferromagnetic ordering.
The field of spintronics has recently shifted focus towards utilizing antiferromagnetic
materials due to intrinsic high frequency spin dynamics in the terahertz range and
stability against external perturbations [12-14]. These benefits over ferromagnetic
materials place antiferromagnets (AFs) at the forefront for future low power, high
frequency spintronic devices. However, these advantages come at a cost. Informa-
tion storage devices rely on manipulating and reading the magnetic state. The high
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stability and the lack of stray fields complicate the replacement of current standard
ferromagnetic materials for antiferromagnets, and their integration into current tech-
nologies. Current read-out techniques for ferromagnetic data storage rely on effects
like tunneling magnetoresistance and giant magnetoresistance. These cannot be sim-
ply applied for AFs, so to access the AF state, new techniques are necessary. One is
the surface-sensitive spin Hall magnetoresistance (SMR), with roots in the so called
spin Hall effect (SHE) and its inverse effect. A heavy metal is placed in contact with
the AF. Depending on the orientation of the magnetic order parameter of the AF, the
resistance of the heavy metal is altered |15, |16].

In terms of new materials, TmFeOs (TFO) has recently gathered a lot of attention,
mostly due to the ultra-fast spin control by light [17-20]. In 2019, Schlauderer et al.
showed that the magnetic state of TFO single crystals can be rotated coherently by
90° using a terahertz electromagnetic pulse [21]. In their work, the Faraday effect has
been utilized to probe the long-lived final spin state. The manipulation and probing of
the antiferromagnetic state marks an important point on the way to antiferromagnetic
spintronic applications. However, with respect to actual applications, single crystal
materials as well as terahertz lasers and transmission-geometry probing are difficult
to integrate in devices.

Here, we aim to use the all-electrical SMR to investigate TFO. First, a TFO single
crystal is employed and we show that the surface-sensitive SMR is a suitable tool for
probing the bulk magnetic properties of a sample. We further investigate the possi-
bility to grow TFO as thin films. The properties of these samples and the influence
of the underlying substrate is demonstrated, before SMR measurements are used to
determine the magnetic configuration of TFO thin film samples. There exist another
crystallographic phase of TFO else than the bulk orthorhombic one. On substrates
with the appropriate symmetry, the hexagonal, multiferroic phase can be stabilized
[22]. This makes TFO also interesting for possible applications in magnetoelectric
devices [23]. We demonstrate the growth of hexagonal TFO (h-TFO) on a variety
of different substrates. We show that functional devices can only be fabricated when
improving the stability of the conducting bottom electrode on which the h-TFO grows.
In chapter 1, we briefly summarize aspects of the theoretical understanding of the
principles of magnetic ordering. Additionally, a choice of electronic transport effects
that are essential for understanding the experimental results of this thesis are intro-
duced.

Chapter 2 focuses on the materials investigated in this thesis. We present the struc-
tural and magnetic properties of the family of garnets and rare earth ferrites. A focus
is maintained on the behavior of the magnetic properties in the presence of a magnetic
field and a changing temperature. The two magnetic garnets GIG and YIG used in
part of this thesis are well-known materials to the spintronics community, so they will
only be briefly introduced. We will discuss in more detail TFO, which plays a major
role in two results chapters. The concept of spin reorientation transitions and spin
flops in rare earth orthoferrites will be discussed.

In chapter 3, the methods employed in the course of this thesis for sample prepa-
ration as well as for probing the structural and magnetic properties of materials are
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introduced. We further demonstrate how electrical measurements are employed.
Coming then to the key results of this thesis, chapter 4 will discuss YIG-GIG het-
erostructures with magnetic interlayer coupling. The growth process is presented in
detail. The presence of coupling is determined using a variety of methods. A first
attempt of measuring the magnon valve effect via spin Seebeck effect is presented.
Chapter 5 contains the investigation of TFO single crystals. The bulk properties like
the structure and the magnetic behavior of the sample as a function of the temperature
and external magnetic field are determined. We then conduct electrical transport
measurements and show that SMR is an effective probe of the bulk magnetic properties
of antiferromagnets. An additional contribution to the SMR signal likely stemming
from TFO/PT interface effects is discussed.

In chapter 6, an in-depth analysis of thin film, orthorhombic TFO is presented. We
investigate the structural and magnetic properties, before then moving to surface-
sensitive electrical measurements. Again, SMR proves to be the suiting tool to deter-
mine the magnetic properties of these kind of samples, allowing for electrical access
to the antiferromagnetic state. We further show that the quality of the orthorhombic
thin films can be improved by the choice of the substrate. If the substrate has special
symmetry, it even allows for stabilization of the meta-stable hexagonal phase of TFO.
These samples are investigated with regard to their multiferroic properties.

Finally, chapter 7 summarizes the core results of this thesis and discusses the current
understanding afforded by the work performed and shown here. Future steps and new
research avenues are suggested.

In the appendix chapter, additional background on rare earth ferrites is given, ex-
ceeding the scope of the main text. A complete set of trajectories of the magnetization
and the Néel vector for field-induced spin reorientations in TFO is given. Furthermore,
continuative measurements on TFO bulk single crystals and STO/TFO thin films are
summarized. The last section deals with the investigation of RuO thin films, which
are candidates for measuring novel transport effects. Since key experiments are yet to
be performed, here, only basic properties of RuOs thin films are presented.

Sven Becker wrote the first author publications [S3|, [S7] and [S6] with suggestions
from all authors. A fourth publication is currently under preparation [S10]. Concern-
ing the results presented in this thesis, in the following, the contributions are sorted
according the results chapters.

YIG-GIG heterostructures

e Growth optimization: Sven Becker, Andrew Ross (JGU) and Sally Lord (Manch-
ester)

e Fabrication of exchange coupled YIG-GIG samples: Sven Becker, Zengyao Ren
(University of Science and Technology Beijing)

e Structural characterization by XRD: Sven Becker, Zengyao Ren
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e Magnetic characterization by SQUID: Sven Becker, Zengyao Ren
e SHE measurements: Sven Becker

e Spin Seebeck effect measurements: Felix Fuhrmann (JGU)

Bulk TFO

e Single crystal growth: Ekaterina Pomjakushina (PSI)

Structural characterization and determination of crystal orientation by XRD:
Sven Becker

e Measurement of magnetic domains using MOKE: Felix Schreiber (JGU)

Patterning of Pt Hall bars and non-local devices: Andrew Ross (JGU)

Electrical measurements at Hall bars and non-local structures: Sven Becker and
Andrew Ross (JGU)

TFO thin films

e Target fabrication and growth optimization: Sven Becker
e Structural and topographic characterization: Sven Becker
e SQUID measurements: Sven Becker

e XMLD and XMCD measurements: Lorenzo Baldrati, Andrew Ross, Shilei Ding
and Felix Schreiber (JGU) with support from Francesco Maccerozzi and Dirk
Backes (DIAMOND)

e Patterning of Pt Hall bars: Andrew Ross (JGU)

e Electrical measurements at Hall bars and non-local structures: Sven Becker and
Andrew Ross (JGU)



1. Theory

1.1. Magnetic free energy

The magnetic properties of a solid depend on several intrinsic and extrinsic parameters.
To describe the contributions, one can write down Hamiltonians H for each energy
term that influences the magnetization. This may look like

H=He+Ha+ Hani + Hzee + .., (1.1)

where H, describes the symmetric exchange energy, 4 describes the antisymmetric
exchange energy, Hqn; represents the anisotropy energies and Hz.. is the Zeeman
energy. This list can be continued depending on the specific system. We will now
focus on the individual energy terms above, which are most important for the samples
investigated in this work.

Exchange energy

The exchange energy originates from the Coulomb interaction and the Pauli exclusion
principle. The Hamiltonian for two single spins S; and Sy can be written in the
Heisenberg model as

He = —2T8S1 - So. (1.2)

From this formula one can already realize that the exchange energy is isotropic and
that a parallel alignment of spins is favorable if 7 > 0 (ferromagnet, FM) and an an-
tiparallel alignment for 7 < 0 and equally large magnetic moments (antiferromagnet
AFM). If the magnetic moments of the respective sublattices have different magnitude
one obtains ferrimagnetic order for J < 0. For a macroscopic solid one often assumes
J is a finite constant for neighboring spins and zero otherwise since nearest neighbour
interaction is usually dominating. Summing over all pairs of spins one gets

He=—) TJijSi-S; (1.3)

i,J
Superexchange energy

In many crystalline oxides, the nearest neighbors of magnetic ions are nonmagnetic
oxygen ions. Despite the lack of direct exchange, antiferromagnetic ordering is still
observed. For direct exchange, the distance between next-neighbored magnetic ions
is too large. However, one can model a strong coupling using the concept of superex-
change interaction [24]. For this, the oxygen ion in between two magnetic ions plays
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an important role. The d-orbitals of the magnetic ion hybridize with the 2p orbitals
of the oxygen ion. Due to the Pauli principle, the delocalization of electrons is only
achieved if the spins from the magnetic ion couples antiferromagnetically to the oxy-
gen 2p electron spins. This leads to an overall antiferromagnetic alignment of the
spins of the magnetic ions. Despite the more complicated process compared to the
direct exchange interaction, the superexchange interaction can still be modeled using
the same Hamiltonian given in equation where J becomes J ~ —t?/U, with the
hopping integral ¢ and the Coulomb energy U [25].

Antisymmetric exchange energy

Antisymmetric exchange energy is found to play an important role in some antiferro-
magnets. This energy term favors the orthogonal alignment of the spins and leads to
a canting of the spins away from the perfect antiparallel alignment. The result is a
finite magnetic moment that can be found e.g. in orthoferrites (see . The family of
canted antiferromagnets is sometimes referred to as weak ferromagnets. Valuable con-
tributions to the understanding of this was provided by Dzyaloshinskii [26] and Moriya
[27] so that the asymmetric exchange interaction is often called Dzyaloshinskii-Moriya
interaction (DMI). The Hamiltonian for this interaction is given as

HD:D'(Sl XSQ), (14)

where D is a vector that lies perpendicular to S; and Ss.

Zeeman energy

The Zeeman energy describes the influence of an external magnetic field on the mag-
netic moments. For a single spin the the Hamiltonian can be written as

HZee == ,LLOHS. (1.5)

This equation can be extended for a macroscopic solid by performing the sum over all
spin moments. The term is minimum when the magnetization of the sample aligns
with the magnetic field. In case of a collinear AFM, the Zeeman energy influences the
magnetic order only weakly because of the small net magnetization and large exchange
energy. However, in contrast to ferromagnets, the Zeeman energy is minimized when
the spins of the AFM order lie perpendicular to the external magnetic field. The field,
applied in the direction of the spins leading to the perpendicular spin reorientation is
called spin-flop field, where the field required to induce this transition is set by the
anisotropy energy. In the case of magnetic fields larger than the spin-flop, the sublat-
tices of the AFM will cant away from the perfectly collinear arrangement, leading to
a field-induced net magnetic moment parallel with H.

Anisotropy energy

The energy terms described above are isotropic. However, in macroscopic samples one
observes ‘easy’ and ‘hard’ magnetic directions. The origin of the anisotropy can come

10



1.2. Landau theory of magnetism

from many places such as the shape of the sample (shape anisotropy), the crystal
structure (magnetocrystalline anisotropy) or a neighboring magnetic structure (ex-
change bias anisotropy).

The shape anisotropy is closely linked to the dipolar interaction |25]. Roughly speak-
ing, when the spins are pointing in direction of a large interface, there are many
uncompensated dipole moments at the interface, which increases the overall energy.
This is, however, not relevant for antiferromagnetically ordered solids, which make up
a large portion of the results in this work. In the case of the magnetic garnets in chap-
ter 4] the shape anisotropy is a lot smaller than other energy terms so can be ignored.
For the work presented in this thesis, we will focus more on the magnetocrystalline
anisotropy rather than the shape anisotropy. Its origin lies in spin-orbit coupling. The
orientation of the orbital momenta are influenced by the crystal structure due to the
overlap of neighboring orbitals. Usually, a phenomenological energy term is given as
a power series. For uniaxial anisotropy (only one preferred magnetic direction) this
can be written up to the second order anisotropy as

Hani = K1 sin?(0) + Ko sin*(0) + ..., (1.6)

where K1 and Ky are anisotropy constants and 6 the angle of the spins and the easy
magnetic direction. K; and K5 are, in general, temperature-dependent [25].

1.2. Landau theory of magnetism

To simplify the description of the magnetic properties around a phase transition Lan-
dau developed a formalism based on very general considerations, assuming that every
spins is exposed to an identical average field [25]. The free energy is expressed as a
power series in the order parameter. For ferromagnetic ordering, the order parameter
is the magnetization M, for antiferromagnetic ordering it is the Néel vector N, for
a spin reorientation transition it is the angle of the magnetic order parameter with
the crystallographic axis, and for ferroelectric materials it is the polarization P. The
order parameter has to be zero above the transition that is to be described and finite
below. The free energy term then has the form of

F=Fo+a(T)M? +bM* — HM + ... (1.7)

M can be one of the above mentioned order parameters, Fy and b are constants and
a(T) is a temperature-dependent factor that changes sign at the critical temperature.
The free energy can also be extended to higher order terms if required. This critical
temperature is called Curie temperature for ferromagnets (and ferroelectrics) (T¢)
and Néel temperature for antiferromagnets (7). Close to this temperature a(7") can
be written as a(T") = ao(T — T¢) with a positive constant ag.

11
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1.3. Ferroelectricity

Ferroelectricity describes the property of some materials which possess a net dipole
moment (spontaneous polarization) [28]. The orientation of the dipole moment is
sensitive to an external electric field. As an order parameter one defines the polariza-
tion vector P, pointing in the direction of the charge gradient. The magnitude of the
polarization is given in units of As/m?, while in publication mostly xC/cm? is used.
A sufficiently large electric field applied in the opposite direction leads to the replace-
ment of charges and a resulting switch of the polarization vector. This field-induced
polarization switching can be described as a first-order phase transition. Similarly to
the ordering temperature of (anti-)ferromagnets, there exists also a ferroelectric or-
dering temperature at which a second-order phase transition takes place. Due to the
similarities with ferromagnets this temperature is also called Curie temperature T¢.
Above T, no spontaneous polarization is detectable and the material is identified as
paraelectric.

1.4. Multiferroicity

We have seen in the previous sections how the phenomena of ferromagnetism can be
described and that there are many similarities between ferroelectric and ferromag-
netic ordering. Taking also into account a further effect, namely ferroelasticity, these
properties are grouped and labeled ferroic properties. If a material possesses more
than one ferroic order parameter, it is called multiferroic. Especially those materials
are deeply investigated, which show coupling between their order parameters |29, [30].
Mainly the magnetoelectric coupling, the coupling of magnetic and ferroelectric order
parameter, is interesting for future information technology applications [31, 32]. In
these materials, the polarization can be altered using a magnetic field and vice versa,
the magnetic ordering can be manipulated using an electric field.

1.5. Magnons

An insulating magnetically ordered material can be excited by external stimuli such
that the spins are canted from their equilibrium positions. This displacement is shared
among the neighboring spins with a finite phase difference, leading to a periodic oscil-
lation of the spins. This spin wave has, similar to phonons in thermal excitations of
the lattice, a quasi-particle character. The smallest quantum of a spin wave is called
a magnon. It can be described by a wavelength A and a frequency w, and follows a
Bose-Einstein distribution. At a finite temperature, the thermal energy leads to the
excitation of thermal magnons possessing a frequency of the order of THz (fw = kpT)
for T' > 50 K. One can describe magnons in momentum space using a band structure
which visualizes which combinations of frequency (i.e. energy) and momentum are
possible in the magnetically ordered crystal. The magnon spectrum is a handy tool
e.g. for the interpretation of spin Seebeck effect measurements [33]. Magnons can

12
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carry angular momentum over large distances making them interesting candidates for
future spintronic applications. They could be used to transfer information in magnetic
insulators in the absence of Joule heating, which is the major source of inefficiency of
current electron-based technology.

Not every magnetically ordered material is a good magnon conductor. Long-distance
magnon transport has been shown to occur in few materials, like ferromagnetic
Y3Fe;012 [4] and antiferromagnetic a—FeaOg [34], and very recently YFeOs [S§|.
These materials share a common property that they possess low magnetic damping.
In TFO, which has been investigated in this work, no long-distant magnon transport
was observed (see , likely due to the larger Gilbert damping parameter, however,
the exact mechanisms of magnon transport in antiferromagnetic materials are still
unclear. In YIG-GIG heterostructures, we have investigated the possibility to manip-
ulate magnon currents by changing the magnetic state of the heterostructure. These
results are presented in chapter

1.6. Magnetoresistive and Hall effects

Numerous effects lead to the deflection of electrons within a conductor away from
the straight path given by the electric field gradient. The first of these effects was
discovered in 1879 by Edwin Hall [35], who became the namesake for a whole family
of effects, which all describe the occurrence of a voltage perpendicular to the current
direction. Magnetoresistive effects on the other hand describe the modification of the
longitudinal resistance, parallel to the applied charge current. In this section, the
specific effects which are relevant for our measurement geometries used will be briefly
discussed. We note that the list of transport effects is incomplete. Even recently,
novel transport phenomena like the crystal Hall effect (CHE) have been discovered
and are yet to be experimentally demonstrated. The appendix section [A.8] deals with
an attempt to measure the CHE in RuO, thin films, however, key experiments are yet
to be performed. While all the transport effects effects can in principle be observed
in samples of any shape, we will use a defined shape to facilitate experiments and

Figure 1.1.: Hall bar geometry with its relative directions z, ¥ and z indicated, where
x is the current direction. The longitudinal resistance Ry and transverse
resistance Ry are being measured as indicated.
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1. Theory

interpretation of the data. We therefore utilize the structure known as a Hall bar.
To describe directions relative to the Hall bar, a coordinate system is introduced as
shown in Fig. [I.I} where z is the direction of the current, y is the in-plane direction
perpendicular to the current and z is the out-of-plane direction.

1.6.1. Ordinary Hall effect (OHE)

One of the very fundamental equations of electromagnetism describes the Lorentz force
F = ¢ (E + v x ugH), which is the force F on a particle with charge ¢ moving with
velocity v in an electric field E and magnetic field H. For a 2-dimensional nonmagnetic
conducting system confined in the zy-plane, a charge current, generated by an electric
field applied in the x direction, and a magnetic field applied perpendicular to the plane
in the z-direction will lead to a force on the charge carriers in the y-direction. This
results in the separation of charge carriers and a resulting E-field in the y-direction.
The separation of charge carriers continues until the force of the resulting electrostatic
field and the Lorentz force compensate one another. In the case of normal metals,
where electrons are the only charge carriers, one observes an accumulation of electrons
at one side. This can be measured as a Hall voltage Vg which depends linearly on
the magnetic field. Normalizing Vi to the current flowing, we express the OHE as a
transverse resistance,

Roge = RgpoH,. (1.8)

Here, g is the vacuum permeability and Ry is the material dependent Hall coefficient.
Applying the field perpendicular to the z-direction leads to no effect, when the current
is confined in a 2-dimensional plane. Rotation of the magnetic field in the three planes
shown in Fig. [I.2]lead to the following dependencies:

2y : Ropp =0
xz: Rogp = RypoH cos(7)
yz: Rogrp = RypoH cos(B)

Here, H = |H|, v is the angle H makes with the z-axis in the xzz-plane and [ is the
angle H makes with the z-axis in the yz-plane (see Fig. .

Figure 1.2.: Definition of angles: « is the angle with the z-axis in the zy-plane, 3 is
the angle with the z-axis in the yz-plane and + is the angle with the z-axis
in the xz-plane.

14



1.6. Magnetoresistive and Hall effects

The ordinary Hall effect also influences the longitudinal resistance of the conductor,
leading to ordinary magnetoresistance (OMR) in addition to the normal resistance
of the conductor Ry. The change of resistance due to an external magnetic field can

be described by Kohlers rule [36] as AR/Ry = F (R%), where F' depends on the

properties of the material under investigation and B is the magnetic flux density. For
a two-dimensional charge carrier, the resistance increases when the magnetic field is
applied along the z-direction. This effect appears along side others of more interest,
for example it has been observed in Pt/Y305012 bilayers as a parabolic increase of
AR [37)], independent of the magnetic state of the YIG. Similar to the Hall effect, we
expect the longitudinal resistance change in a 2D system to follow:

zy : Royr <0
zz: Royr < ARugH sinQ(’y)
yz : Ropr ARugHsiHQ(ﬁ)

However, real conducting structures generally posses a finite thickness in z-direction.
Both OHE and OMR can thereby also give a contribution to the longitudinal resistiv-
ity, when the field is applied in the y-direction |15]. This leads to a finite effect also,
when the field is rotated in the xy-plane.

1.6.2. Spin Hall effect (SHE)

The mechanisms of SHE are very similar to the well understood AHE [38] (Skew
scattering, side jumps and intrinsic mechanisms). However, the SHE effect can be
observed in non-magnetic metals with large spin-orbit coupling [39]. The heavy metal
(HM) Pt is commonly used due to its reproducible properties. In the absence of
a magnetic field, charge carriers are scattered asymmetrically and spin-dependently
leading to a pure spin current perpendicular to the charge current and a resulting spin
accumulation at the interface of the conductor. Likewise, the reverse process called
the inverse spin Hall effect (ISHE) exists: a pure spin current generates a transverse
charge current. A sketch of each process is shown in Fig. The SHE and ISHE
become even more interesting if one considers a bilayer system of a magnetically
ordered insulator (MI) and a HM. The spin current then interacts with the order
parameter of the MI. The order parameter can be either the magnetization M [39,
40] or the Néel vector N [41, 42] depending on the MI. For now, we will focus on
ferromagnetic insulator (FMI) with M as an order parameter and will later point out
the differences in the case of sensitivity to N.

In a ballistic picture, the spin current Jg perpendicular to the interface leads to a
spin accumulation with spin polarization p parallel to the interface (y-direction) as
depicted in Fig. (a). The spin current can interact with the magnetic ions at
the interface to the FMI. If the magnetization M of the FMI is parallel to the spin
polarization p at the interface, the spin current into the FMI is zero. The spins at the
interface are reflected back into the HM generating an opposing spin current to Jg.
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1. Theory

(a) (b)

»
9

Figure 1.3.: (a) Sketch of the spin Hall effect. A charge current Jc (blue arrow shows
the technical current direction) leads to a transverse spin current Jg and
a spin accumulation at the interface. (b) Sketch of the inverse spin Hall
effect. A spin current Jg leads to a transverse charge current Jc.

By the ISHE, a parallel contribution to J¢ is generated leading to an effective low-
resistance state. If M is perpendicular to u, a spin current is absorbed by the FMI,
acting as a spin-transfer torque [39,|43]. Therefore, the reflection of spins is suppressed,
decreasing the additional contribution to Jo and leading to an effective high-resistance
state. The absorption of spin current by the FMI depends on the material and surface
quality, which collectively is dictated by the spin-mixing conductance G™ [44]. GH
is a complex number that can be expressed as G = GIY + iGP and represents the
spin-transparency of an interface. The transfer of spin through the HM /FMI interface
is given by

1 ot
JS:GTMXMXM+ o x M.
47 47

The transverse resistance is modulated as [43]
ARy & ARy ,nM,M, + AR,M.. (1.9)
and the longitudinal resistance as
ARp o< ARy m(1 — M) (1.10)

AR1,, depends on the properties of the HM layer and the real part of the spin
mixing conductance GP, while ARy is connected with the imaginary part of the
spin mixing conductance GZN. The change of resistance due to SHE is referred to as
spin Hall magnetoresistance (SMR). The change of transverse resistance due to the M,
component is often referred to as spin Hall anomalous Hall effect (SHAHE) [43]. Using
a magnetic field to manipulate the magnetization direction of the FMI, the magnetic
state of the FMI can be traced by measuring this effect. If one assumes that the
magnetization M follows the external magnetic field H, uniaxial measurements in the
z- and z-directions lead to an increase of the resistance, because the magnetization
rotates away from the y-direction. Likewise, measurements with an external field
applied in y-direction will lead to a decrease of the longitudinal resistance. For rotation
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1.6. Magnetoresistive and Hall effects

measurements, the following dependencies can be concluded for Rp:

xy : Rp = ARy ;M cos(a) sin(c)
xz : Rp = ARy M cos(v)
yz : Rp = AR2M cos(3)

and for Ry:
xy : Rp, oc ARy ;M COSQ(Oé)

xz: Ry, x0
yz : R o< ARy, M cos?(B)

Here, we adapt the notation from Fig. [L.2

In contrast to FMIs, in AFMs, there are two magnetic sublattices present. One
can perform the summation over both sublattices and find that the change of ARy,
is then associated with the Néel vector instead of the magnetization [45]. While
the magnetization direction directly follows the magnetic field direction, the Néel
vector tends to orientate 90° to H. This manifests itself in a 90° shift in rotation
measurements. Equations and are then rewritten as

ARp < ARy (1 —N2) (1.11)

and
ARy x ARL,—LNxNy + ARsM,. (1.12)

Note that the second term in equation is dependent on M, not on N. A finite
moment acts as a field-like torque and is expected to be zero in a compensated AFM,
but as will be discussed in later chapters, a full interpretation of the SMR in antiferro-
magnets requires consideration of this additional term. Ignoring anisotropy, the Néel
vector N tends to align perpendicular to H. This gives a plane of possibilities where
the Néel vector could lie. The actual orientation of the N depends on the material
properties. The angular dependencies of easy-plane AFMs NiO [15, |46] and a-FesOs3
(hematite) [41] have shown complicated behavior for Ry, depending on the relative
angle of the easy magnetic plane and the zy-plane. If the zy-plane coincides with the
easy plane, one observes a 90° phase shift compared to if Ry depend on M:

xy : Rp = —ARy N cos(a) sin(a)

and for Ry,
xy: Ry, o< ARy, N sin2(a)

This resistive behavior is referred to as ‘negative SMR’. We mention that the above
equations are not necessarily valid for every AFM /HM bilayer. While for e.g. for NiO
and hematite SMR data can be explained using these formulas, other experiments at
AFM/HM bilayers show a SMR dependence on the canted moment M and not on N,
like for the AFM SrMnOj3 [47] and SmFeOs [40].

Not only rotational, but also uniaxial measurements will experience a change in resis-
tivity if the structure is chosen correctly so that the spin flop under a field changes the
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1. Theory

y-component or xy-component of Ry and Rp. The SHE can not only be used to de-
termine the magnetic state of a MI. The pure spin current generated in the HM can be
absorbed by the MI, leading to the excitation of magnons that can propagate within
the material and be read out at a spatially separated position. The long-distance
spin transport has been shown in several ferromagnetic compounds like Y3Fe5019, as
well as recently in antiferromagnetic FeaO3 bulk [34] and thin film [S2] samples, and
recently in the bulk antiferromagnetic orthoferrite YFeOs [S8], opening new pathways
towards spin- and wave-based computing. Another application for the SHE is utiliza-
tion of spin orbit torque by the spin accumulation on the MI making efficient electrical
switching of the magnetization possible [S1} |S4) S5].

1.6.3. Hanle effect

The Hanle effect describes the dephasing of spins due to precession and diffusion
in an external magnetic field [48]. This can lead to a magnetoresistive effect [49)
named Hanle magnetoresistance (HMR) [50, 51]. The HMR has the same symmetry
as SMR for a FM/HM bilayer, but the signal depends on the magnitude of the applied
field. This manifests itself in an increase of the signal in R(H) measurements with
increasing field strength despite the magnetization of the FM being already saturated.
The change of longitudinal resistance can be expressed as [50]:

AR = AR|(1 - H) (1.13)
and the change of transverse resistance as
ARy = AR\H,H,+ ARYH.. (1.14)

H; are the components of the magnetic field in x (along the Hall bar), y (perpendicular
to the Hall bar in plane) and z (out of plane) direction. The HMR is independent
of the adjacent MI layer and can be observed in a free standing HM layer. In an
experiment with an AFM/HM bilayer, where the SMR can be sensitive to a field-
induced, canted moment, the HMR and SMR will be difficult to disentangle, because
the magnitude of the net moment will continuously increase without saturating up to
very high magnetic fields.

1.7. Spin caloric effects

In the previous section, we have discussed magnetoresistance and Hall effects. In
a wider perspective, the ordinary Hall effect is a electrical response to an electrical
current as an input. The spin Hall effect on the other hand is gives a spin current as
a response to a charge current. One can extend this list of effects by allowing for heat
currents and the inter-conversion between these and spin- and/or charge currents.
In 1821, T.J. Seebeck discovered that in metals and semiconductors, a heat current
can be converted into a charge current, after whom this effect, the Seebeck effect, is
named. Due to its similar geometry, the spin Seebeck effect is named in a similar
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1.7. Spin caloric effects

fashion, describing the inter-conversion between heat and spin currents. This effect is
used in this thesis to investigate garnet heterostructures (chapter |4).

1.7.1. Spin Seebeck effect

The spin Seebeck effect (SSE) describes the generation of a spin current (magnons in
the case of insulators, see section as a response to a heat gradient VT [52, 53].
The established method to measure the SSE in insulators is via the longitudinal spin
Seebeck effect. In this geometry, the heat gradient is applied perpendicular to the
surface. The spin current is detected via the ISHE in an adjacent heavy metal layer.
The electric field in the Pt layer due to the SSE can be described as [53]:

E = (0p)J, x o. (1.15)

Here, 6 and p are the spin Hall angle and the resistivity of the Pt, respectively, J,
the spin current perpendicular to the surface and o is the spin-polarization vector,
which is parallel to the magnetization M of the insulator. A whole spectrum of
magnons is excited by the thermal gradient, which can contribute differently to the
SSE signal. The contribution of a magnon branch to the ISHE signal depends on the
coupling strength of the magnons to the heavy metal, i.e. the spin mixing conductance
and defines the amplitude of the SSE signal. Different magnons may carry different
angular momentum leading to a different sign in the SSE signal. Since the occupation
of magnon modes can vary with temperature, this can lead to a complex behavior
of the SSE signal [33, [54]. In this work, SSE measurements have been performed at
YIG-GIG heterostructures presented in chapter [
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2. Materials

This chapter focuses on the materials that have been investigated in the course of
this thesis. There is TmFeQOgs, a representative of rare earth ferrites, belonging to the
large family of perovskites. Secondly, we employ Y3Fe;012 and GdgFe;012, famous
representatives of the garnet family. All of these materials are magnetically ordered
oxides and promising candidates for novel spintronic devices. In this thesis, we will
employ the effects described in the previous chapter to access the properties of these
materials.

2.1. Perovskites

Originally, perovskites described oxygen-based materials with the chemical formula
ABOg like the first known representative, naturally occurring CaTiOs [55]. Nowadays,
the term perovskites describes material composition with the general formula ABX3
with the arrangement shown in Fig. and can be found in diverse applications
including solar cells , superconductors and multiferroics . Here,
we focus on the ‘classical’ ABOj perovskite, modeled by assuming that the oxygen
forms O?~ ions while A and B are positively charged ions, where the A ion has
the larger atomic radius. Depending on the size of the A and B ions, the unit cell
has different symmetry. How ‘cubic’ a perovskite is can roughly be determined by
the Goldschmidt tolerance factor . The structure of a perfectly cubic perovskite
material is shown in Fig. The figure represents the unit cell of SrTiOz (STO).

Figure 2.1.: Cubic perovskite structure for SrTiOz. Green: Sr’*t, blue: Ti*t, red:
O?~. Drawn in Vesta .
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2. Materials

It is characterized by its cubic symmetry (a = 3.905A), insulating and diamagnetic
properties. In this work, STO has been used as substrate material for thin film
deposition of TmFeQ3, which will be introduced below. The investigation of perovskite
oxides continues the tradition of our group in this research area [S3, |63-68].

2.2. Rare earth orthoferrites

Research into rare earth (RE) orthoferrites, REFeOs, began in the 1950s with ana-
lyzing the magnetic and structural properties of GdFeOs [69, 70]. The structure is
similar to that of perovskites but, due to distortions, the symmetry is lowered. The
unit cell consists of four perovskite ‘units’ building up an orthorhombic unit cell with
lattice constants being roughly \/iap X \/§ap X 2ap, with a, being the pseudocubic
lattice constant of a perovskite unit. The magnetic ordering temperature T of this
class of materials is around 600K to 750 K depending on the RE ion [71]. Due to
super-exchange coupling via the oxygen ions (see , the iron magnetic moments
of the Fe3t ions couple antiferromagnetically, leading to a G-type antiferromagnetic
structure [72]. The super-exchange coupling is attributed to virtual hopping of elec-
trons between the d-electrons of the iron ion and the p shell of the oxygen ion [24].
However, the perfect antiparallel alignment of the iron spins in orthoferrites is pro-
hibited by the antisymmetric Dzyaloshinskii-Moriya interaction (DMI) [26, 27, 73]. A
significant canting [74] between the irons spins creates a weak ferromagnetic moment
M perpendicular to both the Néel vector N and DMI vector. For all orthoferrites
just below the Néel temperature, M is along the c-axis and N along the a-axis. In
Bertaut’s notation [75] this can be expressed as Gy A, F;, also called the I'y state.
Translating this to the nomenclature used here, this corresponds to N,ApM,. since
a (z), b (y) and ¢ (z) are the crystallographic axes, N (G) is the Néel vector, M (F)
is the ferromagnetic vector and A is another linear combination of the four iron spins
in each unit cell. The behavior of a rare earth crystal under magnetic fields and tem-
perature changes can be calculated using the model introduced in section This is
presented in the appendix section

TmFeOs;

TmFeOgs belongs to the family of orthoferrites. The lattice parameters for this material
area = 5.251A,b=5.576 A and ¢ = 7.584 A [76]. The magnetic ordering temperature
for Fe ions is 632K [74]. Regarding the Tm ions, they possess 12 4f electrons in the
outer shell. Thus, according to Hund’s rules, we have S = 1 and L = 5, leaving
us with J = 6. So the Tm>" ion is magnetic, but the interaction between the ions
is weak so that they do not show ferromagnetic coupling at any given temperature
[72, [77]. However, the Fe sublattices generate an effective field at the Tm site, which
leads to the polarization of the Tm moment contributing to the overall magnetization.
Also, the RE-Fe interaction leads to a strong temperature-dependence of the magnetic
anisotropy and the SRT from the I'y state to the I'y (G,C,F, [75]) state. The SRT
happens in the temperature region between 7o = 92K and 77 = 84K [72]. Within
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F4 (T>T2)

Figure 2.2.: Orthorhombic structure of TFO. Fe ions are orange, Tm ions are blue, O
ions are red. Green arrows indicate the spins of the Fe ions pointing along
the a-axis above the spin reorientation transition (right, I'y phase) and
along the c-axis below the spin reorientation transition (left, I'y phase).
The arrow N indicates the direction of the Néel vector, M indicates the
direction of the canted moment. The blue arrows indicate the polarized
Tm moments. The dimensions of arrows are not to scale. Vesta has
been used to draw the figure.

the transition N and M rotate smoothly in the ac-plane. Above the SRT, the Tm
moments are parallel to the canted moment while below the SRT, the Tm moments
are antiparallel to the canted moment .

We can describe the magnetic states of TFO mathematically as done for a general
orthoferrite in the appendix section Key result of this calculation is that the
canting angle of the Fe sublattices is determined by the relative magnitude of the
asymmetric and symmetric exchange fields (see equation . Applying a magnetic
field parallel to the magnetization leads to an increase of the canting angle, which scales
about linear with external magnetic field (equation|A.8)). If a magnetic field is applied
parallel to N, this leads to a 90° rotation of all spins and thereby a simultaneous
rotation of both M and N. This corresponds to a field-induced SRT from I'y — I'y
for H||aand T'> T2 and I'y — I'y for H || ¢ and T' < T. At the spin flop field H,
(also called spin reorientation field), the rotation is complete. The magnitude of H,y
depends on the anisotropy of the sample (see equation . The spin reorientation
does not appear as an abrupt transition as for example seen e.g. in hematite or
MnF9 , but happens gradually. This means that already small magnetic fields can
lead to a reorientation within the ac-plane of N and M by a few degrees. Experiments
have shown that the spin-flop field in TFO is of the order of H,; ~ 11T for TFO
at room temperature. Due to the decrease of magnetic anisotropy towards the SRT,
Hgy is also decreased and goes to zero at the borders of the SRT .

The properties of TFO have been analyzed mostly at bulk samples. There are few re-
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ports on TFO thin films, which exhibit polycrystalline growth or a hexagonal
structure . This motivates the growth and characterization of orthorhombic
TFO thin films. The hexagonal phase exists only in thin films and has different prop-
erties compared to the orthorhombic bulk structure. It is reported that the hexagonal
structure of TFO possesses multiferroic properties. They are in focus of photovoltaic
research due to their high stability, environmental safety and high photovoltages .
The properties of the hexagonal TFO phase are in more detail discussed in section

2.3. Hexagonal rare earth ferrites

A material class closely related to orthoferrites are the rare earth manganites
REMnOj3. The atomic radii of Fe?* and Mn3* are very similar [86], so one would
expect an identical structures from the Goldschmidt tolerance factor . However,
one observes that REMnOj3 crystallize with a hexagonal structure (Fig. rather
than the orthorhombic phase of REFeQs, likely due to the different electronic struc-

tures .

The hexagonal structure of RE manganites in their bulk form is known already since

(b)

C

Figure 2.3.: Unit cell of a hexagonal rare earth ferrite drawn in VESTA . Rare
earth ions are drawn in blue, oxygen ions in red and iron ions in brown.
The polyhedral coordination of the iron ion is indicated. (a) depicts the
side view and (b) the top view.
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the sixties . The hexagonal phase of rare earth ferrites is metastable, but could re-
cently be stabilized in special systems, like e.g. by chemical routes or in thin films
grown on substrates with special symmetry . These hexagonal show sev-
eral interesting properties, but the one attracting the most attention in recent years, is
multiferroism , which means that ferroelectric and ferromagnetic ordering exist
simultaneously in the material. This is especially interesting if the order parameters
are coupled to each other so that the magnetization can be manipulated by an electric
field or the polarization can be manipulated by a magnetic field. In the course of this
thesis, thin films of hexagonal TmFeOs (h-TFO) were realized in order to investigate
the manipulation of the magnetic state by an electric field. The magnetic response is
then determined by magnetic measurements. Moreover, we propose a device concept
where the magnetic state of the h-TFO is read-out by all-electrical spin Hall mag-
netoresistance. This magnetoelectric coupling is of great interest for magnetoelectric
data storage devices and other spintronic device concepts .

2.4. Garnets

Rare earth iron garnets REsFe;012 belong to the family of garnets with the generalized
sum formula {cz}[az](d3)O12. They possess a complex cubic lattice structure with 160
atoms per unit cell as depicted in Fig. [2.4] (a) [95]. There are in total 24 d-sites in the

Figure 2.4.: (a) Unit cell of a rare earth garnet with oxygen atoms in red, iron atoms
in orange and green and rare earth ions in turquoise. (b) Reduced garnet
crystal structure with the relative alignment of the tetrahedrally coor-
dinated d-Fe, the octahedrally coordinated a-Fe and the dodecahedrally
coordinated c-RE site.
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garnet unit cell, which are tetrahedrally coordinated by oxygen ions, 16 octahedrally
coordinated a-sites and 24 dodecahedrally coordinated c-sites. The a- and d-sites are
occupied by Fe3T ions, the c-sites by RE?>T ions. This is depicted in the simplified
structure in Fig. (b). The Fet ions possess a total spin angular momentum
of 5up. The spins on the a-sites couple ferromagnetically to each other forming a
magnetic a-Fe sublattice and similarly, the spins on the d-sites form a ferromagnetic
d-Fe sublattice. The coupling between these two sublattices is antiferromagnetic. In
the following, two garnets which have been used in this thesis, are presented. The
lattice parameters of these are given in table The small difference between these
parameters makes them ideal candidates for heteroepitaxial growth. Due to the good
lattice matching, the paramagnetic insulator gadolinium gallium garnet (Gd3GasO12,
GGG) has been used as substrate to grow iron garnet thin films.

Garnet ‘ Lattice Parameter (A)

GdgGa5012 12.383 ’96]
Y3Fe5019 12.376 [95)
GdgFe5012 12.472 ’97]

Table 2.1.: Lattice parameters of iron garnet structures used in this thesis in compar-
ison with GGG lattice parameter used as a substrate.

Y3Fe5012

Yttrium iron garnet (YsFesOi2, YIG) is the ’fruitfly of magnetism’ [98]. Due to
its desired properties like low magnetic anisotropy, low magnetic damping and high
chemical stability, it is the material of choice for many projects in the spintronic
research community [99]. The c-site is occupied by nonmagnetic Y3*. The magnetic
properties are thereby defined by the a-Fe and d-Fe sublattices. Due to the different
number of a- and d- sites, YIG is a ferrimagnet with one excess Fe spin (5 up) per
formula unit, corresponding to a magnetization of around 140kAm~! at 300K [100].
Magnetic ordering of YIG persists until the Curie temperature of T = 560 K |100].
The Fe sublattices are strongly antiferromagnetically coupled so that the inter-lattice
coupling cannot be broken with magnetic fields available in our labs. Applying a
magnetic field to a YIG sample leads to a coincident movement of both sublattices.
For the investigations described in this thesis, we can therefore simplify the magnetic
properties of YIG by introducing one effective magnetic lattice.

Concerning electrical properties, YIG possesses an electron gap of AE ~ 2.6eV [101],
making it a good insulator. This is beneficial when performing magnon transport or
spin Hall effect experiments since no current flow in the YIG layer has to be taken
into account.
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GdgFe5012

In Gadolinium iron garnet (GdsFe;012, GIG), the c-site is occupied by paramagnetic
Gd>* ions. These have 7 electrons in the 4f shell and according to Hund’s rules, the
ion has a spin angular momentum of § = 0 and an orbital angular momentum of
L = 7. The direct exchange interaction between the Gd moments is weak, however,
the effective field created at the c-site by the Fe sublattices leads to a polarized moment
which aligns antiparallel to the net Fe moment. Due to the temperature-dependence
of the Gd moment, GIG possesses a magnetic compensation point Ti.q,p ¢ at which
the the Gd moment is as large as the net Fe moment [102]. Applying a magnetic
field to a GIG sample when cooling through T¢.,,p ¢, all magnetic sublattices reverse.
The complex magnetic behavior has been the target of research in the Klaui group
in the recent past. In particular, spin Seebeck effect (SSE) measurements has been
measured across a large temperature rage revealing a so-called second compensation
point, where the SSE signal reflects changes to the magnon mode occupation |33} |103].
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The work presented in this thesis covers the growth of heteroepitaxial thin films using
the materials introduced in the previous chapter. The techniques for fabricating these
samples as well as the key methods to investigate the crystallographic properties are
presented in this chapter. The methods for measuring bulk magnetic properties of the
samples are presented. We further present a setup for magnetoelectric measurements
together with a proof of concept. Finally, we describe the techniques for surface-
sensitive electrical transport measurements.

3.1. Pulsed laser deposition

Pulsed laser deposition (PLD) belongs to the category of physical vapor deposition,
like sputtering. It is a powerful technique to grow high quality thin films of effectively
any material composition and is the main technique for the thin films developed in the
course of this thesis. The key advantages compared to sputtering, are that the target
can be relatively small in size and thereby cheaper, and that the material transfer from
the target to the substrate is stoichiometric. Furthermore, PLD can be performed in
a broad range of gas pressures down to ultra high vacuum. During the deposition, in-
situ diagnostics with RHEED (reflection high energy electron diffraction) is possible
due to the absence of magnetic and electric fields [104].

The principle of PLD is as follows; a high-energy ultra violet (UV) laser pulse is guided
on a target, a block of material with the composition of interest. The UV light breaks
the bonds of the material at the surface of the target. The atoms become ionized and
accelerate perpendicular to the target surface. Some distance away from the target, a
substrate, where the thin film of the material is aimed to be grown on, is positioned.
In our case the substrate is heated in order to transfer kinetic energy to the incoming
target material, so it can form crystallites on the surface. In this work, we focus on
oxide compositions. Therefore, an oxygen background pressure is generated to assist
the growth of the material in the desired stoichiometry. The source of UV light is a
KrF laser with 248 nm wavelength. The laser, a Coherent COMPex Pro 205, emits
laser pulses of 20 ns duration at a frequency between 1 and 50 Hz. The typical energy
of one pulse is around 200 mJ when created in the laser. The light is guided through
an optical system of mirrors and lenses, and projected at an angle of 45° on the target
surface as suggested by the manufacturer |[105]. The energy density at the target is
around 860m.J/cm?, which is spread homogeneously over the area of the laser spot.
In order not to shoot a hole in the material, the target is moved back and forth and
simultaneously rotated during the deposition. Details of the setup can be found in
[106]. During this PhD, the PLD setup was constantly maintained and improved by
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the author, enabling further successful projects like the investigation of TmsFe5O12
[S1}, 1S4}, S5, [S9]. In this work, PLD has been used for the deposition of YIG-GIG
heterostructures (see chapter [4) and TFO thin films (see chapter [6).

3.2. DC magnetron sputtering

The second physical vapor deposition technique used in this work is DC magnetron
sputtering (short: sputtering). This method is based on the ionization of gas ions
in a large electric field close to the target. The ions are accelerated towards the
target, where they transfer kinetic energy to the material. These atoms diffuse to the
substrate placed above the target. Simultaneously, more gas atoms are ionized due to
the creation of ions and free electrons. The plasma is confined close to the target by
strong magnetic fields stemming from permanent magnets inside the cathode. This
technique works well for noble metals as used in this work. It is employed for deposition
of noble metals given that PLD is not suited to their deposition due to the creation of
droplets in the sample caused by local melting of the metal [107]. Additionally, from a
manufacturing perspective, magnetron sputtering is easily scalable and therefore used
in industrial thin film processing. When depositing compound materials, one has to
be aware of the fact that sputtering process itself does not lead to a stoichiometric
transfer from the target to the substrate, since the momentum transfer from the ionized
gas to the target atom leads to different sputtering rates of the atoms, depending on
their mass. However, a pre-sputtering process can reduce this effect |108]. Like for
PLD, the substrate can be heated to enable the creation of a crystal structure of
the deposited material. In this work, sputtering was preliminary used to deposit
Pt at room temperature for spin Hall effect measurements and Gold for conducting
bonding pads on YIG-GIG heterostructures (Ch.[4)), as well as TFO bulk crystals (Ch.
and thin films (Ch. . The Pt deposited at room temperature is not long-range
ordered. However, we also used sputtering also to deposit an ordered Pt layer as a
bottom electrode for a material (Sec. . In this case, the crystallographic order of
the Pt is important and therefore, it is deposited at elevated temperatures.

3.3. X-ray diffraction

X-ray diffraction is a technique that relies on the scattering of electromagnetic waves
in the nm-range from lattice planes of the crystal. It allows one to investigate the
structural properties of a sample. The essential formula is Q = G, indicating that
one detects a signal when the scattering vector Q is equal to a reciprocal lattice vector
G. A detailed explanation can be found in [109]. Here, we focus on the specific types
of measurements which have been performed in the course of this work.

The instrument used to perform the x-ray measurements in this thesis is a Bruker
D8 Discover 4-circle diffractometer equipped with a Cu anode. In this setup, the
measurements are performed in the Bragg-Brentano geometry. The x-rays exit the
Cu anode in line-focus and are then reflected from a Goébel mirror collimating the x-ray
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3.3. X-ray diffraction

beam and monochromizing it to a certain degree. The beam is then guided through
a slit to confine it. To further suppresses contributions to the x-ray spectrum other
than the Cu K, radiation, a 2-bounce Ge channel-cut monochromator is used. The
beam then hits the sample, which can be rotated around three perpendicular axes,
so that every lattice plane can be accessed. The reflected beam then passes through
a set of motorized slits before being absorbed in the point detector. Different axes
of the diffractometer can be moved independently from each other, yielding different
information. In the following, the different scans used in this work are described.

20 /w scans

In this measurement geometry the angle of incoming and outgoing x-ray beam are
simultaneously increased so that w = ©. This corresponds to the increase of scattering
vector Q in one direction. If a reciprocal lattice vector of the sample is parallel to
Q, one finds a peak in the spectrum, when Q = G. Since the modulus G is closely
related to the lattice plane spacing dpx; by %, one can determine the dimensions of
the unit cell of the material when scanning in different directions of the crystal. From
this expression the well known Bragg formula can be derived: nA = 2dsin ©, where n
is the order of the reflection, A the wavelength of the x-rays, d the spacing of the lattice
planes and © the angle of the incoming x-ray beam with the lattice planes. These
reflexes provide essential information about the thin film sample under investigation.
Comparing the values of a thin film with those from bulk samples, one can determine
the type of growth, whether strained or relaxed. The relative intensity of the peaks

can also give information about the atomic order of the material [106, 110].

From the width of the peak one can learn about the size of the crystallites that causes
the reflex. The Scherrer formula is often used for powder samples, but also gives some
idea of crystallite size L in thin films: L = ﬁi‘m@, where K is a correction factor
that we put here as 1, A is the wavelength of the x-rays, A® is the width of the peak
and O the angle at which the reflex occurs [111]. Here we use the Scherrer formula as
a rough estimate for the crystallinity of the sample. For quantitative analysis, more
care has to be taken of the K factor. For a single crystalline sample measured in the
out-of-plane geometry, the value of L gives the thickness of the thin film.

One more feature we focus on when analyzing 20 /w scans is the occurrence of finite
size oscillations, which are also called Laue oscillations. They are visible only when
the lattice planes are very parallel to each other. The periodicity of the oscillation is
linked with the thickness of the scattering volume [112].

A third method to determine the thickness of a thin film is to perform a 20 /w scan
at grazing incidence. Close to total reflection, x-ray photons are not scattered at
the lattice planes as discussed above, but by gradients in the electron density, so in
other words, at interfaces. Multiple reflections within the layers lead to constructive
interference of the outgoing x-rays, depending on the angle. This results in a spectrum
containing so-called Kiessig fringes, which are linked to the thickness of the layer |113].

31



3. Methods

Rocking curves

A rocking curve is a measurement where the detector is fixed at the 20 position of a
specific reflex. The sample is then rotated around the angle w. In a perfect crystal
this would be a sharp peak at w = ©. However, if the sample consists of several
crystallites which are tilted with respect to each other, this peak is broadened. The
full width at half maximum (FWHM) is a measure for the broadness of the peak. In
general, we fit the rocking curve with a Gaussian distribution. However, sometimes
one observes more than one contribution to the rocking curve [106]. In practice, the
rocking curve is performed after the 20 /w scan. To perform the first scan, we align
the crystal using the substrate reflex, which should be well known and possess strong
intensity. In rocking curves, it can then be found that the peak is not centered at ©,
which indicates that the axis of the thin film is not aligned with those of the substrate
[S2].

® scans

® describes the rotation of the sample around the out-of-plane-axis. To perform this
measurement, the sample is tilted by the angle ¥ to obtain an in-plane contribution of
the scattering vector. ®-scans can tell us about the symmetry of the crystal and the
relative growth orientation with respect to the substrate. Twinning, the occurrence
of differently ordered crystallographic domains can also be easily detected using this
method.

3.4. SQUID magnetometry

To investigate the magnetic properties of samples, a superconducting quantum in-
terference device (SQUID) magnetometer is used. Using a Quantum Design MPMS
XL the field- and temperature- dependent magnetic moment of the samples can be
determined. As measurement mode, the reciprocal space option (RSO) has been cho-
sen, where the sample is passed at a rate of 1 Hz through a second order gradiometer
pick-up coil. Details on the working principle are given in detail in Ref. [114]. The
SQUID has an internal fitting procedure to calculate the magnetic moment for every
data point. The fitting routine assumes a point dipole so that every data point has
to be corrected depending on the shape of the sample [115]. The magnetic moment of
the sample can be measured at different temperatures and external magnetic fields.
The SQUID can apply up to +5T in a temperature range of 2 to 400 K.

Field-dependent measurements

In field-dependent magnetization measurements (M (H)), the temperature is kept con-
stant and the field is ramped from a positive magnetic field to a negative magnetic
field back to a positive magnetic field to be able to record a full hysteresis. Care has
to be taken with regard to the substrate, which also contributes to the signal given
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the bulk nature of SQUID measurements. In this work mostly diamagnetic substrates
have been utilized. They contribute linearly with magnetic field. To determine the
magnetic properties of the thin film grown on diamagnetic substrate, we subtract
a linear fit from the raw M (H) data. We are thereby left with only the nonlinear
magnetic contribution. Possible additional linear contributions from the thin film are
thereby omitted due to this background subtraction.

Temperature-dependent measurements

Performing temperature-dependent measurements (M (7)), the magnetization is fixed
while the temperature gradually changes. During the temperature sweep, magneti-
zation measurements are performed. During the measurements, the temperature is
not fixed, however due to the relatively slow temperature sweep and the relatively
quick nature of each measurement point, the small error due to the temperature drift
is neglected. When performing M (T") measurements, we will focus on the qualitative
change of the magnetic moment of the sample and therefore not perform further cor-
rections. We are aware that diamagnetic substrates lead to a constant offset in the
M (T) curve while paramagnetic components contribute by 1/7.

3.5. Magnetoelectric measurement setup

To perform magnetoelectric measurements in the SQUID a rod was designed and
constructed by the author to measure the in-plane magnetic response to an elec-
tric field. This could for example measure the magnetoelectric coupling in mul-
tiferroic bilayers. The setup was tested at the sample stack Pt (50nm)/PNM-
PT(110)/Pt(50 nm)/Ti(5 nm)/Ni(35 nm) of which the magnetoelectric properties have
previously been described [116]. Given difficulties in the fabrication of magnetoelec-
tric samples, as described in section this setup has not been used in this work for
new experiments. It might still be useful for future work, so the setup is described in
this section. Therefore, we demonstrate here, that the rod works as intended.

The rod consists out of two aluminum stripes, where the the sample is being at-
tached to. The two stripes are connected to the bottom and top electrode of the
sample, respectively, so that there can be a voltage applied to it. The rod was
tested using a sample grown by sputtering on piezoelectric PMN-PT (011) substrate
([Pb(Mgo.33Nbg 66)O3]0.6s-[PbTiO3]0.32). On each side, 50nm Pt has been deposited
to guarantee a homogeneous voltage distribution across the substrate. On the top side,
5nm Ti and 35nm Ni have been deposited. The Ti layer acts as an adhesion layer,
while Ni is a magnetoelastic material. When a voltage is applied at the substrate, an
in-plane strain is generated in the x- and y-directions. The strain is transferred to
the Ni layer which alters its uniaxial magnetic anisotropy. The strain-induced change
in anisotropy leads to a displacement of domain walls and a growing (shrinking) of
energetically favored (unfavored) domains [116]. In the SQUID, this is visible by
measuring the overall magnetization of the sample.
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The sample is mounted with y ([011]) along the sensitive direction of the SQUID.
Initially, the sample is unpoled, meaning that it consists of domains with all possible
polarization directions. The virgin curve has been measured as shown in Fig. [3.1] (a).
For this measurement, a magnetic field of 50 mT has been applied to the sample. At
this field, the background curve was measured and subtracted for the measurements
with a voltage applied. Therefore, the signal at low voltages is zero and it only
suddenly increases at an applied voltage of 160V (equivalent to 160kV /m across the
1 mm thick substrate). This is the voltage at which the PMN-PT substrate is poled,
creating a single piezoelectric domain and abruptly changes strain in both the z- and
especially in the y-direction. When first poling, the y axis shrinks by an average of
around 0.15%. As shown in ref. |[117], when going from the unpoled to the poled state,
the hysteresis loop in the y-direction becomes harder i.e. reducing the magnetization
if H is between 0 mT and 100mT in line with the decrease of magnetization after
the application of the poling voltage shown in Fig. [3.1, Once poled positively, the
PMN-PT substrate changes its strain linearly in z- and y-direction when applying a
positive voltage. This linear change of strain is converted to a linear change of the
uniaxial anisotropy in the Ni layer, which changes its magnetization also linearly. This
is shown in Fig. 3.1

(a) 0 poling curve, 50 mT ( ) 104 set field: 50 mT (C) 04 set field: 1 T|
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Figure 3.1.: Change of magnetization upon application of an electric field at a
Pt/PNM-PT/Pt/Ti/Ni sample. (a) virgin curve at 50mT (b) after pol-
ing at 50 mT subtracting the same background data (c) after poling at an
applied magnetic field of 1T subtracting another background file.

The magnetization decreases linearly with a slope of -0.079 kA/m/V. Taking into
account the magneto-elastic coupling coefficient o = pgi—]\éj one estimates a ~ 1 -
10~"s/m. This value has the same order of magnitude like the one determined by
XMCD-PEEM [116] for patterned samples of a similar material stack. The fact that
the « is lower in the presented experiment might stem from the different sample
geometry. Here, we analyzed the behavior of a continuous film, while in [116] a
patterned sample has been investigated. Therefore, a different shape anisotropy is
present. Secondly, we measure the overall magnetization of the sample. We are

therefore sensitive not only for the direction of the ferromagnetic vector, but also

34



3.6. Electrical measurements

to its length. In [116], the magnetization is determined using PEEM-XMCD, being
sensitive to the direction of the magnetization, but not for the magnitude. One can
also see that, once poled, the magnetic configuration of the Ni layer does not go back
to the virgin state due to the permanent changes in strain along the y direction |118§].
To confirm that the signal stems only from the change of magnetization and not for
example from the change of paramagnetic properties of the system, the measurement
has been repeated under an applied field of 1T, where the Ni layer is completely sat-
urated, independent from the relative orientation of uniaxial anisotropy and magnetic
field. As one can see in Fig. (c), the magnetization does not change upon applica-
tion of an electric field in the given range. This confirms that the signal measured is
purely magnetic.

We have demonstrated that magnetoelectric measurements are indeed possible using
this ME rod. It might be of use when determining the strain-dependent magnetization
of MngNiN [119] or when investigating the voltage coupling at TmgzFe; Q12 /Pt interface
[120] and remains the focus of future work.

3.6. Electrical measurements

Electrical transport measurements are performed in this work for insulator/Pt sam-
ples. Each sample is prepared in a way that the conducting Pt is defined as Hall
structures (see To do so, electron beam lithography is utilized. A positive mask
is defined on the surface of the insulator. In a second step Pt is deposited on top and
a lift-off technique is used to result in defined Pt Hall bars. To facilitate contacting
individual devices, Au contacts are deposited, again using the lift-off technique. Due
to Au being known for bad adhesion properties, a thin Cr or Ti layer of a few nanome-
ters is deposited below the Au. The dimensions of the main channel of each Hall bar
are 10 pm width and 100 ym length. The two set of arms of the Hall bar have a width
of 3 um and are separated by a distance of 55 um along the Hall bar. The standard
Pt thickness of the structure is 7 nm.

The structured sample is glued on a printed circuit board (PCB). Depending on the
measurement, different PCB boards are available for in- and out-of-plane measure-
ments as shown in Fig. The PCB board is attached to a rotating element that
is capable of rotating the sample in a magnetic field directed along the sample rod
at fixed temperature. The rotator in use is the ANRv51RES from Attocube, which
is based on piezoelectric elements. This allows us to apply the field in any arbitrary
direction with respect to the sample. This then means that, not only can uniaxial
measurements be performed, but also angular dependent measurements are possible.
We can rotate over an angle range of 200°. To measure over a full rotation, the
magnetic field has to be reversed.

The measurements are performed inside a cryostat that can access temperatures be-
tween 4 K and 300 K by He cooling. A superconducting magnet able to generate a
magnetic field of up to 12T during the measurements is used. We have used fields
of up to 11T in order not to go to the limits of the cryostat to prevent quenching
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Figure 3.2.: Measurement rod equipped with an in-plane (top) and out-of-plane (bot-
tom) sample holder.

of the magnet. Several measurement procedures are possible. One can measure the
transverse and longitudinal resistivity as a function of temperature, magnetic field and
rotation angle. If not stated otherwise, a charge current of 107* A has been passed
through the Hall bar, which corresponds to a current density of around 1.4-10° A /m?
for the above mentioned design. Every measurement is repeated 15 times to gather
sufficient statistics. To compensate for an asymmetric Hall structure, the current J
is reversed and the 15 measurements are repeated. The transverse and longitudinal
resistances Ry and Ry are the average of these 30 resistivity measurements for each
data point. Since Ry is sensitive to temperature fluctuations, some measurements
allow for drift corrections assuming that the temperature fluctuates on a relatively
large timescale.

For all of theses measurements we use a Keithley 2400 as a current source. To read the
voltages two Keithley 2182A nanovoltmeters are utilized in order to simultaneously
capture the longitudinal and transverse resistivites.
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4. Magnetic coupling in YIG-GIG
heterostructures

In this chapter, we investigate the material stack Y3Fe5012 (YIG) - GdsFe;012 (GIG)
grown by PLD on Gd3Gas012 (GGG) substrates. In the presence of interlayer ex-
change coupling between YIG and GIG, this heterostructure could act as a magnon
valve. The idea is summarized in Fig. [4.1] The central element of such a device is a
thin layer of YIG, which is well-known for being a good magnon conductor [4]. In the
presence of domain walls, propagating magnons can scatter, leading to a reduction
of the propagation length [121]. This effect could be used to manipulate the magnon
current by the generation or annihilation of domain walls. In this geometry shown in
Fig. (a), the domain walls occur perpendicular to the spin current direction.

We can imagine a second design, where the domain walls are parallel to the spin
current such as shown in Fig. (b). In this proposed concept, the domain walls
are realized by introducing a layer of a different garnet between two YIG layers. The
garnet of choice here is GIG, which has a similar structure and properties to YIG,
but possesses an additional magnetic sublattice formed by the Gd moments. If there
is interfacial coupling present in this heterostructure, the Fe sublattices might couple
ferromagnetically so that there is a coherent magnetic structure across the interface

(a) (b)

Injector Detector B=~0 B > Bcoupiing
| | -
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Gd ¥ readG Gd ¢ FeGdiG
Substrate - YIG <= YIG

Figure 4.1.: Two concepts of a magnon valve. (a) Thin film YIG with a number of
oppositely oriented magnetic domains (blue and green). The magnon cur-
rent is perpendicular to the domain walls in the YIG. (b) YIG-GIG mul-
tilayer system with interlayer exchange coupling. At low magnetic field
(indicated by the small black arrow), the net iron moments are coupled
ferromagnetically (left) since the interlayer exchange coupling is larger
than the Zeeman energy. When a large magnetic field is applied (right),
the YIG magnetization rotates and the interlayer coupling breaks. In this
geometry, the magnon current is parallel to the domain walls, similar to
GMR devices.
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4. Magnetic coupling in YIG-GIG heterostructures

as depicted in the left sketch of Fig. (b). Due to the large magnitude of the
magnetic moment from the Gd sublattice below the GIG compensation point, the
ferromagnetic coupling of the iron sublattices leads to an effective antiferromagnetic
orientation of the net magnetizations of each layer. An external magnetic field may
align the Gd moments in the direction of the field to reduce the Zeeman energy, which
then leads to the antiparallel alignment of the Fe moments of GIG with the field. In
contrast to that, the net YIG magnetic moment always aligns in field direction. This
leads to the breaking of the coherent magnetic structure as shown in Fig. (b),
if the external magnetic field is sufficiently large that the Zeeman energy overcomes
the interfacial coupling energy. This creates domain walls with respect to the Fe
sublattices within the plane parallel to the spin current direction. Like for electrons
in giant magnetoresistance (GMR) devices, we thereby expect different magnitudes
of the net spin current that traverses the device. A device like this could be used to
realize magnon logic operations.

The fabrication of an all-insulating magnon valve requires the capability to grow high
quality heteroepitaxial thin films to have a good matching of the unit cells at the
YIG-GIG interface. The method of choice to grow these samples is PLD. The YIG
and GIG targets used here have been fabricated in earlier projects 33, (103} [122} [123].
While high-quality thin films of the individual materials have been fabricated already,
the fabrication of heteroepitaxial heterostructures is not straight forward as will be
seen in the present chapter. The optimization of YIG-GIG heterostructures growth
was performed by the author and Sally Lord, who worked as an exchange student for
three months in the lab under the supervision of the author and Andrew Ross. Once
the ideal technique has been found to grow high-quality YIG-GIG samples, Zengyao
Ren fabricated a series of samples with different relative thicknesses and performed
SQUID measurements. Spin Hall magnetoresistance measurements have been carried
out by the auther and Felix Fuhrmann conducted spin Seebeck effect measurements.
The results have been published in Ref. [S6], where Z. Ren and the author contributed
equally. A full breakdown of contributions to the results of this chapter can be found
in the introduction chapter.

4.1. Thin film growth

In order to realize the proposed magnon-valve heterostructure, the two individual gar-
nets need to be grown to a high quality. In this section, the growth of the individual
layers will be discussed by depositing YIG and GIG samples separately on bare GGG
(001) substrates. Following this, the combined heterostructure will be developed. To
find the best growth conditions for the individual materials, the oxygen background
pressure and the substrate temperature have been varied around the established de-
position parameters of YIG [124] and GIG [33].

Fig. [4.2| shows the 20 /w scans around the (004) reflex of GIG (left) and GGG (right)
for sample series where the temperature (a) and pressure (b) have been varied. High
deposition temperatures lead to relaxation of the GIG unit cells after a certain number
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Figure 4.2.: 20 /w-scans around the (004) reflex of GIG (left peak) and GGG (right
peak). (a) influence of the deposition temperature on the sample proper-
ties for a fixed oxygen pressure of 0.075mbar. (b) influence of the oxygen
background pressure during deposition for a fixed temperature of 660°C.

of strained layers, as indicated by the split peak, where the dominating contribution
is found at higher angles. This indicates a decrease of the lattice parameter in the
out-of-plane direction, which is accompanied by an in-plane relaxation, which can
be determined by separate measurements along in-plane axes. We aim to avoid any
relaxation in our system in order to have homogeneous magnetic properties across the
entire thickness of the sample. By reducing the deposition temperature below 700°C,
the GIG peak becomes more symmetric, indicating the absence of a relaxed phase.
At 660°C [purple in Fig. (a)], Laue oscillations are visible to the left of the GIG
reflex. These indicate coherent structure of the sample perpendicular to the surface
and smooth interfaces [112]. The asymmetry of the Laue oscillation might stem from a
slight strain relaxation at the GGG/GIG interface while coherent strain is maintained
in the rest of the sample [125]. Since the GIG reflex for the sample grown at 660°C
appears to be the sharpest, this temperature is chosen for the variation of the oxygen
pressure.

As one can see in Fig. a low oxygen pressure leads to the formation of mul-
tiple phases. Oxygen pressures p(O2) >= 0.05mbar lead to the occurrence of
Laue oscillations indicating good crystal quality. For further experiments we choose
p(O2) = 0.05mbar for the deposition of GIG. The samples grown at these conditions
possess tetragonal distortion due to strained growth. The c-axis is elongated from the
relaxed value of 12.472 A in bulk to 12.58 A in our thin films.

Having established good growth conditions for GIG, we turn our attention to the
second garnet in the proposed magnon-valve device, YIG. YIG can not only be grown
by PLD, but also by liquid phase epitaxy (LPE), which is the method of choice to
achieve thick films with reproducible properties while reducing the preparation time
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Figure 4.3.: 20 /w-scan (111) reflex of LPE-grown YIG with GIG deposited at ideal
deposition conditions as a top layer.

compared to PLD and sputtering. Making use of (111)-oriented LPE-YIG substrates,
utilized in former projects in the lab [8| |122] 123, 126], we initially aim to grow
heteroepitaxial GIG layers directly on these high-quality YIG samples. To do so, we
proceed as with regular substrates, depositing GIG on the LPE-YIG, making use of
the deposition conditions determined before. It should be noted that, the growth
orientation is different [(111) as compared to (001)], but given the cubic nature of
garnets, the deposition conditions should not be drastically different. As one can see
in Fig. the (444) reflex of the GIG grown on (111)-oriented LPE-YIG does not have
a well-defined Lorenzian shape, but consists of two or more superimposed peaks. This
indicates that the GIG film does not grow coherently on the LPE-YIG, but consists of
multiple crystallites with different crystallographic properties, yielding inhomogeneous
magnetic properties. From this, we further assume that the GIG-YIG interface in
these samples is not homogeneous across the sample, which is disadvantageous for the
investigation of interlayer coupling. The growth on LPE-YIG has been repeated for
several samples and the deposition parameters have been varied away from the ideal
parameters defined before to account for the difference between the interfaces of GGG
(001) and YIG (111). However, for all GIG samples grown on LPE-YIG, no high
quality GIG layer was achieved.

We therefore turn away from using LPE-YIG for coupled YIG-GIG heterostructures
but instead focus on investigating samples where both YIG and GIG are deposited
in-situ by PLD on GGG (001) substrates. As for GIG, the growth of YIG has been
optimized concerning the crystallographic properties by varying the substrate temper-
ature and oxygen background pressure during the deposition. Fig. |4.4] (a) shows the
influence of the oxygen background pressure on the crystallographic properties of YIG
while keeping the substrate temperature at 570°C for each sample. We note that none
of these samples shows prominent Laue oscillations. Only for growth at the lowest
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Figure 4.4.: 20 /w-scans around the (004) reflex of YIG and GGG. (a) influence of the
oxygen background pressure during deposition at a fixed temperature of
570°C. (b) Influence of the deposition temperature on the sample prop-
erties at a fixed pressure of 0.026 mbar.

pressure are some indications of Laue oscillations seen to the right to the GGG (004)
reflex. We therefore keep the deposition pressure at 0.026 mbar and vary the substrate
temperature. The 20 /w of these samples are shown in Fig. 4.4 (b). We find symmetric
Laue oscillations for the sample grown at a substrate temperature at 520°C. The YIG
reflex is superimposed by the dominating GGG (004) substrate reflex. We find the
out-of-plane lattice constant of the YIG films deposited at ideal condition to repro-
duce the bulk value of 12.376 A . Ferromagnetic resonance (FMR) measurements
have been employed to determine the Gilbert damping parameter « of these samples.
This experiment has been performed by Sally Lord and Romain Lebrun. Besides the
crystallographic properties, « is an indicator for the quality of the crystal. It has been
determined to be around o = 7 4 5 - 10~#, which is similar to other PLD-grown YIG
films , but higher than for bulk samples, which can posses a damping parameter
of down to o = 3-107° . There are reports on low-damping YIG grown by
PLD on GGG (111) substrates with a consecutive annealing process . Therefore,
we performed annealing processes of the YIG samples in order to improve the crys-
tallinity of the samples. It is suggested that this process reduces the defect density,
which leads to a reduction of the Gilbert damping parameter. However, heating the
sample to temperatures up to 800°C for 20 min did not have a significant impact on
the sample properties. Therefore, no annealing process was performed for successive
samples.

Having established growth parameters for YIG and GIG to fabricate high quality
thin films, we now turn to the production of multilayer systems. A series of double
layers have been prepared where the YIG and GIG layers have been deposited at
the respective ideal conditions without breaking the vacuum between the individual
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Figure 4.5.: (a) 20/w-scan around the (004) reflex of GGG of a
GGG/YIG(30nm)/GIG(95nm) sample, with each layer grown at
the ideal deposition conditions shown previously. (b) shows the (008)
reflex of the same sample.

deposition steps. Fig. 4.5 (a) shows the 20/w scan around the (004) reflexes of a
bilayer of GGG/YIG(30nm)/GIG(95nm). As for the single layers, the YIG reflex is
hidden below the strong GGG reflex from the substrate. The GIG (004) reflex at
around 20 = 28° shows splitting, indicating the presence of differently strained GIG
phases. This splitting is even more pronounced when looking at the (008) reflex shown
in Fig. M (b) due to the relationship between the reflection angle and lattice spacing
(see section [3.3). The YIG reflex is also visible here as a shoulder of the GGG peak
as indicated by the green arrow.

There might be several reasons why the growth of the GIG layer on top of the
GGG/YIG and LPE-YIG samples does not work by the methods presented so far.
First, the YIG surface is different from the GGG surface, for which the growth pa-
rameters of GIG have been optimized. The difference in stoichiometry and a possible
difference in the topography may lead to differences in the kinetics of the atoms ar-
riving at the surface of the sample. Second, a time delay between the deposition
of the YIG and the deposition of the GIG as the temperature and oxygen pressure
are changed likely leads to the incorporation of impurities in the surface, which are
nucleation centers of crystallographic defects.

Given that the aim is to grow multilayers of the two garnets, we compromise the
deposition conditions of the YIG and GIG films from the ideal conditions to optimize
the total multilayer. We achieve this by changing not only the kinetics during the
deposition, but also reducing the time delay between the two deposition steps, which
likely reduces the defect density at the YIG-GIG interface. Several different samples
have been grown where the YIG and GIG layer have been deposited at the same pres-
sure and temperature, respectively. We find best results for the deposition conditions
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02 background pressure | 0.026 mbar
Substrate temperature 480°C

Table 4.1.: Ideal deposition conditions for YIG-GIG heterostructures grown on GGG
(001) substrates.
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Figure 4.6.: (a) 20 /w-scan around the (004) reflex of GGG of GGG /YIG/GIG samples
with different relative thicknesses grown at the compromised deposition
conditions given in Tab. (b) shows the (008) reflex of the same sample.

561

given in table The growth rates are around 1.80 nm/min and 1.08 nm/min for
GIG and YIG, respectively.

20 /w scans of GGG/YIG/GIG samples with different relative thicknesses of the two
layers are shown in Fig. While the YIG reflex is hidden behind the GGG reflex and
only visible as a shoulder to the left of the substrate peak, we observe prominent and
symmetric GIG reflexes, GIG (004) at around 20 = 28.4° and GIG (008) at around
20 = 58.5°, which both possess symmetric Laue oscillations. From the peak position
we find a lattice parameter of cq;¢ = 1.26 nm, which is independent from the thickness
of the underlying YIG. We measure the rocking curve of the GIG (004) as a measure
for the relative orientation of the unit cells. We find a remarkable narrow width
of Aw = 0.04°, giving an additional measure for the heteroepitaxy of the samples.
Although the YIG peak is not clearly visible in the 20 /w scans, we can conclude
from the presence of the symmetric GIG reflex, as well as the Laue oscillations to
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the right of the GGG peak, that the YIG layer must possess high crystalline quality,
enabling the GIG layer to grow heteroepitaxially. Fig. also shows a comparison
to a single GIG film, highlighting that the YIG under-layer does not influence the
crystallographic properties of the GIG.

In summary, the presented XRD measurements demonstrate the high-quality growth
of GGG/YIG/GIG heterostructures, grown by PLD. These samples are ideal candi-
dates to test whether interlayer exchange coupling in YIG/GIG heterostructures is
present with the aim to realise the proposed magnon-value concept. In the next sec-
tion, the magnetic coupling will be probed through magnetic measurements before
the impact of this coupling on electrical measurements is discussed.

4.2. Determination of the magnetic coupling

To determine the magnetic properties of the samples, we perform SQUID measure-
ments (see section , which detect the magnetic moment m of the entire sample.
In order to disentangle the relative contributions of the different films, we start with
investigating the bare films of GGG/YIG(18 nm) and GGG/GIG(30nm) to use as a
reference. Note that the GGG substrate is strongly paramagnetic. Since in SQUID
measurements, the whole volume of the sample is probed, the GGG gives a strong
field-dependent background. We therefore start with sweeping the field up to +0.05T,
to limit this background contribution. We note that both YIG and GIG are known to
be soft magnetic materials so that their properties can be measured in this field range.
A linear fit is then subtracted from each data set, which is the expected behavior of
a paramagnet.

Fig. shows an example for a field-dependent SQUID measurement of both films at
a temperature of 120 K. The curves show small coercive fields for both YIG and GIG,
indicating the soft magnetic character of these materials. Since the antiferromagnetic
coupling between the a-Fe and the d-Fe sublattice cannot be broken by the magnetic
fields we apply to the materials, the magnetic sublattices (2 for YIG and 3 for GIG)
switch coherently (see section . This means that we can introduce a simple model
with effective sublattices to describe our samples. We introduce an effective Fe sub-
lattice for YIG, which is sufficient to describe the magnetic properties observed in
SQUID. We do the same for the two iron sublattices in GIG and describe the mate-
rial by an effective Fe sublattice and a magnetic Gd sublattice. This is indicated in
Fig. (b), where the temperature-dependent magnetic moment of YIG and GIG is
presented. The values are determined by repeated field-dependent measurements at
different temperatures, to limit the 1/7" contribution of the paramagnetic substrate.
One can see the strong temperature-dependence of the GIG due to the Gd moment
increasing towards lower temperatures. At around 280 K, we observe a minimum of
zero magnetic moment marking the magnetic compensation point of GIG, Tiomp.c,
where the magnitude of the net Gd moments equals the magnitude of the net Fe
moments. This is close to the value reported for bulk GIG samples of 295K [102].
Above Tiomp,a, the effective Fe moment aligns with the external magnetic field while
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Figure 4.7.: (a) Field-dependent magnetic moment m of a GGG/YIG (18 nm) and a
GGG/GIG (30nm) sample, respectively. The magnetic field is applied
within the sample plane at a temperature of 120 K. (b) Temperature-
dependent magnetic moment measured by multiple field-dependent mea-
surements as in (a). The blue area marks the temperature region where
the GIG magnetization is dominated by the Gd moment (purple arrow)
and the grey area the region where the GIG magnetization is dominated
by the Fe moment (orange arrow). The YIG magnetic properties do not
change fundamentally in this temperature window.

the coupled Gd moment aligns antiparallel. Below 7.y, ¢, the Gd moment is larger
and the Fe moment aligns antiparallel to the field in order to reduce the Zeeman
energy. The magnetic moment of YIG on the other hand, is almost constant in this
temperature range, which is to be expected since we measure far from the magnetic
ordering temperature of 560 K.

We have seen in the previous section that we are able to grow high-quality, heteroepi-
taxial YIG/GIG bilayer samples, where the crystallographic properties of the top GIG
layer is independent of the underlying YIG layer. From the close correlation between
the crystallographic and magnetic properties of garnets [129], we can estimate that
the magnetic properties of each GIG layer is the same, independent of the layout of
the heterostructure. As a consequence, the compensation point of GIG is assumed to
be Teomp,=280K for each sample. The same holds for the YIG layers, for which we
can also safely assume the same magnetization for all samples.

When measuring YIG-GIG heterostructures, the first observation we make is that at
temperatures below 1., the overall magnetic moment is reduced compared to
a single GIG layer. An example of this is shown in Fig. 4.8 (a), where we measure
the field-dependent magnetic moment of a GGG/YIG(18 nm)/GIG(30 nm) sample at a
temperature of 120 K and compare it with a GGG/GIG(30 nm) sample. The reduction
of the overall magnetic moment indicates an antiparallel alignment of the net magnetic
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Figure 4.8.: (a) Field-dependent SQUID measurement performed at a temperature of
120K for a GGG/GIG (30nm) sample and a GGG/YIG (18 nm)/GIG
(30 nm) sample. (b) Magnetic moment of GGG/YIG (xnm)/GIG(30 nm)
samples at 60 and 300 K.

moments of YIG and GIG. Given that the magnetization of GIG is larger than YIG at
this temperature (see Fig. , this indicates that not only is the relative alignment
antiparallel, but also that the YIG moment is antiparallel to the external field. Since in
GIG, the magnetization direction is determined by the orientation of the Gd moment,
this reduction would indicate a parallel alignment of the iron sublattices across the
interface. To test this hypothesis, we investigate the magnetic moments of YIG/GIG
samples for a variety of YIG thicknesses at different temperatures. As one can see in
Fig. 4.8 (b), the net magnetic moment decreases monotonically with increasing YIG
thickness at a temperature of 60 K. We repeat these measurements at 300 K, which is
above Tiomp.. Here, the Fe moments in GIG align with the external magnetic field.
The increase of the overall magnetic moment with YIG thickness confirms that the Fe
moments are indeed coupled parallel across the YIG-GIG interface at low magnetic
fields.

The observed interfacial exchange coupling impacts the magnetic properties of the
whole sample. In the presence of such coupling, the sample will have a minimum of
the total magnetic moment at some temperature, which is different from the GIG
compensation point. We call it therefore the bilayer compensation point Tiomp 5. At
this temperature, the sum of the net iron moments in the YIG and GIG equal the Gd
moment causing the external magnetic moment to be zero. As a result, Ttomp, 5 shifts
to lower temperatures as the thickness of the YIG increases. This is demonstrated in
Fig.|4.9|(a), where the temperature-dependent moment, measured via small amplitude
field sweeps, is shown for samples with different relative thicknesses of the YIG and
GIG layer.

The decrease of T,omp p With increasing YIG thickness is evident from this figure.
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Figure 4.9.: Temperature-dependent magnetic moment of
GGG/YIG(znm)/GIG(30nm) with =0, 9, 18, 36 measured in
SQUID by field-sweeps at each temperature. The colored areas mark
regions, separated by the two compensation points. [S6]

We can further confirm the ferromagnetic coupling across the YIG-GIG interface by
modeling the other possible cases: antiferromagnetic coupling and absence of coupling.
The model shows fundamentally different features compared with the experimental
data and therefore excludes these coupling cases and confirms the ferromagnetic Fe-
Fe coupling [S6].

4.2.1. Probing the magnetic coupling at high magnetic fields

From small amplitude magnetic field sweeps in SQUID we demonstrated strong ev-
idence for the presence of ferromagnetic Fe-Fe across the YIG-GIG interface. We
now turn to measurements at higher magnetic fields given that it is expected that
at sufficiently large fields, the Zeeman energy will become larger than the exchange
coupling energy at the interface. As a result, the interlayer coupling will break and
the net magnetic moments of both layers are expected to rotate parallel to the applied
field. From these consideration we draw a general picture of the behavior of exchange
coupled YIG-GIG samples. Fig. indicates how the net Fe and Gd moments in the
layers orient relative to a magnetic field in a given temperature range. In the grey re-
gion (I) above Teomp.c, the Gd moment is smaller than the net Fe moment in the GIG
layer itself. Therefore, the Fe moments of both layers always align with the external
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Figure 4.10.: Generalized model of the relative alignment of the magnetic moments in
a YIG-GIG heterostructure depending on external magnetic field pugH
and temperature 7. [S6]

field, independent of its amplitude. The situation is different in the yellow region (IT)
between the two compensation points. Here, the Gd moment is larger than the Fe mo-
ment in the GIG layer, but smaller than the sum of the Fe moments in YIG and GIG.
Therefore, the Fe moments align with a small external magnetic field. However, if the
Zeeman energy of the GIG layer, which can be given as AE = 2- H - (mgd — MFe,GIG)s
becomes larger than the interlayer exchange coupling, the magnetic sublattices of the
GIG layer rotate while the Fe moments in YIG remain oriented as in the presence of
a small field. This then means that, at low magnetic fields, the interfacial coupling
between the layer Fe sublattices is ferromagnetic but, at higher magnetic fields, this
coupling becomes antiferromagnetic. Finally, in the blue region (III) below Ttomp, B,
the Gd moment is larger than the sum of the net iron moments of YIG and GIG.
In a small magnetic field, the Gd moment will align with the external field while the
net Fe moments will both align antiparallel. In a sufficiently large field, the magnetic
moments in YIG will coherently rotate.

To measure these features, we perform SQUID measurements at larger magnetic fields.
Our experience tells us that the strong paramagnetic background of the GGG substrate
makes the analysis of large magnetic field measurements difficult. We therefore make
a reference measurement of a bare GGG substrate in SQUID and subtract this data
from the measurements of the thin films samples. To account for slight differences in
the volume of the GGG, mounting equipment and incorporated impurities from the
sample handling, we additionally subtract a linear fit.

Fig. shows two examples for field-dependent SQUID measurements performed
at 60K (region III) and 160 K (region II), below and above the T¢opmp g of that sam-
ple. One can identify an ‘inner hysteresis’. The magnetic moment plateaus at small
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Figure 4.11.: Field dependent magnetic moment of a GGG/YIG(36 nm)/GIG(30 nm)
sample measured up to 1T (a) at 60K and (b) at 160 K.

magnetic fields. Here, the coupling energy is larger than the Zeeman energy and
the ferromagnetic Fe-Fe coupling is maintained (‘coupled state’). This leads to the
antiparallel alignment of the net magnetic moment of YIG (GIG) with the field in
region III (IT). Going to larger magnetic fields, the magnetic moment increases before
it finally saturates. This represents the transition from the from the coupled state to
the field-aligned state as described in the model in Fig. The double switching in
both temperature regions indicates that the interlayer coupling is indeed broken by
sufficiently large fields and that both net magnetizations point in the direction of the
large magnetic fields.

However, by virtue of being a bulk measurement technique, SQUID is insensitive to
which of the layers actually switches in each case. To demonstrate that in region III
the YIG magnetization rotates and in region II the GIG magnetization rotates, one
needs to use a surface-sensitive method from which one can conclude the magnetization
direction of the top layer.

4.2.2. Probing the magnetic coupling via transport measurements

In order to identify which layer switches under larger magnetic fields, we choose spin
Hall magnetoresistance (SMR) measurements which is a surface sensitive, electrical
measurement with a symmetry that reflects the magnetic state of a magnetic insulator
[15] [39] (see section [1.6.2). Indeed, the SMR is sensitive to depths on the order of the
exchange length, in other words, reflects the magnetic state of the top few nanometers
and allows us to probe the GIG magnetic ordering. To perform these measurements,
a Pt Hall bar is defined on the surface, aligned along the crystallographic axes. Pt is
deposited by magnetron sputtering though a shadow mask, resulting in a Pt bar of
4nm thickness and 0.3 mm width across the whole length of the sample.
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Figure 4.12.: (a) Uniaxial SMR measurement performed at a

GGG/YIG(36nm)/GIG(30nm) sample in the temperature region
III. The inset sketches the geometry of the measurement. (b) SMR
measurement performed at the same sample in the temperature region

11. [S6]

For the measurement, the resistance of the Pt bar is determined by four-probe method.
The magnetic field is applied within the sample plane perpendicular to the current as
sketched in the inset of Fig. (a). The magnetic-field dependent resistivity Ry (H)
is measured and we plot the SMR ratio ARy /R (0) = %7(5%(0) in Fig. 4.12| for
temperatures within the different regions of interest. In Fig. (a), two measurements in
temperature region III below T¢omp g are shown. Both have the same characteristics.
At small magnetic fields, the resistance sharply drops to a constant level, where upon
further increase of the magnetic field, the resistance does not significantly change. In
contrast to this, in temperature region II between the two compensation temperatures,
the resistivity of the Hall bar describes a more complex trajectory as can be seen in
Fig. [4.12[ (b). In the presence of SMR, the longitudinal resistivity is varied according
to AR, < ARy (1 — Mz) (see section . Note that we do not expect a difference
between the alignment of the top layer magnetization parallel or antiparallel to the
field due to the dependence on My2 However, if the surface magnetization changes
between collinear and non-collinear with the field, this is visible via SMR. This is the
case during the rotation of the magnetization between the coupled state and the field-
aligned state. In the temperature region (III), the sharp drop can likely be explained
by a transition from multidomain state to monodomain state. Due to the quadratic
anisotropy within the plane (tetragonal symmetry of the unit cells), both domains with
M aligned along x and y are expected. A small field in y-direction annihilates domains
with a M, contribution. This increases the overall M, and leads to a reduction of Ry,
caused by SMR.

Since further increase of the magnetic field leads to no significant variation of Ry, this
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Figure 4.13.: (a)  Angle-dependent ~SMR  measurement performed at a
GGG/YIG(36 nm)/GIG(30nm) sample in the temperature region
IIT at different magnetic fields rotated in the sample plane. The inset
sketches the geometry of the measurement. (b) angle-dependent SMR
measurement performed at the same sample in the temperature region
I1. [S6)

allows us to conclude that the surface magnetic layer stays aligned with the external
magnetic field. However, since we see a double switching in SQUID, this shows that
in fact the buried YIG layer changes magnetization direction as we expect from our
previous considerations. Likewise, in temperature region II, the complex trajectory of
ARy, is due to the continuous rotation of the magnetization of the top GIG layer in
the reorientation region between coupled state and field-aligned state.

The uniaxial SMR measurements confirm the model we have suggested for the bilayer
system given in Fig. However, they also show that there is a large transition
regime between the coupled state and the field-aligned state in which the layers ro-
tate. We find further proof of this by performing rotation measurements at fixed tem-
perature and external magnetic field. In Fig. [4.13| (a), the relative angle-dependent
longitudinal resistivity change is plotted for three different magnetic fields at a tem-
perature of 30 K, which is in temperature region III. The resistivity change is relative
to the 0°-value, which describes M || I as indicated in the inset of Fig. [£.13] (a). The
magnetic field is rotated by 200 ° back and forth. The two rotations are then plotted
over one another. The ARy () describes a cos?(a)-dependence for every magnetic
field as one expects for a ferromagnet that aligns its magnetization with the external
magnetic field (see Sec. . This again confirms that the top magnetic layer does
not change its magnetization alignment relative to the magnetic field, given that this
is the layer the SMR is sensitive to. Instead, the changes we see in SQUID stems from
the rotation of the magnetization of the buried magnetic layer. The hysteresis seen
around o = —40° and 50° for H=0.1T in Fig. is due to the four-fold anisotropy
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present in-plane for the tetragonal-strained garnet crystal structure. The magnetic
field only then causes a rotation of M towards the hard direction, which is at 45° to
the in-plane axes, if the external field overcomes the anisotropy field. This is not the
case for 0.1T, so the magnetization flips abruptly when the projection of M is larger
along one crystallographic axis than along the other (the crystallographic axes are the
magnetic easy axes).

The rotation measurements performed at the same magnetic fields in temperature
region IT can be seen in Fig. 4.13| (b). Here, a cos?(a)-function can similarly be
fitted to the data, indicating that the SMR model can be applied to the data. In
contrast to the measurements performed in region III, here, at intermediate fields,
there is a significant phase shift to the data measured at 0.57T. This shows that
the magnetization of the top layer is not collinear with the external magnetic field
at intermediate field strengths, confirming our interpretation given for the complex
behavior of the field-dependent change of the longitudinal resistivity in temperature
region II, as shown in Fig.|4.12|(b). At small magnetic fields, the coupled iron magnetic
moments align with the field. Increasing H leads to a continuous rotation of the GIG
magnetization until, at large magnetic fields, the Gd moment aligns with field and the
ferromagnetic Fe-Fe coupling at the interface is broken.

The measurements presented so far have confirmed the simple model we suggested in
Fig. However, there are still open questions that cannot be answered with the
measurements thus presented. It is, for example, not expected that the magnetization
of the layers behave like a single spin. Outside the coupled state we rather expect
a continuous rotation of the magnetization in the rotating layer with increasing dis-
tance to the interface since an abrupt change of magnetization direction at the very
interface is energetically not favourable. There is likely a Bloch-type domain wall of a
certain width at the YIG-GIG interface. The domain wall’s dimensions are expected
to depend on the sample layout, temperature and magnetic field. This type of mag-
netic configuration is for example seen in exchange-springs between a soft and a hard
ferromagnet at intermediate fields [130, [131].

4.2.3. Quantifying the Magnetic Coupling

We now want to quantify the exchange coupling in the YIG-GIG bilayer system.
Despite being aware of a possible extended domain wall at the YIG-GIG interface,
we maintain our simple model of uniformly magnetized layers which we will see is
sufficient to gain reasonable insight into the exchange coupling present in the system.
We assume that in the field-aligned state, there is a sharp transition at the YIG-GIG
interface and the neighboring Fe sublattices align 180° to one another. We need to
return to the SQUID measurements which show the double switching, Fig. We
introduce two amplitudes for our field-dependent SQUID measurements. We describe
the magnetic moment of the whole bilayer in the coupled state as Ampl and the
magnetic moment at high magnetic fields as Amp2. According to our switching model
in Fig. in region III, we can ascertain the gain in magnetic moment between the
coupled and aligned state to the rotation of the YIG layer. Therefore, we can calculate
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Figure 4.14.: (a) Field-dependent magnetic moment of a

GGG/YIG(36nm)/GIG(30nm) for small magnetic fields, where
the ferromagnetic Fe-Fe coupling is undisturbed (Ampl), and large
magnetic fields, where the coupling is broken (Amp2). (b) Interfacial
coupling energy (Fj,:) estimated from switching fields and magnetic
moments of the layers. [S6|

the total magnetic moment of the YIG layer by my ;¢ = %(Ame — Ampl). In region
II, the difference in the amplitude gives us the total net magnetic moment of the GIG
layer magigG-

The evolution of these parameters with temperature is shown in Fig. [4.14] (a) for a
GGG/YIG(36 nm)/GIG(30nm) bilayer. In region III, the difference in the amplitudes
(black curve in Fig. is constant as expected given that my s does not change
significantly in this temperature range. In region II, it decreases and describes the
temperature-dependent mgrg. Note that above 180K, a value for Amp2 cannot be
given due to the poor signal-to-noise ratio in the SQUID measurements at the magnetic
fields required to overcome the exchange coupling. From these measurements, we can
estimate the interlayer coupling strength in our samples. To do so, we determine the
Zeeman energy at the magnetic field, at which Amp2 is just reached. In our model,
this is the field at which the rotating layer reaches the final orientation in the field-
aligned state. At this point, the Zeeman energy and interfacial exchange coupling are
equal to one another.

In region III, the gain in Zeeman energy, and therefore the interfacial coupling energy,
is given by 2ugHmy 1g, while in region II it is 2ugHmgrg, where pg is the magnetic
permeability of free space. We divide these values by the interface area, which is
equal to the substrate dimensions, i.e. 5 x 5mm?. The interfacial coupling energy
per surface area is given for each temperature in Fig. 4.14| (b), where one finds that
it peaks at the transition temperature 7., g. Considering that the origins of the
observed exchange coupling lie in the overlap of the electron orbitals, we can state that
the the exchange energy should be only weakly temperature dependent. Changes in
the orbital overlap only occur due to lattice expansion/contraction, and are expected
to show a monotonic trend with temperature. One can safely assume that this holds
also for the interlayer exchange coupling. The temperature-dependence we see in
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our calculation is likely due to our rather inexact method of determining the critical
values and our simple model rather than the coupling strength varies across this
temperature range. We therefore assume a constant coupling energy of 2.3 mJ/m?
for the whole temperature range, which is the mean value. To calculate the energy
at the surface of one unit cell, we multiply by the area of the (001) plane, which is
determined by the GGG lattice parameter (1.2377 nm). We further take into account
8 iron atoms at the face of a unit cell. Assuming that the coupling is only between
nearest neighbours, we find the coupling energy per iron atom equals J;,; = 2.8 meV.
We compare this value with the established coupling constants in YIG and GIG,
which are Jiyr¢ = 6.8meV [54] and J; gr¢ = 4.0meV [132]. These values describe
the theoretical maximum of interlayer exchange coupling. The fact that we are in
the same order of magnitude and only a factor 2 smaller than the Fe-Fe exchange
coupling in GIG, demonstrates the exceptional strength of the interlayer exchange
coupling in our high quality bilayer samples. We note that the exchange coupling
between YIG and a thin GIG layer stemming from the inter-diffusion of YIG and
GGG was calculated based on the antiferromagnetic interaction between c-Gd and
d-Fe [132]. By this method, a coupling energy of 0.14 meV is determined, which is
significantly lower than the value determined for our bilayers. The strong coupling in
our samples is beneficial with regard to device applications due to the robustness of
the coupling the resulting reproducibility of the magnetic states.

4.3. Measurement of thermal spin currents

In the introduction of this chapter, we proposed a magnon valve based on exchange-
coupled YIG-GIG heterostructures. Having demonstrated a strong exchange coupling
in our heterostructures, we now turn to probing the possibility for the implementation
as a magnon-valve. One method to test these properties is by using longitudinal spin
Seebeck effect (SSE). A temperature gradient is applied perpendicular to the sample
surface and the inverse spin Hall voltage (Vismg) is measured in a continuous platinum
layer while a magnetic field is swept withing the sample plane, perpendicular to the
voltage measurement axis. Before we investigate our bilayer system, we need to quickly
recapitulate results from previous investigations on pure GIG samples [33}/103|. Those
are crucial in order to understand our new measurements.

There exist different magnon modes excited by the thermal gradient contributing to
the SSE signal, where the measured voltage is the sum of these different contributions.
Fig. (a) indicates the calculated magnon spectrum of GIG at different tempera-
tures. In the low THz range, there is the a-mode, corresponding to the ferromagnetic
resonance. This mode increases with frequency as one moves through the Brillouin
zone. Just above this mode at around 1THz lie the optical modes associated with
Gd moments precessing in the Fe exchange field and are constant in frequency when
traversing away from the I' point. There is then an energy gap where no modes are
populated before reaching the parabolic S-mode at around 2 THz at 20 K, which has
opposite sense of precession compared to the a-mode. The opposing sense of rotation
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Figure 4.15.: (a) Calculated magnon spectra for different temperatures. b
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Temperature-dependent magnetization of a GGG /GIG sample recorded
at a magnetic field of 0.1 T. (c¢) Corresponding SSE signal Igsg obtained
from the difference in I;sgr at the positive and negative saturation
fields of the magnetization taking the temperature dependence of the
Pt resistance R(T) into account. The inset shows the longitudinal SSE
measurement geometry. Figure from [33].

of the B-mode leads to the generation of an opposite charge current via ISHE in the
Pt layer. At 20 K, the S-mode is gapped and has a low population, and thus a weak
contribution to the Iggp. With increasing temperature, the branch shifts continu-
ously to lower frequencies. The decrease in frequency is associated with an increase
of magnon population in the 8 branch. At T' = T4y 2, there is an inversion of the
magnon population between the a- and S-modes, which then leads to a change of sign
in the SSE signal as can be seen in Fig. [4.15] (¢) at around 70K. In Fig. [4.15 (b),
the temperature-dependent magnetization is determined by SQUID measurements,
indicating a magnetic compensation point at around 270 K. Going through the com-
pensation point, all magnetic sublattices reverse which leads to the sign change of the
spin current leading to the other sign change T' = T;qy,,1 in the SSE signal.

Knowing the behavior of the SSE signal measured at a pure GIG sample, we can
investigate the thermal magnon transport in a GGG/YIG(36 nm)/GIG(30nm) het-
erostructure. The SSE measurements at different temperatures, which where per-
formed by Felix Fuhrmann, are shown in Fig. [£.16] Using the same arrangement of
electrical contacts and thermal gradient as in [33], we observe a negative amplitude
of the SSE signal at a temperature of 35K as can be seen in Fig. 4.16| (a). Increasing
the temperature to 60 K [see Fig. [4.16| (b)], the SSE amplitude reverses. Note that
both these temperatures are in region III, below Ty B, so that no inversion of the
magnetization direction of the GIG layer is expected. The change of sign is there-
fore associated with the inversion of magnon population such as observed for pure
GIG samples [33]. At 110K, in region II, a negative SSE amplitude is observed at
small magnetic fields. Upon increasing the field further, the amplitude changes sign
again, to positive as illustrated in Fig. |4.16| (c). We can attribute these features to
the properties of the top GIG layer. The negative SSE signal at small fields is due to
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Figure 4.16.: Magnetic field-dependent spin Seebeck effect measurement performed at
different temperatures at a GGG/YIG(36 nm)/GIG(30 nm) sample. (a)
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the antiparallel alignment of the net GIG magnetization with respect to the external
magnetic field. At larger fields, the GIG layer continuously rotates in field direction,
which leads to a positive SSE signal at large fields. The SSE measurements thereby
confirm our previous results from SQUID and SMR.

However, we do not observe clear evidence of a contribution from the bottom YIG
layer. Intuitively, we expected a change in the signal upon the rotation of the YIG
magnetization. With rotation of the YIG magnetization, the polarization of the YIG-
magnons (which are generated in the YIG layer) rotates, leading to a continuous
change in the spin accumulation at the Pt/GIG interface, if the YIG-magnons travelled
through the GIG layer. This would result in a linear change of the Vigyg. This is not
visible in the curves measured at 35K and 60K shown in Fig. 4.16| Here, the SSE
signal remains constant during the continuous rotation of the YIG layer, indicating
that the YIG-magnons are not contributing to the signal, independent of the relative
magnetization direction of YIG with respect to GIG. We have to conclude that the first
attempt of the realization of a YIG-GIG magnon valve does not show the necessary
GMR-type features as proposed in the introduction.

The question why the YIG-magnons are not detected by the Pt electrode is yet to be
solved. One possibility is that the Gilbert damping parameter in the GIG top layer is
so high that magnons from underlying regions of the sample do not reach the surface.
This will be tested in future experiments by measuring the SSE signal as a function
of the GIG layer thickness in single layer samples as previously done for YIG [122].
Besides the magnetic damping, the possibly complex magnetic structure at the YIG-
GIG interface could lead to magnon scattering at the YIG-GIG interface, drastically
reducing the magnon transmission at the interface. The magnetic structure at the
YIG-GIG interface will also be the target of future studies.

In parallel, theoretical support will be needed to understand whether the concept given
in the introduction can work as proposed. The magnon valve with a spin current
parallel to the domain walls relies on the assumption that magnons from YIG can
propagate through the GIG layer without being excessively scattered. This can only
be possible if the same magnonic states in both GIG and YIG exist. The magnon

56
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bands of a magnetically coupled YIG (7.4nm) - GIG (2.5 nm) heterostructure has been
calculated by Li et al. [133] for the case of ferromagnetic Fe-Fe across the interface,
as observed in our samples. According to this publication, the fundamental modes
in YIG and GIG have opposite chiralities (5 and «, respectively) and thereby carry
opposite spin angular momentum. Therefore, these modes cannot propagate in the
respective other layer without spin-flip scattering. At higher frequencies, there is
an overlap of 8 modes of YIG and GIG leading to a hybridization of modes. As
discussed at the beginning of this chapter, the SSE signal is dominated by the «
modes at low temperatures. Therefore, the contribution from the hybridized 5 modes
might be insufficient to observe the switching of the YIG layer around the second
compensation point at Tomp . One might find clearer evidence for a contribution to
the SSE signal by hybridized YIG modes by shifting the bilayer compensation point to
higher temperatures, where the § modes are more occupied in GIG. To keep the GIG
below the Pt layer as in the sample already measured, one could grow a trilayer as:
GGG/GIG(x)/YIG(36 nm)/GIG(30nm) with different bottom layer GIG thicknesses
x. Whether the switching of the YIG layer is visible in these samples will depend on
the magnon spectrum and contribution to the SSE signal in the field-aligned state,
which is not known to date.

Despite the missing evidence of magnon hybridization in the field-dependent SSE mea-
surements, there might be an indication in the temperature-dependent SSE amplitude.
According to [133], the second compensation temperature in SSE measurements shifts
to lower temperatures in YIG/GIG samples with increasing YIG thickness. In our
measurements, the second compensation point in a GGG/YIG(36 nm)/GIG(30 nm)
is found at around 50 K, which is significantly lower compared to pure GIG samples
(around 70-80 K [33]). While this could depend also on the ratio of the interface cou-
pling of the different magnon modes to the Pt layer [33,|103], a series of measurements
at different GGG/YIG(znm)/GIG(30nm) samples with a top Pt layer deposited at
exactly the same conditions, could lead to a better understanding of the second com-
pensation point in bilayer samples. This could then indicate the presence of hybridized
YIG/GIG magnon modes.

4.4. Further usage of exchange coupled YIG-GIG
heterostructures

Despite the missing demonstration of a functioning YIG-GIG magnon valve, the het-
erostructures could be used for different applications. These samples represent devices
with defined magnetic properties depending on the relative thickness of the different
garnet layers. At low magnetic fields, the YIG and GIG net magnetic moments are
always aligned antiparallel below Ti,mp . This could be for example also used in
tunneling magnetoresistance threshold sensors. Magnetic tunnel junctions consist of
two conducting ferromagnetic layers (FM), separated by a thin insulating layer (I).
The resistivity perpendicular to I depends on the relative magnetization alignment of
the FM layers. In a sample, where a MTJ is deposited on a YIG/GIG structure, the
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(a) B=x~0 (b) B> Bcoupling

Figure 4.17.: Magnetic threshold sensor consisting of a MTJ (FM-I-FM) coupled to a
YIG-GIG heterostructure. (a) In the presence of a small magnetic field,
the MTJ is always in the antiparallel state, independent of the direction
of the magnetic field. (b) large magnetic fields break the interlayer cou-
pling and lead to the parallel magnetization state of the MTJ.

bottom ferromagnetic electrode of the MTJ can be magnetically coupled to the net
magnetic moment of the GIG layer. Such a stack is depicted in Fig.

In temperature region II, the net GIG moment aligns antiparallel to the field and so
would the coupled FM electrode while the top FM electrode would align with the field.
This would always lead to an antiparallel alignment of the FM electrodes, independent
of the field direction. Only large magnetic fields, which break either the YIG-GIG or
GIG-FM magnetic coupling would lead to the parallel alignment of the FM layers thus
realizing a magnetic threshold sensor.

Concluding this chapter, we demonstrate the fabrication of interface exchange coupled
YIG-GIG heterostructures. The extensive optimization of growth parameters led to
samples of high crystalline quality. Making use of both SQUID and SMR measure-
ments allows us to determine the phase space of YIG-GIG samples, depending on the
temperature and relative thickness of the individual layers. In different regions of the
parameter space, the magnetic sublattices align parallel or antiparallel to an external
magnetic field. These devices are expected to be interesting candidates for a variety
of application, foremost with regard to magnons. A first attempt using thermal spin
currents supports the model of interface coupling, but does not show a contribution
to the signal from the buried layer. This is disadvantageous for the realization of
a GMR-like magnon valve. The main results of this chapter are published in a re-
search article . In the next chapter, we will change topic and investigate the rare
earth ferrite TmFeOj3, which could be used in different applications than the YIG-GIG
heterostructures employed so far.
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5. Electrical detection of magnetic phase
transitions in bulk TmFeO;

TmFeO3 (TFO) is a canted antiferromagnet possessing both Néel and magnetic or-
dering as discussed in more detail in Sec. In the vicinity of the spin reorientation
transition (SRT), TFO has shown signs of coherent ultra-fast switching [21] between
two stable magnetic configurations when subjected to THz laser pulses. However,
the detection of the spin state in [21] relies on the Faraday effect which is unsuitable
for device applications, not to mention that this demonstration was performed on a
bulk crystal. For device integration, we want to make use of thin films and be able
to access the magnetic state using spin Hall magnetoresistance (SMR), which could
be implemented as a scalable on-chip read-out technique. However, thin film growth
can alter the magnetic properties of the deposited material due to strain, which can
complicate the interpretation of the data. We therefore first investigate bulk samples
of TFO before turning to thin films in chapter [6]in order to validate our approach. For
TFO single crystals, many properties are already reported in literature. This allows
us to compare our results with the established parameters, which leads to confidence
in the interpretation of our results.

Here, we will demonstrate possibility to read-out the magnetic state of TFO (101)
single crystals using spin Hall magnetoresistance (SMR). First, the crystal structure
and orientation of the surface is confirmed by XRD, where the author performed the
measurements. Furthermore, Sven Becker utilized SQUID measurements to determine
the temperature-dependent orientation of the magnetic moment. Magneto-optical
Kerr effect (MOKE) measurements were performed by Felix Schreiber. These help
to identify the presence of different magnetic domains across the sample. Andrew
Ross patterned Pt Hall bars on the surface of the samples in order to enable electrical
measurements. The spin Hall magnetoresistance measurements were then carried out
by Sven Becker and Andrew Ross. The results of these measurements are currently
being compiled into a research article [S10].

A TmFeOgs crystal was grown by Ekatarina Pomjakshina at the Paul Scherrer insti-
tute (PSI). It was half a cylinder cut along the (101) crystallographic plane by our
collaborators for an unrelated project. As this still provided access to both the a- and
c-axis in our experimental setups, the exact orientation was not so important, but
needs to be considered when interpreting the subsequent SMR data. To prepare it
for measurements, the half cylinder was sliced parallel to the existing (101)-plane by
the company SurfaceNet GmbH. As shown in Fig. the surface of the single crystal
was rather rough after the cutting process, measured by scanning electron microscopy
(SEM) performed by Anja Dion. Since the surface condition is crucial for perform-
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Figure 5.1.: Scanning electron microscopy image of the bulk TFO surface. Left: Mea-
surement after cutting the single crystal into slices. Right: After polishing
process performed by a company. Course surface structures are removed
while single surface defects are still present. However, the density of de-
fects is low.

ing spin Hall magnetoresistance measurements, the sample was sent to MaTecK -
Material-Technologie € Kristalle GmbH to perform a polishing process. As shown in
the right panel of Fig. the texture on the surface could be removed by polishing.
Both SEM images in Fig. [5.1] were taken under identical conditions. Single isolated
defects are still present on the surface, like small particles and holes. However, the
density of these defects is low, so they will not influence the electrical measurements
performed on these samples.

5.1. Determination of structure and surface orientation

To determine the precise crystal structure, the relative orientation, as well as possible
secondary phases, the crystal was measured by x-ray diffraction (XRD: Sec. . The
(101) orientation was confirmed by performing 20 /w measurements as shown in Fig.
(a), from which the (101) reflex can be identified by comparing with literature
values. The rocking curve of the (202) reflex has a width of Aw = 0.02° showing the
good orientation of the unit cells to each other. Around the (202) reflex, one can detect
secondary peaks of low intensity. These are also observed in unrelated samples and
stem from the aluminum substrate holder used to mount samples in the XRD system.
They are not related to properties of the TFO crystal. We can therefore conclude that
no secondary phases can be observed by XRD in this measurement geometry.

The relative orientation of the surface normal and the (101)-direction was determined
by comparing the angle of total reflection and diffraction in two perpendicular tilt
directions. This crystal has only a small miscut of around 0.3°, which can be neglected
for any further measurements.

To determine the lattice parameters, 20 /w measurements have been performed in
the (001), (100) and (111) directions. The (100) reflex was found when tilting the
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Figure 5.2.: (a) 20/w-scan measured along the (101) direction perpendicular to the
surface of the sample. The TFO (101) and (202) reflexes are labeled.
Peaks marked with a star stem from the aluminum sample holder and are
not related to the TFO crystal itself. (b) TFO unit cell with the (101)
plane marked in pink. The gold, blue and red atoms are Tm, Fe and O,
respectively. Drawn in Vesta .
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Figure 5.3.: (a) 20 /w-scan measured along the (001) direction. The respective TFO
peaks are labeled. (b) 20 /w-scan measured along the (100) direction (c)
20 /w-scan measured along (111).

sample by around 55° and the (001) reflex at around 35° relative to the surface of
the sample, which confirms the (101)-surface direction. These scans are given in Fig.
The width of the rocking curve for each reflex is around 0.02° (not shown),
again indicating a well oriented growth of the TFO crystal. While the a and c lattice
constants can be directly calculated from the peak positions, the b lattice parameter is
determined using the the standard textbook formula for orthorhombic crystal systems
* = Z—z + ’Z—; + i—é, where (hkl) are the Miller indices and d the lattice plane
distance determined by the Bragg formula. The reflexes reproduce the literature values
of the lattice parameters of a = 5.25 A, b= 5.58 A, and ¢ = 7.58 A .
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5. Electrical detection of magnetic phase transitions in bulk TmFeQOs

Other growth directions are not detected as evident from the absence of secondary
peaks in Figs. and This suggests that the sample is indeed a single crystal
without any secondary growth direction or impurities from other material composi-
tions.

5.2. Bulk magnetic properties of TFO single crystal

To gain a detailed understanding of the magnetic configuration, SQUID measurements
are performed on the bare crystal (see Sec. . Measuring a bulk sample, the signal
from the canted moment is expected to be large and easily to identify. SQUID mag-
netometry will allow us to investigate further the quality of the crystal, since small
changes in stoichiometry might alter the magnetic properties without there being an
indication of this in the structural analysis, since the peak positions in XRD are only
sensitive to the position of the atoms. The magnetic properties on the other hand
depend also on the type of atoms in the unit cell as evident from the different spin
reorientation temperatures shown in table[AI] Furthermore, when performing electri-
cal measurements, the signal will depend on the spin orientations. To ascertain effects
observed in different types of measurements, it is crucial to understand the origin of
the effects. We gain certainty in our interpretation by performing these measurements
both on the same crystal.

First, we investigate the spin reorientation transition (SRT). The temperature depen-
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Figure 5.4.: (a) Temperature dependent magnetization measured along the a and ¢
crystallographic axes, from which the SRT is extracted. The region of the
SRT is indicated as green shaded area. (b)-(c) Magnetic configuration
of the TFO unit cell in the respective magnetic phases. The arrows on
the left side indicate the crystallographic axes. (b) In the I's-phase, M
is along a and N is along ¢. The Tm moments are antiparallel to M. (c)
In the I'y- phase, the magnetic moment M (orange) is along ¢ and the
Néel vector N (purple) is along a. The paramagnetic Tm moment (blue)
is polarized along the c-axis parallel to M. The arrows are not to scale.
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dent magnetization along the c- and a-directions has been measured in SQUID with
an applied field of 50 mT. Before the measurement, a field of 5T has been applied
for a short period of time to orient the magnetization. For the measurement in the
c-direction, the field has been applied at 300 K before performing measuring during a
cool-down sequence. For the measurement in the a-direction, the field has been ap-
plied at 20 K before measuring the magnetization while heating. In Fig. (a) both
of these curves are shown in proximity to the interesting region around the SRT. The
signal consists of two contributions: the temperature-independent canting of the Fe
sublattices and the paramagnetic contribution of the Tm ions. The latter is oriented
by the effective exchange field from the Fe ions at the rare earth site. Towards lower
temperatures, the polarized Tm moment increases according to oc 1/7" (see section
. Coming from high temperatures, the magnetic moment along the c-axis first
increases due to the parallel alignment of the paramagnetic Tm moments with the
canted moment of the Fe ions [71]. The relative alignment of Tm and Fe moments
is shown in Fig. [5.4] (c). At around (94 £ 1) K the magnetization starts to decrease
which we attribute to the spin reorientation temperature 75. The uncertainty is given
by the step-size of the measurement. The magnetization along ¢ decreases rapidly be-
tween 75 and roughly 80 K due to the reorientation perpendicular to the measurement
direction. The determination of the spin reorientation transition temperature 77 is
not possible from this measurement as the external magnetic field exerts a torque on
the magnetization prohibiting the alignment with the a-axis. To determine 77, the
sample was remounted along the a-axis and measured starting at low temperature.
Upon heating, first an increase of the magnetic moment along a is observed due to
the antiparallel alignment of paramagnetic Tm moments with the canted moment de-
creasing with increasing temperature. At around (85 =+ 1) K the overall magnetization
starts to decrease in a-direction, which we attribute to 77. The relative alignment of
Tm and Fe moments are shown in Fig.[5.4] (b). By this method we reproduce very well
the literature values for the SRT. The slight deviation of 2K for 77 may stem from
the magnetic field of 50mT being applied during the measurement or an imperfect
alignment of the sample in the setup.

Field-dependent measurements have been performed to support the observations in
temperature-dependent measurements as shown in Fig. [5.5| (a) for the c-axis direction.
At 200 K an easy-axis hysteresis loop is observed with a saturation magnetization of
around Mg = 0.05 pup/f.u. and a coercive field of around poH. = 80 mT. We note
that the magnetization values are only a rough estimate since the volume of the single
crystal could not be precisely determined due to its irregular shape and cautions made
in order to avoid damages to the polished surface. Going to 100K, M, increases up
to around 0.076 pp/f.u. due to the paramagnetic Tm moments. The coercivity dras-
tically decreases to around 2mT, which is attributed to the temperature-dependent
anisotropy constants. The effective anisotropy energy Hgo = Agq — Ace gO€S zero in
the SRT regime (see Sec. , which has been shown for TFO single crystals by ter-
ahertz time domain spectroscopy [20} 134] and neutron scattering experiments |135].
Ho is found to decrease linearly with temperature [135] from a positive energy below
the SRT to a negative above. This leads not only to the reorientation of spins, but
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Figure 5.5.: (a) Field dependent measurements performed at different temperatures
along the c-axis. (b) Field dependent measurements performed at different
temperatures along the a-axis.

also to temperature-dependent coercive fields, monotonically increasing with increas-
ing (for measurements along ¢) and decreasing temperatures (for measurements along
a) away from the SRT. Focusing on magnetic fields larger than the coercive fields H,
we observe that the susceptibility increases going from 200 K to 100 K. The increase
of susceptibility is expected to originate only from the paramagnetic properties of
the Tm ions since the change of canting angle of the Fe sublattices is expected to
be temperature-independent because it is dominated by the temperature-independent
symmetric and antisymmetric exchange energies. At 80K, below the SRT, the shape
of the curve shown in Fig. [5.5|(a) has changed fundamentally compared to the higher-
temperature curves. This is expected since the magnetic moment of the Fe sublattice
as well as the polarized Tm moments now lie perpendicular to the measurement direc-
tion. Therefore, one observes a hard-axis curve with a coercivity of zero. In addition
to the canting angle of the Fe sublattices and the magnitude of the paramagnetic
moment of the Tm ions, which are important for the curves at higher temperatures,
here also the orientation angle of M with the c-axis is important. It is expected that
M continuously rotates from the a- to the c-axis at sufficiently large fields and simul-
taneously N rotates from the c-axis to the a-axis [136]. At the spin-reorientation-field
Hy; (or spin-flop-field) this rotation is complete. One would expect a change of slope
in M (H) measurements at = Hy. This is not clear from this measurement because
of the limited magnetic field range. However, measurements in the SQUID at larger
magnetic field could not be performed due to the upper detection limit of the device.

In Fig. [5.5| (b), the corresponding measurements in crystallographic a-direction are
shown. Far below the SRT at 40 K we see an easy-axis loop with a relatively large co-
ercive field of around 144 mT. The saturation magnetization is around 0.025 ug/f.u.,
which is significant lower than what has been measured along the c-axis due to the an-
tiparallel alignment of the Tm moments to the canted moment of the iron sublattices.
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Going closer to the SRT, at 80 K, we observe an increase of M to around 0.043 ug/f.u.
because of the temperature-induced decrease of mp,,. Simultaneously, the coercivity
decreases due to the reduction of anisotropy energy. The susceptibility measured at
T = 40K is larger than at 200 K, because the paramagnetic Tm moments align an-
tiparallel and parallel with the canted moment, respectively. The different shapes of
the easy axis curves can therefore be understood. Above the SRT, at 80 K the M (H)
becomes a hard axis loop due to the alignment of M along the c-axis perpendicular
to the measurement direction.

The field-dependent measurements support the temperature-dependent measurements
and clearly show the SRT within the ac-plane between 85 K and 94 K. Furthermore,
the temperature-dependent change of anisotropy is observed. With SQUID measure-
ments, it was difficult to determine the spin-reorientation-field Hys because of the
limitation of the instrument. We will see below that electrical measurement tech-
niques are appropriate to determine H,;. The big advantage of this method is the
surface sensitivity, i.e. it does not rely on the size of the sample and is the appropriate
technique when considering actual applications.

5.3. Magnetic domains in TFO

Knowing the magnetic domain configuration has been shown to be helpful to interpret
electrical data [15, |S2]. Furthermore, for other applications like magnon transport,
the domain structure can have a profound impact [S2]. First evidence of the presence
of magnetic domains can already be found in SQUID measurements. In Fig. |5.6| (a),
a SQUID hysteresis measured at 105 K along the a-axis is shown. We observe a trian-
gular feature close to zero that is not seen in the other measurements presented. The
occurrence of symmetric triangular features is reported for ErFeOgs [137, 138 single
crystals, and can be reproduced for samples with a single magnetic domain wall [138]
139]. However, when multiple magnetic domain walls are present, these features are
not reproducible and explain the asymmetric curve we observe here. To learn more
about the domain configuration, the magneto-optical Kerr effect (MOKE) has been
utilized by Felix Schreiber to visualize magnetic domains in the TFO single crystal.
Fig. [5.6| (b) to (e) shows magnetic domains at four different temperatures, starting
from higher temperature (b), where TFO is in the I'y state, going to lower temper-
atures, through the SRT. Stripe-like domains are observed, which are directed along
the b-axis. Upon reduction of the temperature, the width of the domains decreases, in
line with earlier reports [140]. The reason for the shrinking of the domains is the re-
duction of the uniaxial anisotropy energy and the associated reduction of the domain
wall energy [141]. In Fig. [5.6| (d), which is likely at the border of the transition tem-
perature TZEL the stripe domains start to deform. Further decreasing the temperature

! An exact determination of the respective temperatures could not be performed because the MOKE
setup is equipped with a He-cooled cryostat. There is no temperature sensor attached to the sam-
ple, instead it is placed at the bottom of the chamber next to the He-intake valve so that, even in
thermal equilibrium, the temperature at the sensor and sample surface are different. Furthermore,
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Figure 5.6.: (a) Magnetic field dependent magnetization measurement performed in
SQUID along the crystallographic a-axis at a temperature of 105 K. The
inset shows a zoomed in region. (b) to (e) Magneto-optical Kerr effect
measurements performed close to the SRT going from higher temperature
(a) to lower temperature (e). The Pt cross in each figure is from the
lithography process and used as a reference point. Besides the Pt struc-
tures and the magnetic domains, surface defects are visible. The exact
sample temperature could not be determined during the experiment

leads to complex domain dynamics, which happens within the SRT. While at higher
temperatures, only two types of domains were visible, here, four types of domains are
present as seen in Fig. [5.6| (). The domains stem from the two possible directions
in which N and M can reorient, when rotating in the ac-plane. The occurrence of
four domains suggests that Fig. |5.6 (e) shows the TFO at a temperature within the
SRT. We leave the complex domain dynamics within the SRT for further studies and
limit our conclusion to that the TFO single crystal is magnetically homogeneous. The
stripe-domains are uniformly spread over the sample. The width is of the order of the
width of the Hall bars, which are also oriented along the b-axis.

5.4. Surface-sensitive electrical measurements

Electrical measurements have been performed after defining a Pt Hall bar on the
(101) surface of the bulk TFO sample via lithographic techniques (see section .
The Hall bar is oriented along the crystallographic b-direction as depicted in Fig.
We introduce a coordinate system for the Hall bar, where x is the current direction,
corresponding to the crystallographic b-axis, y corresponds to the in-plane direction
perpendicular to z and z is the out-of-plane direction.

The number of measurements performed on this sample is limited because of its large
magnetic moment and uniaxial anisotropy. While single crystal hematite (a-FesOs3)

these MOKE images were taken during a cooling sequence making the sensor temperature even
less reliable.
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Figure 5.7.: Relative orientation of the Pt Hall bar with the crystallographic axes.
The z-axis of the Hall bar is along the crystallographic b-axis (= current
direction). z is the out-of-plane direction and y is in-plane perpendicular
to the current. The crystallographic axes a and ¢ both lie in the yz-plane.
¢ (a) has an angle of 35° (55°) with the surface as indicated.

samples have been measured in our setup previously, using identical techniques, we
learned that it is not as straight forward with orthoferrite samples. When applying
a magnetic field in an arbitrary direction with respect to the magnetic ordering, a
large torque on the sample can appear since it prefers to align with the antiferromag-
netic easy axis parallel to the magnetic field [142, 143|. This torque is transferred via
the sample holder to the piezoelectric rotator which is not designed to endure such
external torques. The forces acting on the piezoelectric elements not only prevented
free rotation of the sample or the application of the field in arbitrary directions, but
led to significant damage to the principle rotator after the first rotation measurement
sequence (shown in appendix section . At a later stage, the applied forces led
to the destruction of the sample during the measurements. It is assumed that the
experienced torque led to a detachment of the sample from the PCB holder, acceler-
ating it towards the walls of the VTI where it shattered. Given that similar problems
did not occur with hematite single crystals, we attribute this to the larger canted
moment of TFO single crystals together with the large paramagnetic moment of the
Tm sublattice.

In the following, the measurements gathered before the destruction of the sample are
presented. We will see that the results are highly interesting suggesting that the set
of measurements should be completed by using smaller-sized samples to reduce the
total torque acting on the sample and instrumentation.

5.4.1. Detection of spin reorientation by longitudinal SMR

In uniaxial measurements, the field is applied in the direction of the crystallographic
a- and c-axes at various temperatures around the SRT. In this geometry, a sufficiently
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Figure 5.8.: (a) Example curve for the relative longitudinal resistivity in uniaxial field
sweeps along the c-axis below the spin reorientation temperature 75. The
black arrows mark the spin reorientation field H,y, where the maximal
gradient change happens. (b) Sketch of the possible dynamics of M (or-
ange) and N (purple) during the reorientation under a magnetic field H
(green). Pale arrows indicate the initial configuration at |H| = 0. Black
arrows labeled with  and y indicated the reference frame of the Hall bar,
a and c the crystallographic axes of TFO. For M, the projection along
y increases while for N, it decreases. The DMI vector is oriented in the
sample plane along the b-axis.

large magnetic field is able to rotate the spins in the ac-plane so that the canted
moment M orients with the magnetic field H, while the Néel vector N orients per-
pendicular to H as shown in Fig. [80, |81}, 1144]. Around the SRT, this is possible
at relatively low magnetic fields due to the reduction of uniaxial anisotropy with tem-
perature. Hgo is expected to have a minimum in the transition region [135].

We start by investigating the longitudinal resistivity Ry, which should reflect the rel-
ative contribution of M and N projected parallel to the interfacial spin accumulation,
i.e. the y-component of each. Fig. [5.8[(a) shows an example curve for Ry, measured at
80K, where TFO is in its 's-phase in absence of a magnetic field. The field is applied
along the c-direction, perpendicular to M, and parallel to N (see Fig. |5.8| (b) pale
arrows).

We observe a sharp decrease of Ry, at low magnetic fields before Ry (H) significantly
changes slope. The abrupt decrease is followed by a more gradual decrease to larger
magnetic fields. We expect that the y-components will have maximally changed once
the spin reorientation is complete so we identify the point of sudden change of gradient
as the spin reorientation field H,y, where the N and M reach their final orientation.
Between 0T and H,¢, both N and M continuously and smoothly rotate. The value
of Hyy is determined as described in appendix section Our interpretation of
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Figure 5.9.: (a) Relative longitudinal resistivity in uniaxial field sweeps along the c-
axis at different temperatures below the spin reorientation temperature
Ty. (b) Hg¢ determined by (a) for different temperatures. The blue line
indicates a linear fit.

this field being related to the rotation of the magnetic ordering in the ac-plane is
further validated by considering the temperature evolution of R; and Hgs. Fig. [5.9
(a) shows the field-dependence of Ry, for several temperatures below 75 for H applied
along the c-axis. At all temperatures, the same general trend is observed. Moving
from low temperatures to those closer to the transition temperature T' = T, Hgy
decreases. We extract H,y for each temperature, and observe that a linear function
can be fitted to the temperature-dependent spin reorientation field as shown in Fig.[5.9
(b). This temperature dependence of the spin reorientation field is in good agreement
with microwave absorption experiments performed on TFO single crystals [81], and
naturally follows from the temperature dependence of the magnetic anisotropy. Our
linear fit to H,; from these measurements extrapolates to 7' = 96 K.
Taking into account the trend between Ry (0T) and Ry (Hs), we observe a net de-
crease of Ry. Comparing the I's state, which is the magnetic configuration at zero
field and the I'y state above H,y, this reorientation is accompanied by an increase of
the M, contribution and a simultaneous decrease of the N, contribution. Applying
the model of SMR to this [16} 43|, we include both possible dependencies of N and
M:

AR o< ARy p(1— M) + ARy n(1 — N,) (5.1)

Due to the net decrease of Ry, the signal appears to be dominated by AR; ps rather
than AR;,. Further decrease of Rj at large fields H > H,; might be due to the

69



5. Electrical detection of magnetic phase transitions in bulk TmFeQOs

increase of canting angle induced by the magnetic field as described in section[2:2] The
increase of canting of the Fe sublattices leads to a further increase of M, proportional
to the Zeeman energy which is quadratic given the two sublattices. We note that in
this simple picture, the change of R; cannot be explained by a sole dependency of
the SMR on the Néel vector. The decrease of the y-component of N would lead to an
increase of Ry, which is not observed.

However, taking into account the trajectory of M, the signal can also not be com-
pletely explained by a magnetic monodomain experiencing a continuous rotation of
M. Looking back at Fig. the continuous rotation of M from the a-axis to the
c-axis leads to a minimum in the net y contribution within the reorientation regime,
when M is parallel to the geometric z-axis. We consider this further by plotting y-
component of M and N against the normalized magnetic field in Fig.|5.10| (a) for the
case of a monodomain magnetic state. For this model, we assume a linear change of
sin(¢) oc H between H = 0 and H = Hgy, where ¢ is the angle between M (N) and
the a- (¢)-axis. This is a simple model for the complex interaction occurring during the
SRT. The linear change of sin(¢) with H is a good approximation for the field-induced
I'y = I'y transition in YFeOg [144], however, the trajectories of M and N can be more
complex and strongly temperature-dependent in other orthoferrites [145]. Neverthe-
less, the trajectory of both vectors is expected to be continuous and therefore a linear
approximation for the SRT in TFO sufficiently describes the characteristic features in
the SMR response.

From the trajectory of M and N, we can calculate the expected SMR contribution
to the longitudinal resistivity, which is given in Fig. [5.10| (b). Across the field range
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Figure 5.10.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation in the ac-
plane of M (orange) and N (purple) until the spin reorientation field H,y
relative to the coordinate system of the Hall bar (black). (b) Relative
change to the M- and N-dependent SMR, respectively.
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that the SRT takes place, both the N- and M-dependent SMR describe an extremum
between H = 0 and H = H,y. This is not reproduced by the experimental data. How-
ever, we note that M || @ and N || ¢ (I) is only one out of four possible configurations
in the I'y state. Furthermore, the following domains are possible: M || ¢ and N || —¢
(IT), M || —a and N || ¢ (IIT), M || —a and N || —¢ (IV). The domains are depicted in
Fig. (a). The calculation for domains II-IV is given in the appendix section
When allowing for a superposition of these different trajectories, the modeled SMR
describes a monotonous trend of resistivity in the transition regime. We calculate the
cases Ry = 1, Ry p = 0 (N-SMR) and for Ry vy = 0, Ry s = 1 (M-SMR) accord-
ing to equation Fig. [5.11] (b) shows the case of an equal contribution of all four
domains calculated as the average SMR response by
ARy, = i (L= M)+ (1= M)+ (1= M2+ (1 - M,Y)?)

for the M-SMR and similarly for the N-SMR. Note that for domains I and IV, the
DMI vector points in the same direction, while for domains II and III it points in
the opposite direction. If we allow only one global orientation of the DMI vector,
this leaves us with only two different domains, either II/III or I/IV. However, the
monotonous trend in the SMR can still be reproduced by this subset of two domains
since SMR contributions of domains I and II and domains III and IV are the same. We
can therefore conclude that the monotonous trend of the resistivity change between
H = 0 and H = H,y requires the presence of multiple domains and a dependency of
the SMR on M.

Besides SMR, we also expect possible contributions from OMR and HMR. The OMR
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Figure 5.11.: (a) Initial (pale) and final domain configuration for a field-induced SRT
from the I'y state to the I'y state by a field applied along the c-axis.
(b) Average SMR response for the simultaneous presence of all possible
domains.
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5. Electrical detection of magnetic phase transitions in bulk TmFeQOs
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Figure 5.12.: (a) Example curve for the relative longitudinal resistivity in uniaxial
field sweeps along the a-axis above the spin reorientation temperature
T1. The black arrows mark the Hy¢. (b) Sketch of the possible trajectory
of M (orange) and N (purple) during the reorientation under a magnetic
field H (green). Pale arrows indicate the initial configuration at H = 0.
Black arrows labeled with y and z illustrate the reference frame of the
Hall bar, a and ¢ are the crystallographic axes of TFO.

would lead to an increase of the resistivity [37]. The HMR, which would also lead to
an increase of Ry, [50], contributes minimally given that the projection of H perpen-
dicular to the spin accumulation p is small. The overall negative sign of the resistivity
change leads to the conclusion that the signal is dominated by SMR, despite possible
contributions from OMR and HMR, which are expected to counteract the trend of
the SMR.

We repeat the experiment for the field-induced SRT from the I'y to the I'y phase. For
this, we increase the temperature to T > 17 and apply a magnetic field along the
crystallographic a-axis.

Fig. (a) shows the case for the longitudinal resistivity R; measured at a tem-
perature of 100 K, where TFO is in the I'y-phase. Like before, the signal consists of
two symmetric contributions, this time with a positive sign. A steep increase at low
magnetic field is followed by a change of slope to a more gradual increase. Fig. [5.12
(b) shows one of the four possible trajectories of M and N relative to the reference
frame of the Hall bar. The trajectories of all four different domains and the resulting
SMR contribution is shown in the appendix section While no single domain can
describe the monotonous trend in the change of resistivity, a superposition of at least
two domains leads to a monotonous increase of the M-SMR.

The shape of the curve up to H = H,y can again be explained by M-SMR in the
presence of multiple domains. Increasing the field above H = H,¢ leads to an increased
canting of the spin sublattices in the direction of H and an increase of M,, which
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5.4. Surface-sensitive electrical measurements

should contribute an increasingly negative component to the MR. However, a positive
change of the resistivity is observed at Hgy in contrast to the overall negative MR seen
before. This might be explained by the different orientation of H relative to the Hall
bar. Due to the smaller projection of M in y compared to the previously discussed
case of H || ¢, the field-induced increase of canting angle and resulting contribution to
the SMR may be shadowed by other MR effects. We note that the absolute increase
of Ry, is about a factor of 2 larger than for the case H || ¢. The OMR leads to an
increase of the longitudinal resistivity with increasing magnetic field. Also the HMR,
which is also expected to increase Ry, has a larger magnitude in this geometry than
before due to the larger projection of H perpendicular to the spin accumulation p.
We further note that the shape of Ry (H) at larger magnetic fields is approximately
linear in this configuration, while it has a rather quadratic shape when the field is
applied along the c-axis. This also indicates that the origin of the high field resistivity
is dominated by different effects in the two configurations.

We repeat the measurement at various temperatures as shown in Fig. [5.13| (a). Fo-
cusing on the response below Hyy, we observe a temperature-dependence of Hyy as
expected from the change of uniaxial anisotropy. We note that the change of slope
is less prominent in this geometry than in Fig. [5.90 However, we are able to deter-
mine the critical field at which the gradient of the slope changes as described in the
appendix section . The trend of Hyy with temperature is shown in Fig. |5.13| (b).
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Figure 5.13.: (a) Relative longitudinal resistivity in uniaxial field sweeps along the a-
axis at different temperatures above the spin reorientation temperature
Ti. (b) Hgf determined by (a) for different temperatures. The red line
indicates a linear fit.
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5. Electrical detection of magnetic phase transitions in bulk TmFeQOs

Just as for H || ¢, we observe a monotonic dependence of Hr(T), that can be fitted
with a linear function as indicated by the red line. We similarly see good agreement
with microwave absorption experiments in the same geometry [81].

Summarizing the measurements of the longitudinal resistivity for the two different
geometries, we have seen that we can detect the spin-reorientation-field purely elec-
trically. The linear evolution of Hs(T') for both H along a and H along ¢ has been
previously observed in microwave absorption experiments [81], validating our approach
and interpretation of the SMR data given above. We can perform a linear fit of both
data sets and extrapolate to H,y = 0T, which gives the critical temperatures of the
SRT.

Method | SQUID | SMR
Ty (K) | 85+£1 | 83.7+3.0
Ty (K) | 9441 | 96.6 +1.7

Table 5.1.: Critical temperatures of the SRT determined by different methods.

Using this method we find the critical temperatures of the SRT as presented in table
where we compare the numbers with the temperatures determined by SQUID
magnetometry. The error bars for the values determined by SMR are given by the
uncertainty of the fit. An additional systematical error of the temperature is expected
since the different experiments have been performed in different cryostats as well
as differences in environmental temperature sensor locations relative to the sample.
Therefore, the similar values confirm that we are not only able to determine the spin-
reorientation-fields at several temperatures using SMR, but also extract the exact
spin-reorientation temperatures. Further increase of the precision could be achieved
by using smaller steps in the uniaxial measurements, using thinner Pt to decrease the
impact of OMR and by using a different orientation of the TFO crystal. A crystal with
(001)- or (100)-orientation would allow for Hall bars to align the y-orientation with
one crystallographic axis, which would maximize the difference of the SMR, signals
between I's- and I'y-state of TFO.

5.4.2. Additional contribution to the transverse SMR

We now turn to focus on the transverse resistivity Rr in uniaxial measurements, which
is measured simultaneously with the longitudinal resistivity discussed above. Since
the projection of both M and N along the z-direction of the Hall bar is zero, there is
only a contribution from the spin Hall anomalous Hall effect (SHAHE) expected (see

section [1.6.2]), which is given by
ARp < ARy M,.

We therefore consider only the magnetization. Fig. (a) shows calculations of the
M, component from two different domains M || a (I and II) and M || —a (III and
IV) during the I's — T'y reorientation. Here, we again assume sin(¢) o H as before.
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Figure 5.14.: (a) Relative transverse resistivity Ry in uniaxial field sweeps along the
c-axis at different temperatures below the spin reorientation tempera-
ture Ty. (b) Relative transverse resistivity Ry in uniaxial field sweeps
along the a-axis at different temperatures above the spin reorientation
temperature T7.

M. is plotted from -H,y to Hsr. We do not show the average of all possible domains
(which is a linear function) since the sample area probed by the transverse resistivity is
significantly smaller than for the longitudinal resistivity and more importantly smaller
than the domain size, even in the reorientation regime (see Fig. |5.6). We therefore
do not expect an averaged contribution from different domains and expect only one
of the two possible responses due to SMR. Both possible trajectories are asymmetric
with field up to the spin reorientation field Hyy. Towards higher magnetic fields, only
a linear change is expected, originating from the increase of canting angle. Similarly,
there are two possible trajectories for M in the I'y — I'y transition as seen in Fig.
(b). For both measurement geometries, we aim to apply this model to the experimental
data.

The electrical measurements of the transverse resistivity will also contain a significant
contribution from the ordinary Hall effect, which appears once there is an out-of-
plane component of the applied magnetic field. This effect is linear in field, and given
that it has no relation to the magnetic landscape of the TFO, the raw data has been
processed by removing a linear fit in order to identify the SHAHE contribution in our
measurements. The resulting Ry (H) curves for both H || c and H || @ are shown in Fig,.
5.15|(a) and (b) for different temperatures, respectively. We focus first on Fig.|5.15|(a).
The signal consists of two contributions: an asymmetric one leading to an S-shape and
a symmetric one leading to a decrease of the signal at both negative and positive high
magnetic fields. The curves taken at various temperatures all have similar shapes and
no clear trend with temperature is visible. We quantify the S-shape by performing
three separate linear fits to the three different segments of the curve as described
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Figure 5.15.: (a) Relative transverse resistivity Ry in uniaxial field sweeps along the
c-axis at different temperatures below the spin reorientation temperature
T5. The inset shows the direction of the magnetic field (green arrow) with
respect to the crystallographic axes. (b) Relative transverse resistivity
R7 in uniaxial field sweeps along the a-axis at different temperatures
above the spin reorientation temperature 77.

in the appendix section The critical fields H., at which the S-shape saturates,
do not coincide with the values of H,; extracted from the longitudinal resistivities
measured simultaneously (see Figs. and . Changing the temperature also
does not appear to change Rp(H) significantly. Even at temperatures above the SRT,
where TFO is in the I'y phase and M is along ¢, a field applied along ¢ results the
same response. While the H,; goes to zero when approaching the spin reorientation
temperature Tb, the critical field in the transverse resistivity remains finite. In our
simple picture we would expect that the shape of Rp(H) would drastically change to a
hysteresis-like curve, when going to the I'y phase, reflecting the orientation of the net
magnetic moment and emulating closely the response seen in SQUID measurements
(see Fig. [5.5). However, no clear trend is visible in the transverse resistivity.

Similar behavior is observed for the case that H is applied along a. In this configu-
ration, a dominant S-shape is also observed, as shown in Fig.|[5.15[ (b). In contrast to
before, here, the secondary symmetric part of the curve at large fields has a positive
sign, leading to an increase of Ry at both large negative and positive fields. Like for
the H || c-case, when H || a, Rp(H) does not change shape when changing the tem-
perature. Similarly, no correlation to Rz (H) can be identified. The critical fields of
Ry for both measurement geometries are shown together with the spin-reorientation-
fields determined through Ry, in Fig.|5.16| (a). We conclude that the S-shape does not
originate from the orientation of M. However, a magnetic origin of the signal is ex-
pected due to the nonlinear behavior. To further investigate the properties of Ry (H),
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Figure 5.16.: (a) Blue (Red): temperature-dependent spin-reorientation-field deter-
mined from the longitudinal resistivity Ry by applying a magnetic field
in ¢- (a-) direction along with a linear fit. Green (Yellow): critical fields
in the transverse resistivity when applying a field in ¢ (a) direction. (b)
Amplitude of the S-shape as a function of temperature. In both graphs,
the region of the SRT is indicated in green.

we define the amplitude of the S-shape as the crossing points of the linear fits to the
curve (see appendix section . The trend of the amplitude versus temperature is
plotted in Fig. [5.16| (b) where we observe a continuous decrease of the Ry amplitude
towards lower temperatures. This is in contrast to the previously reported behavior
of the transverse SMR of DyFeOg [146], where a continuous increase of the transverse
signal has been reported, indicating a contribution from the polarized Dy moment to
the SMR. The different behavior allows us to exclude the possibility of the polarized
Tm moment and suggests that the S-shape in our measurements has a different origin.
Corrections to the SMR signal due to an orbital contribution or chiral interfaces are
two proposals for the origin for the S—Shapeﬂ In order to narrow the selection of
possible effects, the experiment will be repeated using different Hall bars. A Cu
interlayer decouples the TFO from the Pt interface and a variation of Pt thicknesses
will give insight into geometric effects related to the probing material. However, these
measurements and the development of a full picture to explain this spurious transverse
resistivity is the subject of future and ongoing projects.

This chapter has discussed the application of spin Hall magnetoresistance to the ma-
terial system of bulk TFO (101). Making use of this interface sensitive, electrical
measurement technique, the spin reorientation field Hy; was determined for a mag-
netic field applied along both the ¢ and a axis. The application of a magnetic field in
proximity to the temperature-driven spin reorientation transition allows us to achieve

2Discussion with Olena Gomonay, Frank Freimuth, Yuriy Mokrousov, and Dongwook Go
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5. Electrical detection of magnetic phase transitions in bulk TmFeQOs

a complete transition to the magnetic I'y and I'y state, respectively. The variation
of Hy; with temperature is detected via SMR, allowing us to determine the critical
temperatures of the temperature-driven spin reorientation transition to a high degree
of accuracy. The longitudinal resistivity was shown to be explainable through a simple
model of SMR, with a dominant sensitivity to the canted magnetic moment, by taking
into account multi-domain states and the different trajectories of the magnetic order.
Concurrent measurements of the transverse resistivity raised additional questions of
the magnetoresistance in this system. SMR measurements in a rotating magnetic
field might indicate a field-dependence of the SMR dependencies as presented in the
appendix section [A4 A full understanding of the SMR contributions remains the
focus of future studies. The results of this chapter are currently being compiled into
a research article [S10].

In addition to the results presented in this chapter, the TFO single crystal has also
been tested for potential long-distant magnon transport properties. While it has very
recently been demonstrated for the related compound YFeOg [S8], we do not measure a
non-local electrical signal for the TFO (101) crystal. The measurements are presented
in the appendix section

The next chapter will apply the technique of SMR to high quality thin films of TFO,
where bulk methods like SQUID and neutron scattering are not always possible.
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In the previous chapter, we have seen highly interesting physics in the electrical mea-
surements performed on bulk TmFeO3 (TFO) samples. We are able to detect antifer-
romagnetic phase transitions from I's to I'y states, and vice versa, utilizing surface-
sensitive spin Hall magnetoresistance (SMR). With regard to applications, bulk an-
tiferromagnets are undesirable. Instead, one would make use of thin film antiferro-
magnetic layers. However, how the scaling to thin film affects the antiferromagnetic
structure and anisotropies is not clear. In this chapter, the first demonstration of thin
film TFO in the orthorhombic phase will be shown. These high quality films display a
spin reorientation transition with similar properties to bulk crystals, detectable from
surface sensitive magnetoresistance measurements. The growth of TFO was optimized
using SrTiO3 (STO) (001) substrates, a standard material to grow oxide heterostruc-
tures. The crystallographic and magnetic properties properties of these samples will
be discussed in the first section. Furthermore, the results from SMR measurements
are presented. The key results are published in Ref. [S7]. In the second section, we
will see that we can optimize the growth of orthorhombic TFO using substrates of
similar orthorhombic symmetry to TFO, i.e. TbScO3, GdScO3z and YAIOs. In the
third section we will demonstrate the growth of TFO in its hexagonal phase, exhibiting
different properties compared to its orthorhombic phase.

6.1. Orthorhombic TFO grown on STO substrates

At the time of writing, there is only one previous publication describing the growth
mode of STO/TFO as “cube-on-cube growth” [147], implying the adaption of the cu-
bic or tetragonal structure. In this publication, no further investigation is performed
on these kind of samples. It is therefore up to now unclear which properties STO/TFO
samples possess. Here, we will perform a detailed analysis of similar samples. TFO
samples are produced in-house by the author using pulsed laser deposition. Similar to
the optimization of YIG and GIG deposition parameters described in chapter [4] the
growth was optimized by varying the substrate temperature and oxygen background
pressure during deposition. The optimal deposition conditions were found at a sub-
strate temperature of 630°C and an O pressure of 0.2mbar. Using 130mJ output
energy of the excimer laser and a repetition rate of 10 Hz, a growth rate of 1.6 nm/min
was observed. The investigation of the crystallographic properties by XRD and mag-
netic properties have been performed by the author. XMLD and XMCD measurements
have been lead by Lorenzo Baldrati during the beamtime under proposal MM23918
at Diamond Light Source. The experiments were performed with the help of An-
drew Ross, Shilei Ding and Felix Schreiber with support from the beamline scientists
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Francesco Maccerozzi and Dirk Backes. In order to perform electrical measurements
on theses samples, Pt Hall structures where defined on the TFO thin films by Andrew
Ross. Electrical measurements where then performed by the author and Andrew Ross.
The structural and magnetic analysis of these samples as well as part of the electrical
measurements shown below are published as a research article .

6.1.1. Structural characterization of STO/TFO heterostructures

The growth of TFO on STO is not discussed in literature in detail. In the publi-
cation mentioned above , only out-of-plane x-ray diffraction (XRD) spectra are
investigated. However, these measurements do not reveal the in-plane order of the
grown samples. Therefore a complete profile of the structure and orientation of the
unit cells of the thin films with respect to the substrate has to be determined. The
crystallographic directions of the STO crystal, which has cubic symmetry, and the
orthorhombic TFO differ. We therefore introduce the subset orientations p and o
for the perovskite and orthorhombic directions, respectively. The unit cells of STO
and TFO with their respective coordinate systems are shown in Fig. The lattice
parameter of cubic STO is agro = 3.904 A, while the lattice parameters of TFO are
roughly a ~ b ~ v2as70 and ¢ ~ 2as570.

The crystallographic structure of the fabricated thin films was investigated by XRD. In
Fig.|6.2| (a) and (b) 20 /w scans along the [001], and [112], STO directions are shown
for a 200 nm thick sample, respectively. From these we identify the STO peaks from
comparison with literature and attribute the others to the TFO layer. Along the [001],
direction we find peaks at 20 = 23.44° and 20 = 47.93°. Naturally following from
Bragg’s law, these peaks stem from the same lattice planes, corresponding to an inter-

[001], [001],
! [010], |
[100], [100], (o107,

Figure 6.1.: (a) Unit cell of STO with the respective coordinate system in the bottom
left (b) TFO unit cell with the respective coordinate system at the bottom
right. The size of the unit cells are roughly to scale. Drawn in VESTA

62).
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Figure 6.2.: (a) 20 /w scan of a STO/TFO (200 nm) sample in the [001]-direction (b)
20 /w scan in the [112], direction. Both (024), and (204), TFO peaks are
visible in this geometry indicating crystal twinning. (c¢) ®-scans around
the [001]-direction with 20 and w fixed at STO (011), and TFO (112),
positions. ||

plane distance of 7.58 A. We note that that this coincides with the c-axis dimensions
of the orthorhombic bulk crystal . Other peaks from secondary phases are not
visible in this scan. The crystallite size in common [001]-direction is calculated by the
Scherrer formula and gives a value of around 70 nm, so less than the film thickness.
The rocking curve (not shown) has a broadness of Aw = 0.6°. This is a larger value
compared to the sharp rocking curve observed in YIG-GIG thin films, which means
that the unit cells are less well-aligned to each other.

By introducing an in-plane component of the incident x-ray momentum, we perform
a 20 /w scan in the [112], STO direction. This scan shows two peaks at 20 = 58.92°
and 20 = 60.07°, which cannot stem from the same lattice plane, as one can see from
Fig. (b). It is likely that they stem from the (024), and (204), TFO peaks due
to the growth of twinned domains, meaning that the TFO layer consists of two crys-
tallographic in-plane domains. From these reflexes we calculate the lattice constants
a=528A and b= 5.57A. The two domains share a common c-axis but the b-axis of
the two domains are orthogonal to each other. This is not surprising since STO has
a cubic unit cell leading to a surface with quadratic symmetry. The ab-plane of TFO
on the other hand is rectangular. Both growth directions, with b along [110], and
[110],, are energetically equivalent. In literature, this is labeled as oriented growth.
The relative alignment of the STO and TFO unit cells is depicted in Fig. (a).

Now, that we have determined the growth direction of the TFO crystallites on the
STO substrates, one can determine the exact orientation even more precisely. In
principle, it could be possible that the [110], of TFO aligns with the [100], axis of the
STO, leading to a bad alignment of the [100], and [010], TFO axis with the [110],
STO axis. The other possibility is that the [010], and [100], axes align with the STO
[110], direction at the expense of the [110], TFO alignment with the [100], STO axis.
This can be determined by XRD using ® scans (see section . The 20, w and
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Figure 6.3.: (a) Sketch of the growth orientation of TFO (orange) on STO (blue).
Both possibilities are energetically equivalent and are to be found across
the sample surface. The dimensions of the drawing is to scale (b) AFM
measurement of a TFO sample shows a 2x2um area. ||

‘llEl angles are fixed while the sample is rotated around the [001], axis. ® scans are
performed for the (112), and (204), peaks of the TFO. The position of the peaks are
compared with the (011), and (112), peaks of the STO, respectively, as shown in Fig.
(c) for the (112), and (011), reflex. We find that the corresponding ® angles are
identical. However, we observe that the (112), peak (A® = 5.6°) is broader than the
(204), peak (A® = 4.3°). This means that the unit cell axes of the TFO are aligned
with the STO diagonals, at the expense of the TFO diagonal being less-well aligned
with the STO axes.

Knowing the growth direction of TFO on STO, we can calculate the lattice mismatch
between the materials. We compare the orthorhombic a- and b-axes of TFO with the
face diagonal of the STO unit cell. We find a mismatch of -4.9% for the a- and +0.9%
for the b-axis. Fig. [6.3| (a) shows a to-scale sketch of the unit cell parameters, from
which the alignment of the TFO b-axis with the STO diagonal becomes visible.

To investigate the topographic properties, atomic force microscopy has been utilized.
In Fig.|6.3|(b) an image of a 2 umx2 pm area is depicted. One can see that we observe
island-like growth. The RMS roughness of the surface is calculated to be around 8 nm.
The mean lateral size of the islands is 42nm. We assume that the grain size is the
upper limit of possible magnetic domains. In contrast to that, the single crystal
investigated in chapter [5|is basically a crystallographic monodomain. The magnetic
domains could be observed revealing dimensions in the order of 100 um. Electrical
measurements on these samples will always represent a multidomain signal.

To sum up the structural properties of TFO thin films grown on STO, we find the
orthorhombic structure like in bulk samples, which contradicts previous reports de-
scribing a box-on-box growth [147]. The crystallites are well oriented with the c-axis
aligned along the (001), STO axis. However, the samples show in-plane twinning,
meaning that the the b-axis is aligned along the [110], STO directions with a crystal-
lite of around 42nm. In neighboring crystallites, the b-axis might be oriented along

1V is the angle determining the in-plane contribution of the scattering vector
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the [110], STO direction. This can be prohibited by choosing a substrate with the
correct symmetry as we will discuss in section In the crystallographic measure-
ments on STO/TFO samples, there are no indications of foreign phases of different
material, so it is expected that the magnetic properties determined on the following
sections solely represent the properties of thin-film TFO.

6.1.2. Determination of the magnetic properties

First, we perform magnetic field dependent SQUID measurements. We start with a
qualitative analysis to confirm the results from XRD. This allows for the determination
of the direction of the canted moment M, which in bulk is along the c-axis above the
SRT (I'4) and along the a-axis below the SRT (I'z). The M (H) measurements at
200K along the c-axis reveals a soft magnetic loop as shown in Fig. [6.4 while at
40K, the curve is more reminiscent of a hard axis loop. This confirms that the c-axis
of TFO, and importantly the canted moment, is indeed parallel to the [001], STO
direction. Furthermore, when aligning the sample along the (100), in the SQUID,
the signal taken at small magnetic fields cannot be fitted by the routine assuming
a magnetic dipole, while mounting the sample roughly 45° rotated, along the (110)117
axis, we can measure a large magnetic moment below the SRT while it vanishes at
higher temperatures (not shown). This confirms the 45° in-plane rotated growth of
TFO on STO found from previous XRD measurements.

We have seen that above the SRT, the canted moment is oriented in the c-direction
and below the SRT along the a-direction. This itself is an important result since so far,
neither the orthorhombic growth of TFO in thin films, nor the magnetic properties of
such films have been discussed in literature. The broad hysteresis, measured at 200 K
above the SRT, has a coercivity of around 1.8 T. This is much larger than what we have
measured at bulk samples in the previous chapter (80 mT). The increase of coercivity

Magnetization (pB/f.u.)
o
o

o
—

Figure 6.4.: (a) Magnetic field dependent SQUID measurement in the out-of-plane
direction above (blue) and below (red) the spin reorientation transition.
157
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might be due to strain-induced modification of the magnetocrystalline anisotropy and
somewhat larger shape anisotropy due to the small magnetic domains originating in
the twinned growth. We note, however, that due to the small stray fields, the shape
anisotropy has only a limited impact. Additionally to the relatively broad hysteresis,
we observe a secondary ferromagnetic contribution, a soft hysteresis visible at low
magnetic fields. We will later analyze the soft magnetic contribution in more detail.
Here, we can already state that it is not related to the TFO magnetization, but likely
a parasitic contribution. Subtracting the soft magnetic contribution, we calculate a
saturation magnetization of M = 0.07 up/f.u. at a temperature of 200 K. For the thin
films, the volume of the TFO could be determined much more precisely compared to
the bulk single crystal in the previous chapter. We therefore do not compare the
absolute values, but we calculate the canting angle and compare it with literature
values. Two things contribute to the magnetization: the magnetic moment from the
canted Fe spins and the polarized Tm moments, which are parallel to the canted
moment above the SRT [71]. Both can be influenced by the strained growth of the
TFO. To estimate the canting angle of the Fe moments, we assume that it is constant
over a large temperature range far below the Néel temperature Ty [142] and that the
Tm moment increases with decreasing temperature 7" according to o< 1/7" as expected
for paramagnetic materials. We measure Mg for additional temperatures above the
SRT and fit the data with the function Mg = Mg, + M%m. We thereby determine
a temperature-independent magnetic contribution of Mp, = 0.04 ug/f.u. due to the
Fe spin canting. Sticking to the model described above, that every iron ion has a
magnetic moment of m = 5 up, we can calculate the canting angle of the iron spins.
We determine a canting angle by a simple two spin model and find a value of [14§]

1 MT/Q = 0.46°, which agrees with the literature value of 8 mrad (0.0458°)

[74]. We conclude that the symmetric and antisymmetric energies in TFO are not
significantly altered compared to a bulk sample.

a s —
2—8111

Below the SRT, we measure the magnetization again in the [001]-direction utilizing
M(H) loops. As seen in Fig. the hysteresis has significantly changed its shape.
While it consists of a similar, very soft magnetic contribution switching around 0T
seen at 200 K, the second contribution resembles more a hard magnetic hysteresis, with
a linear increase over a large field range and no remnant magnetization. We note that
the amplitude of the magnetization at 40 K is much larger than at 200 K. Our model
does not suggest a change of canting angle because of the temperature-independent
H,; (DMI field) and H. (Exchange field). We suggest that the seemingly increasing
of magnetization has another origin. The measurement at 40 K is done perpendicular
to the canted moment and the Tm moment. An applied magnetic field in the c-
direction leads to a continuous rotation of both. Modeling the field-induced SRT in
chapter [5, we assumed a linear change of the magnetization along the a-direction
with external magnetic field and from the measurements performed at the bulk TFO
crystal, we would expect the spin reorientation field to be around H,y = 4.5T at 40 K.
However, due to a change of anisotropies between bulk and our twinned thin films,
the spin reorientation fields likely shift and it is possible that the spin flop is not yet
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Figure 6.5.: (a) Magnetic field dependent SQUID measurement in the out-of-plane
direction above (blue) and below (red) the spin reorientation transition
with lower field amplitude. [S7]

completed by 4.5T. One can see in Fig. that the curve does not fully saturate,
meaning that the rotation of the spin structure is indeed not yet complete in the
investigated field range. Additionally, the procedure of subtracting the linear para-
and diamagnetic contributions, which we have performed, is actually not a completely
correct assumption, as evident from the missing saturation at a magnetic field of 5T.
However, we still apply this procedure, from which it becomes evident that the shape
of the magnetization curve fundamentally changes. The focus of the 40K curve is
therefore not on the absolute values but the qualitative shape.

To further analyze the soft contribution that is observed in the magnetization curves,
minor loops at small magnetic field amplitude have been performed in the SQUID at
both temperatures. Therefore, the sample has first been magnetized applying -5T.
Then a M (H) measurement has been performed with H,,q, = +0.1T. As seen in
Fig. [6.5] we can extract the soft magnetic contributions for both temperatures. It is
remarkable that neither the shape, nor the absolute values have changed when going
from 200 K through the SRT to 40 K. We extract a coercive field of 11mT (15mT)
and a overall magnetic moment of around 3.6 - 1072 Am? (3.8 - 10~ Am?) at 200K
(40K). Note that the magnetization values are not normalized since the thickness of
the soft magnetic phase is unknown.

Since for bulk TFO the magnetic properties change completely, we assume that this
soft magnetic phase is not related to the orthorhombic crystallites of the TFO. It is
possible that at the grain boundaries between the crystallites or close to the substrate
interface, where the largest strain is to be expected, a monolayer of a strange phase
with different magnetic properties may form. It is suggested for polycrystalline ortho-
ferrite thin films [82, 83|, that the soft contribution may stem from a garnet phase,
a magnetite (Fe3O4) phase or the rare earth oxide. In case of TFO the garnet phase
would be TmsFe;019 (TIG), an insulating ferrimagnet [S1) [S4, |S5]. However, the
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Figure 6.6.: Temperature dependent SQUID measurements for in-plane (red) and out-

of-plane direction (blue). The green area depicts the spin reorientation
transition in bulk TFO. [S7]

saturation magnetization of TIG is temperature-dependent so that one would expect
a &~ 3x larger contribution at 200 K compared to 40 K [102, [S9} [149]. Magnetite on the
other hand possesses a phase transition (Verwey transition) at around 125 K leading to
a rapid change of properties [150]. Below this transition the coercivity of magnetite in-
creases and the saturation magnetization decreases [151]. None of this is evident from
the M(H) data. Furthermore, the presence of magnetite should be visible in M (T)
measurements, because of the sharpness of the Verwey transition (compare Fig. .
The third suggestion, TmyOs3, is a paramagnetic substance and should not manifest
itself as a temperature-independent hysteresis in M (H) measurements. For a-FeaOs
(hematite) thin films, a compound related to orthoferrites, a thin interfacial layer of
ferrimagnetic y-FeaO3 (maghemite) is reported for several substrates [152, |153]. The
saturation magnetization and coercivity of maghemite is only weakly temperature de-
pendent in the temperature range of 40K to 200 K. Very pure monocrystals show a
saturation magnetization of around 80 emu/g and a coercivity of 2mT, but this might
vary with size and purity [154]. If one assumes that the soft hysteresis stems from
maghemite, one can calculate a volume fraction of the maghemite phase of around
0.2% (=~ 0.4nm thick layer if one assumes the whole substrate area to be covered).
Although we cannot be sure that the soft magnetic signal stems from a maghemite
phase, we see that such an impurity might be a vanishingly small fraction of the total
volume. We will later see, when performing electrical measurements on these kinds

of samples, the possible strange phase will not influence the signal and is therefore of
minor importance.

Fig. shows the temperature evolution of the magnetization in a M (T) measure-
ment. For this measurement, a magnetic field of 5T has been applied along the c-axis
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(a/b—axis)ﬂ at 390K (20K) for a short period of time to align the magnetization of
each domain. The magnetic field has then been reduced to 30 mT (50 mT) and the
sample was cooled (heated) at the rate of 2 K/min while measuring its magnetization
every Kelvin. The different measurement fields have been chosen in order to avoid
a compensation of dia-, para- and ferromagnetic contributions so that the finite raw
signal can always be fitted by the measurement software. The change of sign of the
raw data leads to jumps in the M (T') curve that are unrelated to the magnetic prop-
erties of the sample. These jumps are excluded by applying a magnetic field so that
the overall magnetic moment is larger than zero at every temperature. At the same
time, the field was chosen to be as low as possible to minimize the influence of the
magnetic field on the magnetic properties of the sample.

We observe in the out-of-plane (oop) measurement that, going from high to low tem-
peratures, the magnetization first increases. This is due to the paramagnetic Tm
moments, which are aligned parallel to the canted moment. The magnetization has a
maximum at around 110 K and then decreases until around 50 K before it rises again
at very low temperatures. We attribute the maximum at 77y = 110K to the start
of the SRT, where the canted moment starts to rotate away from the c-axis to the
a-axis, reducing the magnetization in the oop measurement direction. The minimum
at 50 K is likely due to a superposition of several effects: the rotation of M away from
the c-direction and a contribution from paramagnetic impurities in the substrate or
within the sample, which contribute with decreasing temperature as o< 1/T. Also, the
application of a magnetic field along the c-axis exerts a torque on the magnetization
and may prevent M from fully rotating to the a-axis. So the minimum at 50 K can not
be used to determine the end of the SRT (77). To do that, we change the measure-
ment geometry and mount the sample in-plane (ip) along the orthorhombic a/b-axes.
Starting at 20K, we first observe a decrease of the signal stemming from paramag-
netic contributions as described above. The magnetization then plateaus, which likely
is a superposition of the decrease of paramagnetic contribution from impurities plus
the decrease of the paramagnetic Tm moment that is aligned antiparallel to the net
magnetization in TFO. At T = 72K, the magnetization abruptly starts to decrease
and continues monotonically up to high temperatures. We attribute this tempera-
ture to the end of the spin reorientation transition. We note that the temperature
Ty = 72K and Ty = 110K differ from the bulk values 77 = 82K and 175 = 94K
(see Fig. [5.4). There are several explanations for the increased width of the SRT.
In the work of Staub et al. [155], the SRT has been investigated in bulk samples in
the near surface region. It is shown that close to the surface, the SRT is shifted to
Ty = 82K and Ty = 120K. In our samples, due to the twinned domains, the thin
film geometry and the granular growth, we have an enlarged surface area compared to
bulk samples, which might lead to the broadening of the SRT. Additionally, we have
seen that due to the substrate-induced strain, we observe a slight modification of the
lattice parameters. Changing the geometrical properties of the unit cell likely also

2When the field is applied along 45° towards the STO crystallographic axes, this leads to a field
parallel to a in some TFO crystallites and along b for twinned TFO domains.

87



6. TmFeQOgs thin films

~
Q
~

(b)

£ C+ S5
s —¢l s
= =
[72] [72]
C C
Qo Q
€ c
g 9
s =
< x ]

700 710 720 730 700 710 720 730
Energy (eV) Energy (eV)

Figure 6.7.: (a) XAS for circular polarized light (top) and XMCD (bottom). (b) XAS
for linear polarized light (top) and XMLD (bottom). [S7]

alters the magnetocrystalline anisotropies, which determine the SRT. The deviation
of the reorientation temperatures is therefore not surprising.

To analyze the SQUID measurements we have assumed that our samples can be de-
scribed by the model of a canted antiferromagnet which lead to to reasonable results.
In the following we want to support our interpretation by actually showing the anti-
ferromagnetic ordering. Thereby, we can exclude that the magnetic signals we have
measured by SQUID so far stem from ferromagnetic impurities in our sample. Fur-
thermore, SQUID is a volume based measurement, meaning that the detected signal
contains contributions from everything within the probing space; the film of interest,
the substrate, the non-magnetic layers, the mounting equipment etc. Although these
additional contributions can (mostly) be accounted for, the resulting response still cov-
ers the volume of the film. In order to detect the antiferromagnetic phase transition
in later measurements, surface sensitive spin Hall magnetoresistance measurements
will be employed. As these measurements detect the surface nature of the magnetic
ordering, from which we can access information on the bulk antiferromagnet 39, 41],
characterizing the magnetic ordering at the surface is also key, especially considering
the possible ferromagnetic phase detected in SQUID (Fig. [6.5)).

To show antiferromagnetic ordering we use both x-ray magnetic linear dichroism
(XMLD) and x-ray magnetic circular dichroism (XMCD). In preparation, a simi-
lar sample as analyzed above was capped by 2nm Pt, deposited by sputtering, to
prevent charging during the measurement. The sample was placed in a magnetic field
of 5T in c-direction at 300K to align the canted moment of the individual domains
prior to the dichroism measurements. At the Diamond Light Source 106 beamline,
the measurements were performed by Lorenzo Baldrati, Andrew Ross, Shilei Ding
and Felix Schreiber under the supervision of Francesco Maccerozzi and Dirk Backes.
The sample was mounted so that the incoming and outgoing x-ray beam is in the ac
(be for twinned crystallites) plane of TFO, so 45° as compared to the substrate axes.
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During the measurement, a temperature of 300 K is maintained, where TFO is in the
I'y state. The incident beam hits the sample at an angle of 16° with the surface. In
this geometry, the x-ray absorption spectra (XAS) of linear horizontal (LH), linear
vertical (LV), right circularly (C+) and left circularly (C-) light have been recorded.
The signal is captured by measuring the electrons emitted by the sample, which have
a very low mean free path inside the material. Therefore, only the topmost layer of
the TFO is probed. The energy was swept around the Fe Lo and L3 edge from 700eV
to 730eV. Before calculating XMCD and XMLD, the data has been corrected for
fluctuations in the incoming x-ray intensity. The raw XAS spectra have been divided
by the initial intensity Iy to account for this. Additionally, the data has been shifted
so that the background, besides the absorption peaks, equals zero. Finally, LH and
C+ have been rescaled to match LV and C-, respectively. XMCD and XMLD have
been calculated as follows:

XMCD =1Icy — I and XMCD = Iy — Iy

Here, the respective processed XAS spectra are labeled as I, with p =
LH,LV,C+,C—. The XAS, XMCD and XMLD spectra are shown in Fig.[6.7 The
XMLD signal is related to the antiferromagnetic ordering of the Fe spins while
the XMCD signal reflects a ferromagnetic moment . It can be seen that
there is a clear modulation of the XMLD spectrum around the absorption edges while
for XMCD there is no clear signal. This confirms the antiferromagnetic ordering of
the iron spins in our TFO thin film sample and the absence of a ferromagnetic phase
in the near surface region. We note that also the canted moment is not visible in this
measurement.

M, (T>T,)

Figure 6.8.: Magnetic configuration above (left) and below (right) the spin reorienta-
tion transition for the TFO unit cell (top) and the whole sample (bottom).

[S7]
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Summarizing the analysis of TFO thin films up to now, we have seen that TFO can
be grown in the orthorhombic structure possessing a SRT similar to bulk samples. In
the twinned samples, two types of domains are present, separated by a 90° in-plane
rotation. Depending on the magnetic phase of the TFO, whether I's or I'4, the magne-
tization vector M or the Néel vector N align 45° to the substrate in each domain. In
the I'y state, at high temperature, M points out of the plane and can easily be aligned
by a magnetic field. The two cases are shown in Fig. and the consequence for the
large scale sample is depicted. This has first been described within research article
[S7] and is an important result, showing that the material is suited for small-scale
devices. However, up to now we have used bulk methods to determine the magnetic
state of our samples. There is no way to integrate SQUID in on-chip devices. For
actual spintronic applications, we have to access the antiferromagnetic state by elec-
trical means. Therefore, we have chosen the all-electrical spin Hall magnetoresistance
(SMR), which could be realized also for device applications.

6.1.3. Electrical detection of the SRT in TFO thin films

In order to perform electrical measurements, 7nm thick Hall bars were defined on the
surface of the TFO thin film as described in section 3.6l The Hall bars have a width
of 10 pm and a length of 100 pm. The arms of the bar have a width of 3 um and are
separated by 55 um. As discussed in the previous chapter, the SMR depends on the
relative orientation of spin accumulation and ordering parameter of the underlying
magnetically ordered material, which can either be the Néel vector N or net magnetic
moment M. Since the spin accumulation is fixed by the current direction, we introduce
a coordinate system for the Hall bar like in the previous chapter, where z is along the
Hall bar, y is the ip direction perpendicular to the Hall bar and z is the oop direction.
This is sketched in Fig. As described in the previous paragraphs, TFO shows
crystallographic twinning leading to nm-sized domains separated by a 90° in-plane
rotation. The Hall bar is defined with its x-axis (current direction) 45° with respect
to the crystallographic in-plane axes.

Temperature-dependent measurements

There are two requirements for the Hall bar: it must be sufficiently thick to be elec-
trically conducting and at the same time it must not be too thick that it suppresses
any signals related to the magnetic properties of the TFO. In SMR measurements
on YIG/Pt bilayers, the optimal thickness was found to be around twice the spin
relaxation length in Pt, so around 4nm [158]. Since we have observed an enhanced
roughness of around 8 nm of the TFO thin films (see Fig. (b)), we have chosen
to design the Hall bars with a thickness of around 7nm to ensure the satisfaction
of the first requirement. This thickness still allows for the detection of a significant
SMR signal (reduced from the maximum possible by a factor of 2) [158]. If the Pt
is much thicker than the spin relaxation length, the signal is significantly attenuated.
To test the properties of the Hall bar, we first perform zero-field cooling experiments
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Figure 6.9.: Pt Hall bar (grey) defined on the surface of the STO/TFO sample. I
indicates the current direction, V; and Vp the points of measurement
for longitudinal and transverse resistivity, respectively. The coordinate
system of the Hall bar is depicted in black below with z pointing out of
the plane, x along the current direction and y along the arm of the Hall
bar. Relative to this, the axes of the TFO unit cell are indicated in blue
with ¢, in z-direction and b, and a, in the plane 45° relative to the Hall
bar axes.

tracking the resistivity of the Hall bar. This is shown in Fig. |6.10| (a). The behavior
of the Ry (T') curve clearly shows metallic behavior of the Hall bar. We can therefore
ascertain that the structure is continuous despite the measured roughness, and thus
suitable to perform SMR measurements.

Regarding a contribution from SMR to the temperature-dependent longitudinal resis-
tivity, this is in principle possible. A contribution from SMR, would alter the purely
metallic behavior in the temperature range from 110K to 72 K, where the SRT takes
place, as seen in SQUID (Fig. . From the relative orientation of crystallographic
axes and Hall bar, we expect the following contributions to SMR when changing be-
tween the I'y and I'y state in absence of a magnetic field:

ARp & ARy m(1 — M) + ARy (1 — NJ).

For the longitudinal resistivity, the magnetic properties of the underlying material
are probed locally [159]. One can therefore sum over all possible domains. Since the
twinning should not lead to a different sign in different domains, a finite effect can be
expected. However, the change of R; due to SMR is expected to be small El Indeed,
the SRT cannot be observed for these samples by a simple temperature sweep.

The transverse resistivity, on the other hand, is less sensitive to temperature fluctua-
tions. We expect no contribution from SMR to the transverse resistivity, which follows

30(mQ) in YIG [39] and hematite [41] compared to the change of the intrinsic change of the Pt
resistivity with temperature (O(Q/K))
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Figure 6.10.: (a) Longitudinal resistivity measured in a zero-field cooling experiment
in a temperature range from 150K to 20K

My, and N, with possible contributions from M, (see chapter , due to the twinned
domain structure. Because of the small domain size of around 42 nm, i.e. far smaller
than the Hall bar dimensions, we assume an equal distribution of magnetic domains
underneath the Hall bar with M || £z, N || £(z £ y) in the I'y state and similarly an
equal distribution of domains with M || (z+y), N || =z in the 'y state. The different
domains lead to different signs of the SMR effect. Averaging over all domains cancels
out any net effect in the transverse resistivity. Nevertheless, we record the transverse
resistivity Rp(7T) simultaneously with Ry as shown in Fig. As one can see, the
overall shape is similar to Ry (T'), likely due to a geometrical asymmetry of the Hall
bar, leading to leaking of Ry, into Rp. In the SRT region between 110K and 72K no

50 100 150
Temperature (K)

Figure 6.11.: Transverse resistivity measured in a zero-field cooling experiment in a
temperature range from 150 K to 20 K simultaneously to longitudinal
resistivity shown in Fig. [6.10
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deviation is visible.

The temperature-dependent longitudinal and transverse resistivity do not show any
extraordinary effects around the SRT, but validate the quality of the structures. We
therefore perform in the next section magnetic field sweeps at constant temperature.
The field is applied in three different directions relative to the Hall bar: in z-direction,
parallel to the current, in y-direction ip perpendicular to the current and in z-direction.
Following this, we will analyze rotation measurements of this sample performed at
constant temperature and constant external magnetic field. These measurements allow
for better temperature stability and give a better insight into the symmetry of the
signal. In these measurements the magnetic field is rotated in the zy-plane (a-plane)
relative to the Hall bar, the xz-plane (y-plane) and the yz-plane (8-plane) (see section

Fiz. [2)

Spin Hall magnetoresistance measurements of thin film TFO/Pt het-
erostructures in an out-of-plane geometry

We start discussing the data taken in dependence of an out-of-plane (oop) magnetic
field as depicted in Fig. (a). We simultaneously measure the transverse and
longitudinal resistivities. For the transverse resistivity, we assume that our signal
consists of contributions from both the SHE and the OHE when there is an oop
component of the external magnetic field. To account for the OHE we calculate a
linear fit to high magnetic fields and subtract it from the data. The longitudinal
resistivity has no such correction. Both resistivities are put relative to the value in
the absence of an external field and divided by the zero-field longitudinal resistivity
in order to calculate the relative change of the signal.

Rp(H) — Ri(H =0)
Ri(H =0)

Rp(H) — Rp(H =0)

A prm—
Bu/Be Rr(H = 0)

ARp/Rp =

Because of the proportionality between Ry and ARy /Ry as well as between Rp and
ARp/Ry, we will refer to the two resistivities as simply Ry, and Ry, respectively, to
make this this thesis more readable.

Transverse resistivity of thin film TFO/Pt heterostructures Fig. (b) shows
the transverse resistivity Rp(H) as a function of magnetic field for two key tempera-
tures, above and below the spin reorientation transition. For R, the largest contribu-
tion of the signal comes from the OHE in the Pt Hall bar itself. This originates in the
Lorentz force acting on the electrons as charge carriers. As seen in Pt/gadolinium gal-
lium garnet (GGG) samples, the OHE shows a small temperature dependence [160,
161]. To account for the purely linear OHE, a linear function is fitted to the data
points at large magnetic field values and subtracted from the data. Thereby we are
left only with nonlinear contributions to the signal. The slope of both curves is around
7-1076 % in units of relative transverse resistance change normalized to the zero-field
longitudinal resistivity. We note that this includes the subtraction of all linear effects.
Possible linear contributions due to SMR. are thereby neglected. To reduce the noise
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6. TmFeQOgs thin films

Figure 6.12.: (a) Depiction of measurement geometry for H || z (b) Transverse resis-
tivity vs magnetic field above (200 K) and below the SRT (40 K). [S7]

level, a moving average of 1T has been applied. We are left with a hysteresis-like
signal above the SRT at 200 K and with a vanishing signal below the SRT at 40K.
The signal at 200 K cannot occur in a free standing Pt layer and must be related to
the magnetic properties of the TFO. The disappearance at 40 K shows the sensitivity
of the measurement to the magnetic state. Despite the twinned growth of the sample,
we can clearly identify the SRT in STO/TFO thin films. The shape of the signals can
be explained by the simple model of SMR and a coupling of the spin accumulation to
the z-component of the magnetization. In the transverse geometry, the signal depends
on the magnetization as ARy o< ARy ;MM + ARy, N, Ny + ARyM,. Due to the
occurrence of twinned domains, any effect of AR ,,, or AR, cancels out since H || z
does not favor a particular in-plane orientation of M or N. At 200 K, there is only a
M, component of the magnetization. Applying a magnetic field parallel and antipar-
allel to the surface normal leads to a switching of M, in the positive and negative
z-direction, respectively, as seen in SQUID measurements. This leads to the modi-
fication of Ry by ARsM,. We note that the Ry curve as well as the SQUID curve
saturate at the same magnetic field value indicating that both signals have indeed the
same origin. Looking at the signal of Ry at 40K there are only minor fluctuations
around the noise level. Thereby, the two magnetic phases of TFO can be distinguished
by this measurement.

We note that, compared to the SQUID measurement at 200K, we do not observe
a remnant signal at H = 0T. However, this agrees with the XMCD measurements
shown in Fig. where no evidence of ferromagnetic ordering in the near-surface
region could be detected. The SMR measurements support the suggestion that the Pt
top-layer may induce an interfacial DMI-field that counteracts the bulk DMI leading
to the reduction of the canting angle of TFO at the very surface.

Since by subtracting a linear fit from the data, all linear contributions are being ne-
glected, possible linear contributions from SMR, e.g. field-induced spin rotation [162,
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6.1. Orthorhombic TFO grown on STO substrates

163], are neglected. When applying the field along M, the canting of the Fe sublattices
increases approximately linearly [164] (also see equation . This is expected for
both temperatures at sufficiently large magnetic fields, after the the magnetization
in different magnetic domains switches (I'y) or after the spin reorientation from I'y
to I'y is complete depending on the temperature. The field-induced SRT leads to a
continuous rotation of M in the ac-plane of the respective unit cells and a monotonic
increase of M, as discussed in the previous chapter. The fact that no clear hard-axis
loop is visible at a temperature of 40 K could indicate that either the field applied
along N is not sufficiently large to achieve a full spin reorientation due to additional
anisotropy within the films, or both the rotation of M (and increase of M,) and the
spin-induced canting contribute to the electrical signal by the similar amounts. Due
to the correction method for subtracting the dominating OHE, these contribution are
inadvertently removed.

We note that in these measurements, we do not observe an asymmetric S-shape as we
saw for bulk TFO samples (see Sec. . Though the origin of the S-shape in bulk
samples is not yet known, an interfacial origin is suggested. Here, for TFO thin films,
the surface orientation of the TFO unit cells is different. It seems that this, as well
as possible contributions from twinning, contributes to the absence of this interface
effect.

Longitudinal resistivity of thin film TFO/Pt heterostructures Moving to the
longitudinal resistivity Ry, for a magnetic field applied along z, shown in Fig.|6.13| (a),
we can also see a clear trend with temperature indicating the possibility of identifying
the magnetic states of the TFO. However, we will see that the simple model of solely
SMR is not able to completely explain the shape of the curves. We start by discussing
the curve measured at 200 K. Here, TFO is in the I'y phase and in the absence of a

@) g x10° ® g
. 200 K
: 75K
" : 40K
4 5, 0
¢ "
< ,
2
10 -5 0 5 10 0 -10

Figure 6.13.: (a) Longitudinal resistivity vs magnetic field for different temperatures
measured in out-of-plane geometry. (b) Relative heating power AQ as
a function of magnetic field. The heating power is closely linked to the
sample temperature.
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magnetic field, the magnetization points along the z-axis of the Hall bar. No M, con-
tribution is expected, even after applying a magnetic field in the z-direction. Taking
into account only a contribution from SMR, the increase of Ry, towards large magnetic
fields could only be explained by the increasing canting angle leading to a decrease of
IN| and thereby to an average decrease of NV, across all magnetic domains. However,
looking at the 75 K curve, we observe a steep positive MR at low fields until a critical
field of around H. = 5T, followed by a less steep increase of Ry. This is similar to
the MR curves measured in bulk samples, where we explain the steep increase by a
field induced SRT and a Ry, dependence on M (see Fig. and [5.12). At 75K, when
thin-film TFO is within the SRT range, without an external magnetic field H, M
and N are in the ac-plane having a finite y-contribution with respect to the Hall bar.
An out-of-plane magnetic field leads to the reorientation of M and N, reducing the
y-component of M and simultaneously increasing the y-component of N. The steep
increase at small magnetic fields would therefore suggest a dependence on M, rather
than N as seen at 200 K, until the reorientation is complete.

The magnetoresistance changes sign when going to lower temperatures. At 40K, Ry,
decreases upon application of a magnetic field in z-direction. Taking into account
a field-induced SRT, the application of a field is accompanied by a decrease of |M,|
and an increase of |V, | locally in every magnetic domain. The negative MR therefore
therefore suggests a dominance of N, for this measurement.

However, the sensitivity of the longitudinal resistivity to temperature fluctuations
further complicates the interpretation of the data. As discussed in the previous section,
temperature fluctuations have a large impact on the longitudinal resistivity of the
Hall bar. In Fig. [6.13| (b), the heating power of the measurement setup is shown
as a function of magnetic field, captured concurrently with the SMR measurements.
AQ describes the relative change of the current through the heating wire relative
to the heating current at zero external magnetic field. The heating power is closely
connected to the actual sample temperature. While the temperature sensor itself
can be manipulated by a magnetic field, the heating power is a reliable indicator
for temperature fluctuations in the system. Here, we see a strong correlation to the
temperature fluctuations and therefore cannot safely attribute the properties of the
curve to SMR. A dominance of either Ry, or R, cannot be concluded.

Concerning other magnetoresistive effects like Hanle MR and OMR, these are expected
to be only weakly temperature-dependent. A change of sign from these effects is not
expected. We therefore attribute the signal shape to a combination of SMR and
temperature effects.

We summarize the temperature dependence of the SMR measurements for a magnetic
field applied along the z-direction in Fig. There is an increase with decreasing
temperature for both Ry and Ry and then a downturn in the region of the SRT.
While we may not have a full picture of the longitudinal resistivity due to thermal
fluctuations, the net trends strongly indicate that both are responding to the SRT.
The transverse resistivity Ry proves to be easy to interpret by the model of SMR of
Chen et al. [43] and Manchon |16], and the canted moment can be identified as the
origin of the SHAHE signal.

96



6.1. Orthorhombic TFO grown on STO substrates

6 %107
8 x10 8
5 4 1 14 5
o 2 1-2 o
o o
0 ........................................... O
< <
) i transverse || o
1 longitudinal
-4 -4

0 100 200 300
Temperature (K)

Figure 6.14.: Relative amplitudes of Ry and Ry measured at 10T in out-of-plane
geometry. In green the SRT determined by SQUID is indicated.

This is different from measurements performed at TFO (101) single crystal discussed
in chapter [5] where a possible contribution was superimposed by a possible interface
effect. The longitudinal resistivity, on the other hand, could be attributed to the be-
havior of the canted moment, while here, for thin films the signal cannot be explained
by the simple toy model.

In the following, we perform additional uniaxial SMR measurement with the field
applied along the x and y-directions relative to the Hall bar.

Spin Hall magnetoresistance of thin film TFO/Pt heterostructures under
an in-plane magnetic field

To gain further insight in the behavior of Ry with the applied magnetic field, we
perform measurements applying the field within the plane parallel and perpendicular
to the Hall bar. While for bulk TFO, these directions were not accessible due to the
large magneto-torque from the single crystal, the thin film has a negligible moment,
which does not cause damage to the instrumentation.

We note that, when applying the magnetic field within the plane, Ry is always around
noise level in these measurement geometries, which is to be expected. Following from
the oop measurements in Fig. [6.12| (b), there is no remanant M, at the interface. A
magnetic field in z- or y-direction does not lead to an increase of M., so that the con-
tribution from the SHAHE remains zero. This further supports the previous XMCD
measurements, where evidence of the canted moment was not seen. Furthermore, the
twinned domain structure guarantees that any net contribution from N, N, or M,M,
is zero.

R (H) curves measured at different temperatures for H || I (see sketch Fig. [6.15] (a))
are shown in Fig. [6.15| (b). We again see a strong temperature dependence of the
signal as for the out-of-plane measurements shown above. Additionally, especially at
lower temperatures, Ry, is plagued by temperature fluctuations. The change in heating
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Figure 6.15.: (a) Measurement geometry for H || I. (b) Ry, measured in this geometry
for different temperatures. (c) Change of heating power as an indicator
for temperature fluctuations during the measurements.

power A(Q, as a measure for the temperature stability, is shown in Fig. (c). We
observe a strong correlation with Ry, at 40 K, while at higher temperatures AQ is more
stable. Ignoring the 40 K data, at 75 K we observe a negative MR of (—3.440.6)-1075
at 10T, while at 200K a small positive MR ((1.0 4= 0.5) - 107°) is observed. In the
picture of SMR, the decrease of resistivity is explained by an increase of the order
parameter in the y-direction. Here, the field is applied perpendicular to both easy and
intermediate magnetic axes. An increase of the magnetic moment along y is therefore
not expected, which rules out a simple dependence on M. However, a dependence
on N could not explain the change of sign going to higher temperatures. We find
that again, while a simple model of SMR, can explain some features of the recorded
data set, it cannot explain the full range of behavior seen for Ry (H), indicating
a possible complex magnetic field and temperature dependence of the relative spin
mixing conductances of the different order parameters as well as highlighting the need
for a more detailed model for the case of antiferromagnetic orthoferrites.

Finally, Ry (H) is probed for H || y, perpendicular to the charge current and shown
in Fig. [6.16] Surprisingly, the shape of the individual curves closely resembles those
measured of the parallel field orientation shown in Fig. We observe again a
strong temperature dependence and a change of sign when changing the temperature.
The data measured at 40 K shows again a dominant negative MR of similar size
compared to the previous measurement. We omit further discussion because of the
strong correlation with temperature fluctuations indicated by the heating power shown
in Fig. [6.16| (¢). The measurements performed at 200 K show a positive MR, which
appears to be larger than for H || 2. We measure an amplitude of (4.4 & 0.4) - 107°)
at 10 T. The curve captured at 75 K changes slope when increasing the field at around
5T. At low magnetic fields, one observes a positive MR while at larger magnetic field,
the resistance decreases with increasing magnetic field amplitude. This might again
indicate the reorientation of M and N as seen for TFO bulk samples (see Fig. and
and as suggested for oop measurements of TFO thin films [see Fig.|6.13|(a)]. Like
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Figure 6.16.: (a) Measurement geometry for H L I. (b) Ry measured in this geometry
for different temperatures. (c¢) Change of heating power as in indicator
for temperature fluctuations during the measurements.

for previous measurements, the simple SMR model is insufficient to explain the entire
dataset simultaneously. While the data taken at 200 K would suggest a dependence
on N in a simple SMR model, the 75K data would suggest a mixed dependence on
M and N depending on the magnitude of the external magnetic field.

In Fig. we summarize the dependence of Ry (H) in both in-plane geometries
by plotting the relative amplitude at 10T against the measurement temperature.
Although the theoretical background is not sufficient to explain the data in detail,
we see a clear trend correlating with the SRT of the TFO thin film. Within the
temperature region of the SRT we observe that the sign of the MR changes for both
field directions. The sign of the MR lets one distinguish between the I'y and I'4 state in
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Figure 6.17.: Summary of the evolution of MR amplitude vs temperature for both

in-plane measurement geometries H || I and H L I. In green the SRT
region measured by SQUID is highlighted.
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thin films of TFO. The simple model of SMR that was previously developed relies on
interfacial exchange torques between the spin accumulation in the Pt and the magnetic
ordering parameters M and N. Given that the two ordering parameters contribute
to the SMR with opposing signs, the net response normally dictates which order
parameter is dominant. Rotation measurements performed at TFO single crystals
shown in the appendix chapter (see Fig. indicate that the SMR follows the
net moment as well as the Néel vector. The pre-factors to the SMR, Ry ,, and Ry,
appear magnetic field-dependent. In order to accurately describe SMR for canted
antiferromagnets, especially in materials with a large intrinsic DMI, extensions to
this model are necessary in order to consider, for example, all magnetic sublattices
playing a role, which in the case of TFO is 4. Although Ry for H, was dominated by
M., the longitudinal signal in all three ordinal directions doesn’t follow a single order
parameter, and it would appear that the contributions of each varies with temperature.
The extension of the model of Chen et al. [43] to cover some of these additional
problems is a necessary advancement that, at the time of writing, has not occurred.
In order to learn more about the symmetry of the signal and to reduce the influence
of the temperature to the resistivity, we performed rotation measurements at fixed
temperature and field. We choose to perform the rotations in three planes (zy, zz
and yz) relative to the Hall bar at 40 K and 200 K and will discuss them in the following
section.

Rotational dependence of the spin Hall magnetoresistance in thin film
TFO/Pt heterostructures

Starting with a magnetic field rotated in the zy-plane through an angle o (v = 0°
occurs for H || x), examples for Rr(«) and Rp(«) are shown in Fig. together
with the respective fit curve. The function

A-cos(a+ B)* +C, (6.1)
has been fitted to the R; data and the function
A-cos(a+ B)sin(a+ B) + C, (6.2)

to the Ry data. These dependencies are expected with B = 0° for SMR and HMR
when to the magnetic moment determines the signal as described in the theory section
and For Ry, B = 0° is fulfilled for all these measurements confirming that
the Rr is sensitive to the magnetization of the TFO (SMR) and/or the magnetic
field (Hanle effect). The amplitude A increases monotonically with field as shown
in Fig. [6.19] (a) for both temperatures. A differentiation between SMR and HMR is
not possible since M does not saturate but increases with increasing field due to an
increasing canting angle.

R, on the other hand shows a phase shift of around B = —10° to B = —25° depending
on the field and temperature. The positive MR can be explained by SMR being
sensitive to M, the Hanle effect and also by AMR. From theory, a phase shift of Ry, of
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Figure 6.18.: Resistivity depending on the in-plane angle o of the magnetic field with
the z-axis (current) (a) Transverse resistivity Ry, at 40K (b) Transverse
resistivity Ry, at 200 K (c) Longitudinal resistivity Ry at 40 K (d) Longi-
tudinal resistivity Ry at 200 K. For easier visibility, error bars have been
omitted. The solid lines represents numerical fit.

B = 0° is expected for Hanle and AMR. In SMR, a phase shift is in principle possible
if there is a finite angle between M and H. However, Ry, is plagued by a higher noise
level than Ry as evident from Fig. [6.18| (c) and (d). This leads to a poor quality of
the fit, with an R? of only 0.6. A deeper analysis of this phenomenon from this data
set is therefore not possible. Therefore, we perform additional rotations in the xz-
and yz-plane.

When rotating a magnetic field in the xz-plane, we observe a dominant cosine depen-
dence of Ry against the rotation angle v as shown in Fig.6.20 (a), where the Rp(7) is
plotted for two different fields. This can be explained by a dominating ordinary Hall
contribution, which has a o cos(y) dependence. The function A - cos(y + B) has been
fitted to every curve with a fit quality of R > 0.96 for all curves. The parameter A
increases linearly with applied magnetic field as shown in Fig. [6.20] and B = 0° + 2°
confirming the origin from OHE.

The OHE is related to the electrons moving in the magnetic field and not related to
the magnetic properties of the TFO layer. The SHAHE which we have observed in the
uniaxial measurements is expected to have the same symmetry in this measurement
configuration. However, it is expected to be constant for magnetic fields larger than
4T (see SQUID measurements in Fig.[6.4). Fitting a linear function to the data points
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Figure 6.19.: Amplitude of the SMR determined by fitting the function to the
rotation data of Rr(a) (a) and the function to the rotation data of
R (a) (b). The rotations are performed in the zy-plane.

with puoH > 5T gives for the 40 K data a negligible offset of (0.57 £ 2.93) - 1076 and
for the 200 K data a finite offset of (4.03 & 2.07) - 1076 likely stemming from the oop
contribution of the canted moment at 200 K at large magnetic fields as seen in the
uniaxial measurements (Fig.[6.12| (b)). The fit curves are shown in the appendix Fig.
We note that a contribution from M, M, and N, N, is not expected since due to
the twinned domain structure, the experiment is symmetric, leading to a cancellation
of any net effect. A third contribution to the signal is the Hanle magnetoresistance,
which also has the same symmetry as SMR. Performing rotations in the xz-plane, the
Hanle effect contributes to Ry o« H, and therefore cannot be distinguished from
the OHE in this measurement geometry.

Regarding the longitudinal resistivity Ry () measured for a rotating field in the xz-
plane, example curves for 40 K and 200 K are shown in Fig. |6.21] (a) and (b), respec-
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Figure 6.20.: (a) Example curves for Rp() plotted together with the fitted function
A - cos(y + B). (b) Evolution of the fit parameter A (amplitude) with
magnitude of applied field.
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Figure 6.21.: (a) Example curves for Ry (7y) measured at 40 K, plotted together with
the fitted function[6.1] (b) Example curves for Ry, () measured at 200 K,
plotted together with the fitted function (c) Evolution of the fit
parameter A with the of applied field.

tively. It is evident that Rj behaves very differently in the respective temperature
regimes. While at 40 K, where the TFO is in the I'y state, we observe a — cos?(7)
dependence at small magnetic field magnitudes, the sign changes when going to large
magnetic fields. In the I'y state at 200 K we observe only a negative MR and a weak
dependence on the magnitude of the magnetic field. The amplitudes are summarized
in Fig. [6.21] (c).

To understand the behavior of Ry (), we need to take into account several effects. One
is OMR, which will contribute by + cos?(7y) as seen in Pt/MgO and Pt/NiO samples
with Pt Hall bars of the same thickness [15]. The OMR increases with the magnitude
of the applied magnetic field and is only small for small H. This effect, however,
is only weakly temperature dependent and cannot explain the significantly different
behavior of Ry, in the two magnetic states of TFO and the change of sign in the MR.
Regarding contributions from the HMR, this effect contributes when H }f . However,
when rotating H in the xz-plane H 1 u for all angles and so contributes a constant
offset, which is also temperature-independent. In order to estimate the contribution
from SMR, we have to estimate the trajectory of M and N. Since the spins tend to
rotate in the ac-plane, a rotating field in the v-plane may lead to the alignment of M
with the c-axis at v = 0° and to an alignment with the a-axis, when v = 90°. Since
the a-axis is aligned +45° with the Hall bar (depending on the magnetic domain),
this leads to a finite |M,| when H has a component within the sample plane. The
SMR should thereby lead to a resistivity variation of + cos(y)?. N, on the other hand,
follows M in the ac-plane with a 90° phase shift and would lead to a variation following
—cos(7y)?, similar to what we observe in the measurements at 200 K. However, it is
surprising that the amplitude at 200 K does not change with increasing field. One
would expect an increasing amplitude with increasing field since only a field H > H
can completely tilt N away from the preferred axis as seen in measurements at bulk
TFO in chapter For fields H < Hgy, an incomplete reorientation of N and M is
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Figure 6.22.: (a) Rp(B) for two example fields of 5T and 11 T measured at 40 K. Solid
line is a fit curve. (b) Rp(5) for two fields at 200 K together with the
respective fit curve. (c) Amplitude extracted from the fit curve plotted
against the external magnetic field. (d) Phase shift observed at 200K
only, extracted from the fit curve.

expected. The sign change of Ry going from small to large magnetic fields in the
I'; phase could suggest a temperature- and field-dependence of the pre-factors ARy,
and ARy, of the SMR. Additionally, at low temperatures, the weak anti-localization
effect could contribute to the signal [50]. This is an effect occurring in metallic thin
films with SOC at low temperatures [165], leading to an increasing contribution by
cos?(f3/7) in 3- and 7-rotations towards lower temperatures below ~ 50K [50].

We repeat the measurements at different fields and temperatures for a magnetic field
rotated in the yz-plane and determine Ry (/) and Ry (). Just as for the scans in the
xz-plane, we observe again a dominant OHE in Rp((3). Given the strong resemblance
to Rp(7), example plots are not shown. We perform again a fit of the amplitude vs
field data in order to find the contribution from SHAHE. The fits are shown in the
appendix Fig. H > 5T gives us again a negligible offset of (0.1 £ 1.7) - 1076
for the 40K data and a finite offset of (3.5 & 0.7) - 1076 for the 200 K data showing
the effect of the canted moment M, on the resistivity. Again, no MM, or NN,
contribution is expected since the effect of twinned domains cancels the individual
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6.1. Orthorhombic TFO grown on STO substrates

domain contributions.

Ry (p) is shown in Fig. for both considered temperatures. We observe again a
strong difference in the behavior of Ry, (/) between the two temperatures and therefore
between the associated magnetic states of TFO. The evolution of amplitude with
applied magnetic field is shown in Fig. [6.22| (c). At 40K, the behavior of R (f) is
similar to Rp(7y). We observe a change of sign of the MR at small H and a linear
increase of the amplitude with increasing magnetic field. The change of sign occurs
at a lower magnetic field for this rotation plane, which indicates that the canted
moment dominates the signal already at small fields, likely due to the different relative
projections of M and N along y. According to the model of SMR, and the trajectory
of M and N in the ac-plane of each TFO crystallite, we would expect the largest M,
contribution when § = 90°, associated with a minimum of R; while the maximum
would be observed at § = 0°. This is seen in our data at 40 K for large magnetic fields.
However, at 1T, the sign is reversed. As for the ~-rotation, this could be associated
with field-dependent pre-factors ARy ,, and ARy, of the SMR. OMR and HMR both
are expected to contribute to the signal as + cos(f), adding to a contribution from
M-dependent SMR.

At 200K, we observe a different behavior of Ry (5) than observed for other rotation
planes. While the amplitude of the signal changes only slightly with magnetic field as
shown in Fig. [6.22] (c), we observe a continuous phase shift with increasing magnetic
field, which is plotted in Fig. |6.22| (d). As discussed for 40 K, here, OMR and HMR
likely contribute to the signal, but with a constant phase shift of B = 0°. Also, these
effects should not cause a difference between the two measurements taken at different
temperatures, and therefore cannot be the origin of this effect. Concerning SMR, in
the yz measurements, the effect is expected to contribute as cos(g) for M-SMR and
as — cos(f) for N-SMR, taking into account the rotation of the spins in the ac-plane
for the different crystallites. This simple model is insufficient to describe the course of
Ry (B) for different magnetic fields since a superposition of the two functions cannot
be fitted to the data. The continuous phase shift of Ry (5) at 200 K might suggest
that the complex interaction of external magnetic field, large uniaxial anisotropy and
DMI leads to a more complicated trajectory of M and N as given by the simple model
used here.

Summarizing the electrical measurements on TFO/Pt samples, we have measured the
longitudinal Ry and transverse Ry resistivities at fixed temperature below the SRT,
where TFO exhibits magnetic ordering in the I'y, as well as above the SRT, where TFO
is in the I'y magnetic state. The behavior of Ry, and Rp has been measured in uniaxial
magnetic field measurements along three distinct directions relative to the Hall bar
as well as in rotation measurements at fixed magnetic fields. We can clearly identify
a difference between the measurements taken at the different temperatures caused by
the change of magnetic state driven by the SRT. In all measurements, Ry shows a
dependence on magnetic field via the ordinary Hall effect and on the z-contribution
of the magnetization via the spin Hall anomalous Hall effect. This appears to be
different from the measurements which have been performed at bulk TFO samples
in the previous chapter, where the the transverse signal was dominated by an effect
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6. TmFeQOgs thin films

unrelated to the magnetic properties of the TFO. Whether the different orientations
of bulk and thin film sample are the origin of these differences is still under debate.
In the following section we will see how to grow TFO thin films in different orienta-
tions. SMR measurements on those will help understanding the difference between
bulk samples and thin films in future experiments. Regarding the longitudinal resis-
tivity Ry, on the other hand, it has been shown to be difficult to interpret for thin
film TFO because of additional MR effects, which have to be taken into account. We
can, however, identify the signal being of magnetic origin. Comparing these results
with measurements performed at bulk TFO we see similarities especially in the ro-
tation measurement, where the dependency of the SMR appears to change between
Néel vector dependence and magnetic moment dependence, depending on the applied
magnetic field. We suggest that the simple model of SMR is not sufficient to describe
the behavior of our samples. Large uniaxial anisotropy and large DMI may lead to
a complex trajectory of both M and N in a magnetic field and the influence of both
order parameters has to be taken into account rather than limiting the model to either
M or N as done so far for other materials like YIG/Pt [39], NiO/Pt |15] or a-FeoO3/Pt
[163].

6.2. Single crystalline TFO thin films

In chapter [5, we have seen that TFO single crystals are difficult to measure in our
apparatus due to their large magnetic moment. Furthermore, with regard to applica-
tions, thin films are needed. In section we have seen that TFO can be grown on
cubic STO substrates to achieve the technologically relevant orthorhombic structure.
However, these thin films exhibit twinned domains leading to a level of in-plane disor-
der, which complicates the interpretation of magnetoresistive data. We therefore aim
for the growth of TFO in a high quality single crystalline fashion. For substrates with
similar symmetry to TFO, monocrystalline heteroepitaxial growth might be achieved.
This could further lead to a smoother surface because of the reduction of grain bound-
aries. For analyzing the properties of the thin film TFO, the substrate has to fulfill
some additional requirements: it should not be ferromagnetically ordered in order not
to influence the magnetic properties of the TFO and it should be non-conductive to
make electrical measurements easier to interpret. In order to investigate the possibil-
ity for heteroepitaxially grown TFO thin films, TFO has been deposited on a series
of orthorhombic substrates, which are summarized in table

The substrates TbScO3 (TSO), GdScO3 (GSO), and YAIO3 (YAO) are all insulating
with a large band gap of 6.1 [16§], 5.6 [169], and 5.3eV [167], respectively. The
substrates were only available in selected orientations, given in table

To deposit TFO on these substrates, the same growth conditions have been chosen as
for the deposition on STO substrates. No surface treatment of the substrates has been
performed prior the deposition. The thickness of all samples is fixed at around 80 nm.
Each sample has been analyzed in detail by XRD. The growth of the samples as well
as the crystallographic and magnetic characterization was done by Sven Becker.
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6.2. Single crystalline TFO thin films

Material | a (A) | b (A) | ¢ (A) | Ref. | Orientation
TmFeO3 | 5.251 | 5.576 | 7.584 | [76]

ThScOs | 5.466 | 5.731 | 7.917 | [166] (110)
GdScOs | 5.480 | 5.746 | 7.932 | [166] (011)
YAIO3 | 5.180 | 5.330 | 7.375 | [167] (110)

Table 6.1.: Lattice parameters of possible substrate materials compared with TFO.
Last column shows the utilized substrate orientation.

TbSCOg

First, we analyze TFO samples grown on ThScO3 (TSO) substrates. XRD measure-
ments performed on TSO/TFO thin films have been performed to confirm the growth
orientation and to determine the lattice constants. 20 /w measurements for TSO/TFO
samples are shown in Fig. For these scans, the substrate and film peaks can be
easily identified. The crystallographic axes of both TFO thin film and TSO substrate
prove to be parallel to each other. The measurements performed in the (110)-direction
(out-of-plane) as well as those in the (010) and (111)-directions (see Fig. (a), (c)
and (d)) do not show any secondary peaks. However, the scan in the (100)-direction
(see Fig. (b)) reveals a secondary reflex at 20 = 31.2°. The position of the sec-
ondary reflex corresponds to a lattice constant of 5.72 A, which is close to the TSO
b-axis, but no corresponding length can be identified in the relaxed TFO unit cell,
which indicates a secondary phase within the TSO substrate. However, a secondary
strained TFO is also a possibility. Additionally, the rocking curves of substrate reflexes
are in general very narrow (< 0.2°). The rocking curve of this reflex has a FWHM
of Aw = 1°, similar to that of the TFO (200) reflex. It is therefore not clear if this
peak stems from a small impurity phase in the substrate or if there is a strange phase
in the TFO film. One could identify the origin of the reflex by analyzing TSO/TFO
samples of varying TFO thickness, which is out of scope of this work.

Focusing on the reflexes which we identify as TFO peaks, the crystallite size is esti-
mated by the Scherrer formula, which gives a value of 32 nm. Taking into account the
whole film thickness of around 80 nm, the TFO layer did not grow as a single crystal
on TSO substrates. Improvement of the TFO layer might be possibly achieved by
further tuning the deposition conditions. The lattice parameters of the strained TFO
film are determined from the positions of the reflexes. While the parameters of a- and
b-axis can directly be extracted using the Bragg formula, the parameter of the c-axis
is calculated via [109] d% = Z—z + ’Z—; + 2—22, where (hkl) are the Miller indices and d the
lattice plane distance determined by the Bragg formula. To summarize, we find the
following lattice parameter for TFO/TSO thin films:

a=527A b=5.60A c=T42A.

We observe a modification of the unit cell due to the strained growth. Compared to the
bulk lattice parameter, the a-axis is expanded, while both b- and c-axes are contracted.
One attempt has been made to measure the magnetic properties of the TSO/TFO thin
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Figure 6.23.: XRD scans of a TSO/TFO sample: (a) 20 /w scan in the (110) direction
(out-of-plane) (b) in the (100) direction with a unknown strange phase
peak (c) in the (010) direction (d) in (111) direction.

film in SQUID. However, the properties of the TFO could not be determined due to the
large paramagnetic moment of the TSO substrate. The large increase of the moment
with reducing temperature completely masks the spin reorientation transition and
thus we conclude that TSO is not an ideal substrate to pursue for future studies.

GdScO3

For TFO samples grown on GdScOs (GSO) substrates, 20 /w measurements have
been performed in the (110), (100), (010) and (112) directions, which are shown in
Fig. No impurity phases have been observed in the XRD spectra for this sample,
unlike for the films on TSO. An indication of Laue oscillations around the (110) TFO
reflex (not shown) indicates a smoother growth of the TFO thin film compared to the
one grown on TSO substrates. From the Scherrer formula a crystallite thickness of
around 71 nm has been calculated, meaning that the majority of the 80 nm thick thin
film is well oriented and epitaxial. This further underlines the high quality growth
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Figure 6.24.: XRD scans of a TFO/GSO sample: (a) 20 /w scan in the (110) direction
(out-of-plane) (b) in the (010) direction (c) in the (100) direction and
(d) in the (112) direction.

of TFO on GSO. The lattice parameters of the TFO a- and b-axes can be directly
extracted using Bragg formula, while the c-axis is calculated from the (112) reflex by
the formula given in the above paragraph. The following lattice parameters have been
determined for the TFO layer:

a=525A b=>557TA c="T59A.

We observe unit cell parameters which are very close to the bulk values, indicating
that the TFO grows in a relaxed fashion. Like for the TSO/TFO samples, the magne-
tization measurements of the GSO/TFO samples are inconclusive because of the large
paramagnetic contribution of the Gd ions in the substrate. Field-dependent mea-
surements go out of bounds of the SQUID at small magnetic fields and temperature
dependent measurements are masked by a large paramagnetic o< 1/7T" contribution
which is orders of magnitude larger than the canted moment. Therefore, the magnetic
properties of GSO/TFO could not be determined by SQUID.
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Figure 6.25.: XRD scans of a TFO/YAO sample: (a) 20 /w scan in the (011) direction
(out-of-plane) (b) in the (001) direction (c) in the (010) direction and
(d) in the (112) direction.

Given that the Tb and Gd give big moments, we search for a nonmagnetic substrate
so that SQUID can be easily performed at the samples. We therefore choose the
diamagnetic YAIO3 (YAO). The 20/w measurements for the TFO samples grown
on YAO substrates have been performed along the (011), (001), (010) and (112)
directions. The respective figures are presented in Fig. [6.25| As for the GSO/TFO
samples, no impurity phase can be detected by XRD. The Scherrer formula for these
samples gives a crystallite size of 55 nm perpendicular to the surface. The crystallite
size is lower than for the samples with GSO substrates, but higher than for TSO
substrates. The absence of Laue oscillation further indicates that the lattice planes
are not as parallel as in the GSO/TFO samples. Nevertheless, the absence of secondary
growth directions indicates the high quality of the thin films.

The lattice parameters of the b- and c-axes can directly be determined by the Bragg
formula. The a-axis parameter is determined by the (112) reflex as mentioned above.
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Figure 6.26.: (a) Temperature dependent magnetization of YAO/TFO measured along
the ¢- and a-axes. The spin reorientation temperatures 77 and 75 are
indicated by black arrows. (b) Magnetic field dependent magnetization
of YAO/TFO at different temperatures. The data has been corrected

for paramagnetic and diamagnetic backgrounds.

The lattice parameters of the TFO thin film are

a=>522A b=55TA c="T759A.

We observe a contraction of the TFO unit cell along the a-axis and an expansion along
the c-axis indicating a strained growth of TFO on YAO.

The advantage of the YAO substrate compared to the other substrates are its dia-
magnetic properties which allow for a straight forward determination of the magnetic
properties of the TFO thin film by SQUID. Fig. [6.26| (a) shows M (T') curves, which
have been determined in separate measurements along the c-axis and a-axis in a cool-
ing and heating sequence, respectively. The procedure was similar as for determining
the SRT in TFO bulk samples (see Fig. and STO/TFO thin films (see Fig.
described previously. After saturating the sample along the measurement axis, a field
of 10mT was applied during the measurement in both directions. We determine the
SRT temperature as the temperatures where the magnetic moment in the respective
direction starts to decrease. This is indicated in Fig. by black arrows. Compared
to the TFO bulk samples and STO/TFO thin films, we observe a significant shift of the
SRT towards lower temperatures of 77 = 57K and 75 = 75 K. This may be attributed
to the substrate-induced strain of the TFO thin film and the reduced thickness of the
sample compared to STO/TFO samples discussed above. This measurement reveals
that we are able to engineer the SRT regime of TFO by thin-film techniques.

We also understand the temperature-dependent magnetization away from the SRT
by taking into account the paramagnetic Tm contribution to the magnetization. The
magnetic moment along the c-axis increases with decreasing temperature due to the
parallel alignment of the polarized Tm moment My, with the iron magnetic moment
stemming from the sublattice canting Mp.. Below the SRT, the magnetic moment
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6. TmFeQOgs thin films

decreases with temperature due to the antiparallel alignment of My, and Mpg., just
as observed in bulk TFO and STO/TFO thin films.

Regarding the magnetic-field dependent magnetization, measurements have been per-
formed along the TFO c-axis as shown in Fig. (b), where TFO is in the I'y
phase. At all temperatures, we see a dominating easy-axis ferromagnetic hystere-
sis, confirming the orientation of the magnetization along the c-axis. The coerciv-
ity reduces with decreasing temperature due to the temperature-dependent uniaxial
anisotropy approaching zero in the SRT regime. The increase of saturation magne-
tization stems from the polarized paramagnetic Tm moment. Like for STO/TFO
thin films, we also observe a very soft magnetic contribution, which is visible in each
curve as an additional step in the hysteresis around a magnetic field of 0 T. Similarly
to STO/TFO samples, this contribution is temperature-independent and might stem
from a maghemite phase, which is not visible in the XRD or other iron impurities
from the sample handling.

Summarizing, TFO can be grown on various orthorhombic substrates leading to high
quality of the TFO layer. Epitaxy proves to be a suitable tool to tune the magnetic
properties of TFO. The choice of substrate material determines the strain in a thin
film layer. Changes to the lattice parameters alters the magnetocrystalline anisotropy
of the TFO, which is responsible for the SRT. Using epitaxial strain the SRT can be
shifted several Kelvin.

The monocrystallinity of the samples is furthermore interesting for applications like
magnon transport which is proven efficient in the absence of domain walls [S2].

6.3. Hexagonal phase of TFO

As briefly mentioned in sections and TFO thin films can posses a crystal-
lographic phase different from the orthorhombic symmetry observed in bulk. The
hexagonal phase is similar to that of hexagonal manganites, possessing ferroelectric
and ferromagnetic order |91}, 92]. While for manganites, the hexagonal phase exist
in bulk, hexagonal ferrites are metastable and have to be stabilized, for example by
strain from a substrate with the corresponding symmetry. It has already been shown
that TFO can be grown in a metastable hexagonal phase on Al;O3 (0001) substrates
with a Pt (111) buffer layer [22, 84], as well as YSZ (111) substrates [147]. Hexag-
onally stabilized orthoferrites posses multiferroic ordering. Hexagonal TFO (h-TFO)
has a ferroelectric ordering temperature of around Ty = 430K and orders magneti-
cally below 120K [22]. The aim of this work was to investigate the magnetoelectric
(ME) coupling of h-TFO. The magnetic response to a electric field was to be ana-
lyzed by SQUID magnetometry, for which a special rod was designed to perform ME
measurements (see section [3.5)). The study aimed to read the magnetic state utilizing
spin Hall magnetoresistance (SMR) as done for orthorhombic bulk samples and thin
films described in already in this thesis (see chapter |5| and section , and probe
the bias-voltage dependent SMR signal. In this work, the growth of hexagonal TFO
(h-TFO) was achieved on Al;O3 (0001) / Pt (111) and YSZ (111) / Pt (111) as well
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6.3. Hexagonal phase of TFO

as MgO (001) substrates, while we present only the growth on MgO and Al;O3/Pt.
The samples are analyzed using atomic force microscopy. The growth and characteri-
zation of the samples was performed by Sven Becker. We present the crystallographic
properties of h-TFO grown on different substrates. Despite the achievement of the
desired structure in thin films, electrical measurements could not be performed. Un-
fortunately, this project did not yield any publishable results. The samples require an
epitaxial Pt bottom electrode, which is unstable when growing h-TFO on top.

h-TFO thin films grown on MgO substrate

We start by investigating MgO (001) / h-TFO samples. The TFO layer is deposited
on the bare MgO substrate by PLD at a substrate temperature of around 700°C and
an Oy background pressure of 0.2 mbar. Fig. [6.27] shows the central results from the
structural analysis using XRD. Fig. (a) shows a 20 /w-scan performed along the
(001)-direction of MgO. We identify the peak found at 20 = 30° as the h-TFO (0004)
peak. The resulting lattice constant of h-TFO is ¢ = 11.82 A. The inset of Fig. (a)
shows the rocking curve of the h-TFO (0004) peak. The rocking curve of the h-TFO
(0004) reflex has a FWHM of Aw = 3.5° (not shown), which is broader compared to
other samples grown in this work. This means that the crystallographic domains orient
only roughly with the MgO axes and growth directions differ for different crystallites
across the sample surface. This is not surprising regarding the different symmetries
of substrate and film material and the metastable nature of h-TFO.

The grain size is determined by the Scherrer formula and gives an average crystallite
size perpendicular to the surface of around 15nm, while XRR measurements give a
thickness of around 40 nm, which further shows that the h-TFO thin film does not
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Figure 6.27.: (a) Out-of-plane XRD scan in (001) direction. Other than the substrate
peak at around 20 = 42°, a second peak at around 20 = 30° is visible,
which we identify as h-TFO (0004). (b) ®-scans at fixed 20 on MgO
(111) and h-TFO (1122) are shown to investigate the in-plane order.
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6. TmFeQOgs thin films

grow as a single crystal. To determine the in-plane lattice constant, the (1122) h-TFO
peak is found, from which we determine an in-plane lattice constant of a = 6.01 A.
However, it has to be determined if the samples possess any in-plane order. Therefore,
P-scans at 20 fixed to the h-TFO (1122) and MgO (111) peaks were performed. The
curves are shown in Fig. (b). One can see the four reflexes from the cubic MgO
(111), as expected. They are separated by 90° typical for the cubic symmetry of the
material. For the h-TFO (1122), we observe a 12-fold symmetry, which is twice that
expected for a hexagonal single crystal.

Figure 6.28.: Sketch of the in-plane order of MgO /h-TFO films. The cubic MgO unit
cells are drawn in Grey, the h-TFO unit cells in Red.

This leads us to the conclusion that there are two crystallographic domains present,
separated by an in-plane rotation of 30°. This can be understood by considering the
geometrical symmetries of the two crystal structures, as shown in Fig. Out of the
six equivalent in-plane axes of the h-TFO unit cell, two orient along the MgO diagonal
during the growth. There are two possibilities to achieve this, as evident from this
sketch. Despite the twinning of the h-TFO layer, the crystallographic domains are
well oriented relative to the MgO axes. To our knowledge, the hexagonal growth of
TFO on MgO substrates is so far not reported. Other orthoferrites, like SmFeOg
appear to grow in their bulk orthorhombic phase on MgO [170]. This indicates that
the hexagonal growth of h-TFO on MgO is not universal for all REFeOgs, but relies
on the size of the RE ion.

To measure the ferroelectric properties and magnetoelectric response, the h-TFO must
be sandwiched by two conducting electrodes. To epitaxially grow the h-TFO in a sim-
ilar fashion like on bare MgQO, the conducting layer must possess the same symmetry,
grow epitaxially on MgO and be stable at high temperatures in an oxygen atmosphere.
No such material was available for deposition, which is why we choose different sub-
strates to proceed.

h-TFO thin films grown on Al;O3; substrate

The growth of h-TFO on Al,Os (0001) / Pt (111) substrates has previously been
reported [22]. However, the magnetoelectric properties of h-TFO were not analyzed
in great detail, which motivates a deeper investigation of this material stack. The Pt
layer was deposited on the Al;O3 (0001) by DC magnetron sputtering deposition at
a substrate temperature of 500°C and an Ar background pressure of 0.01 mbar. The
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Figure 6.29.: (a) 20 /w scan of a Al,O3 (0001) / Pt (111) / h-TFO (0001) sample
deposited at around 700°C. The reflexes of the respective layers are in-
dicated. (b) - (c¢) Rocking curve of Pt (111) and h-TFO (0004) reflex,
respectively. (d) Atomic force microscopy image of the same sample.

Pt grows in the desired (111) direction as confirmed by XRD. XRR and AFM reveal
a smooth surface with a RMS roughness of around 0.25 nm, which is of the order of
one atomic step. The AloO3 (0001) / Pt (111) sample is transferred ex-situ into the
PLD deposition chamber, where TFO is deposited at an O2 background pressure of
0.2mbar. The choice of temperature during the h-TFO deposition strongly affects the
underlying Pt layer.

In Fig.[6.29|a sample grown at a temperature of around 700°C, the same conditions as
for the MgO/h-TFO sample, is shown. In the 20 /w scan, Fig. [6.29| (a), only h-TFO,
Pt and substrate peaks are found, with no indications of an impurity phase. Fig.[6.29
(b) shows the rocking curve of the Pt (111) reflex possessing a width of Aw = 0.37°.
The rocking curve of the h-TFO (0004) reflex shown in Fig. has a broadness of
Aw = 2.16°, which is slightly less than found in the MgO/h-TFO sample. However,
analyzing the surface structure by atomic force microscopy, one detects an unusual
surface structure as shown in Fig.[6.29|(d). The origin of this surface structure is likely
dewetting of the Pt layer [171], which is a well-known phenomenon for metal /dielectric
layer systems. Weak interaction between the different materials and the mobility of
the metal atoms due to high temperature lead to an agglomeration of the Pt thin film.
In order to avoid the dewetting of the Pt layer, the h-TFO layer was deposited at a
lower temperature. The h-TFO layer of the sample shown in Fig. [6.30]is deposited at
around 640°C, keeping other deposition parameters fixed. In the 20 /w scan shown in
Fig. [6.30] (a), one can still identify the reflexes of the individual layers as indicated.
Compared to the sample deposited at higher temperature, the crystallite size of the
h-TFO layer is increased. According to the Scherrer formula the average grain size in
out-of-plane direction is around 16 nm. Additionally, Laue oscillations around the Pt
(111) peak indicate, that the Pt layer is much smoother than the previously shown
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Figure 6.30.: (a) 20 /w scan of Al,O3 (0001) / Pt (111) / h-TFO (0001) deposited at
around 640°C. The reflexes of the respective layers are indicated. (b) -
(c) Rocking curve of Pt (111) and h-TFO (0004) reflex, respectively. (d)
Atomic force microscopy image of the same sample.

sample. Both rocking curves have decreased in FWHM as shown in Fig. (b)
and (c) to Aw = 0.05° and Aw = 0.8° for the Pt (111) and the h-TFO (0004)
peak, respectively, which indicates a more uniform growth direction of the crystallites.
Finally, the conservation of the flat Pt is confirmed locally by AFM measurements as
shown in Fig. (d). The unit cell parameters of the h-TFO layer are determined
to be ¢ = 11.75 A and a = 6.05 A. ®-scans reveal a 6-fold in-plane symmetry of both
h-TFO and Pt, reducing the number of in-plane orientations compared to the h-TFO
grown on MgO substrates. The axes of h-TFO (1120), Pt (112) and AlyO3 (1120)
are aligned with each other, as seen from h-TFO (1122), Pt (001) and Al,O3 (1122)
peaks occurring at the same angle in ® scans (not shown).

To measure the ferroelectric domains of such a sample, piezoresponse force microscopy
(PFM) has been utilized. This is a scanning probe microscopy technique that utilizes
an AC voltage between the scanning probe and the bottom electrode of the sam-
ple to image the polarization direction across the surface. An initial measurement
shows a uniform polarization (not shown). In a second step the domain structure is
manipulated by applying a DC voltage between the scanning probe and the bottom
electrode. A sufficiently large electric field leads to the switching of domains. In a
5 x b um square, +12V is applied. Afterwards, -12V is applied in a 3 X 3 ym square
inside the first one, in order to demonstrate reversible switching. The PFM images
after the so called PFM lithography step are shown in Fig.

We see a prominent change in the signal in the region where PFM lithography has
been performed. Especially in the phase image, Fig. (c), the reversible switching
of domains is indicated by the contrast between the inner and the outer square. Note
that the vertical change of background noise is due to the measurement close to contact
resonance. This means that the cantilever oscillates in a resonant manner while the
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Figure 6.31.: PFM image of a Al,O3 (0001) / Pt (111) / h-TFO (0001), (a) topography
image (b) PFM amplitude and (¢) PFM phase measured simultaneously.

resonant frequency relies on the surface-tip interaction Slight changes to the probe
(e.g. the tip picks up contaminating material) are visible in the signal due to the
change of resonance frequency. We note that also slight changes in the topography
are visible in Fig. [6.31| (a), which indicate that here, the application of the DC voltage
lead to local, structural changes of the sample. In order to support the PFM data
indicating ferroelectric properties of the samples, polarization measurements utilizing
a Sawyer-Tower circuit were planned.

To generate a capacitor structure, a shadow mask was placed on the sample to deposit
Pt top electrodes of a defined size by DC magnetron sputtering at room temperature.
However, all of the fabricated top electrodes were short circuited to the bottom elec-
trode, so that a quantitative analysis of the electrical properties of h-TFO was not
possible. A deeper investigation by AFM revealed scratches on the samples surface,
probably caused by the metal shadow mask. Additionally, pinholes were detected as
shown in Fig. which have initially not been detected in these samples.

The occurrence of these pinholes is likely due to localized dewetting of the underlying
Pt layer at defect locations . The number of defects could be reduced by careful
substrate preparation and proper cleaning of the Pt target prior to the deposition
step. Another possibility is to increase the thickness of the Pt bottom electrode

Figure 6.32.: 20 x 20 yum AFM image of a Al,O3 (0001) / Pt (111) / h-TFO (0001)
sample showing two defects in the bilayer due to localized dewetting of
the Pt layer.
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6. TmFeQOgs thin films

since it is expected that the critical temperature at which the dewetting starts to
occur shifts to higher temperature with increasing Pt thickness [171]. However, this is
disadvantageous for the aim of measuring SMR at this kind of samples. The amplitude
of the SMR decreases with increasing thickness of the heavy metal above a thickness
of around twice the spin relaxation length, which is around 4 nm in Pt/YIG samples
[158]. At a thickness of 50nm, where the critical temperature for the dewetting
increases to around 850K [171], the SMR signal is effectively zero [158]. One could
ignore the fact that the Pt bottom electrode might be too thick to measure the SMR
thickness, if one would be using a top electrode instead, which could be deposited at
room temperature and which was planned in the device design to be able to switch
the h-TFO layer.

However, this is hindered by the fact that the h-TFO phase is only meta-stable. Point
defects that occur during the growth of the h-TFO layer lead to local relaxation
points, where the orthorhombic phase of TFO forms. A large fraction of the h-TFO
phase is therefore expected only close to the bottom interface. This is confirmed by
the deposition of thick h-TFO samples. Although strange phases are not detected
in 20/w scans along the (0001) Al,Og3 direction, the intensity of the h-TFO reflexes
does not increase when increasing the duration of the TFO deposition. Consequently,
the deposited TFO at large thicknesses presumably does not form the h-TFO phase
oriented parallel to the substrate.

This chapter has considered different applications of thin film TFO deposited by pulsed
laser deposition for devices and THz emitters etc. The high quality epitaxial growth
of orthorhombic growth is achieved on STO and the magnetic properties are similar
to bulk. Making use of surface sensitive measurements, the SRT is resolved and it is
shown that the naive SMR model based on exchange torques is not able to accurately
describe the entire dataset, and thus needs to be modified to consider the multiple
sublattices, DMI vectors and canted moments of orthoferrites as well as possibilities
for strong temperature- and field-dependence of the spin mixing conductance.

The twinning observed in STO/TFO thin films can be overcome by the choice of a
fitting substrate. While best growth was achieved on TSO substrates, evident from
the TFO grain size perpendicular to the surface, YAO substrates have the advantage
of being diamagnetic, facilitating investigations of the TFO thin film. The choice of
substrate changes the strain in the TFO layer and proves to modify the magnetocrys-
talline anisotropies. With regard to device applications,

Finally, the meta-stable phase of h-TFO was grown on substrates with the aim to
grow magnetoelectric capacitor structures. Although high quality films were devel-
oped, necessary steps for accessing the ferroelectric properties led to short circuits
across the sample. Future work should consider tackling the stability of the bottom
electrode. Potentially, different metallic compounds can be grown epitaxially and
provide the appropriate symmetry for the h-TFO phase. Furthermore, for different
REFeO3 compounds, the deposition conditions might vary so that the growth of the
hexagonal multiferroic phase can be performed at lower temperatures, avoiding the
dewetting of the Pt bottom electrode.
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7. Summary and outlook

In this thesis, the properties of magnetically ordered oxides have been investigated
since they are promising candidates for different future spintronic applications such
as magnon valves and antiferromagnetic memory devices.

We have shown that magnetically interface-coupled YIG-GIG (Y3Fe;012-GdgFe;012)
heterostructures can be grown via pulsed laser deposition (PLD). The high quality
crystallographic properties have been demonstrated using x-ray diffraction (XRD).
The coupling has been proven using different superconducting quantum interference
device (SQUID) magnetometry measurements. Using spin Hall magnetoresistance
(SMR) measurements, we can determine the magnetic behavior of the top layer in
these structures.

The interface coupling proves to be strong making the YIG-GIG heterostructures inter-
esting candidates for robust spintronic devices. Only large field can break the magnetic
coupling leading to a continuous rotation of the antiparallel coupled magnetization of
YIG (GIG) layer at low (intermediate) temperatures. YIG-GIG heterostructures are
tunable devices with defined magnetic properties. The phase space of the relative
alignment of the magnetic sublattices has been identified, dependent on the relative
layer thickness, external magnetic field and temperature.

A possible application for YIG-GIG heterostructures is magnon valves, where there
are defined magnetic states with different magnon conductivities. We investigate
the transmission of thermal spin currents in YIG-GIG samples using spin Seebeck
effect (SSE) measurements. The SSE measurements confirm the interfacial exchange
coupling. The magnon valve effect, however, is not visible in the temperature range
investigated for the selected samples. In the future, different sample stacks like YIG-
GIG-YIG and GIG-YIG-GIG, as well as superlattice structures could be investigated.
SSE measurements done at higher temperature are expected to excite different magnon
branches that might be eligible to show the magnon valve effect.

Secondly, we demonstrated that the surface sensitive spin Hall magnetoresistance is a
useful tool to probe the bulk magnetic properties of both TmFeOs (TFO) bulk samples
as well as thin films. This is motivated by the fact that the magnetic state of anti-
ferromagnets is usually accessed by large-scale experiments like neutron scattering or
antiferromagnetic resonance, which are not useful with regard to device applications.
Focusing on measurements on bulk TFO crystals we first investigated its bulk proper-
ties by means of XRD and SQUID measurements. XRD reveals the crystallographic
properties of the sample, confirming the orthorhombic structure, the (101)-orientation
of the surface and the absence of impurity phases. SQUID measurements further show
the occurrence of the spin reorientation transition (SRT) in a temperature range be-
tween 94 K and 85 K, where the spins of the TFO continuously rotate from the a-axis
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7. Summary and outlook

to the c-axis due to the temperature-dependent anisotropy fields. In the region around
the transition, where the uniaxial anisotropy is small, we are able to rotate the spins
in the ac-plane when applying an external magnetic field, prematurely inducing the
temperature-driven transition.

Using surface-sensitive spin Hall magnetoresistance (SMR) measurements, we can ac-
cess the magnetic properties of the TFO by measuring the transverse as well as the
longitudinal resistivity at a Pt Hall bar defined on the surface of the TFO. The mag-
netic properties extracted from these surface-sensitive measurements were shown to
be accurate representations of the bulk magnetic behavior, validating the approach
and highlighting its potential application for thin film devices. While for many ma-
terials, the SMR signal was found to be dependent either on the magnetic moment
or the Néel vector, depending on the material under investigation, our measurements
appear to depend on both order parameters simultaneously as revealed by measuring
by measurements performed with a rotating magnetic field.

Applying the field along the crystallographic axes of the TFO we can detect not
only the spin flop, at which the spins perform a full 90° rotation, but also the spin
reorientation temperatures 77 and T5. The ability to detect the spin reorientation
in canted antiferromagnets using only the surface sensitive SMR opens a large field
for spintronic applications of antiferromagnetic memory devices. However, not all
results can be explained using a simple model of SMR. The transverse resistivity of
bulk (101)-oriented TFO shows a behavior that is of magnetic origin, but does not
correlate with the spin-reorientation transition, which is itself clearly visible in the
longitudinal resistivity.

Our SMR measurements reveal that the current level of understanding the interfacial
effects between the spin accumulation and the magnetic order parameters of canted
antiferromagnets is insufficient to explain all observed effects. This also highlights that
the interface of canted orthoferrites can represent a different magnetic landscape to
the bulk magnetic ordering. Currently, improved models are being developed, which
may include the effect of large uniaxial anisotropies, Dzyaloshinsky-Moriya interaction
(DMI) and possible orbital contributions. Further measurements on orthoferrites will
be necessary to support these upcoming models.

The family of orthoferrites is large and future experiments will reveal if other compo-
nents show similar behavior. Some may even enable large magnon decay lengths en-
abling long-distant magnon transport like hematite as very recently shown for YFeOgs
[S8].

In the final part of this thesis, we have shown that TFO thin films can be grown in the
desired orthorhombic phase using PLD. The growth of TFO has been optimized using
standard thin-film substrates SrTiO3 (STO). Our samples grown on STO substrates
show oriented growth, where the individual crystallites share a common c-axis, but
posses a twinned in-plane order with two possible orientations, aligned at 45° with
respect to the STO axes. The topography of the thin films is much rougher than
for the polished single crystal. It is likely that the grain boundaries between the
differently oriented crystallites favor the island-like growth.

The magnetic properties are found to be similar to bulk samples. We confirm anti-
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ferromagnetic ordering of the Fe sublattices using XMLD measurements, meanwhile
SQUID measurements confirm the SRT of STO/TFO thin films takes place within
a larger temperature region compared to bulk, between 110K and 72 K. While co-
ercivity and the SRT region appear to be altered by the strained growth of TFO,
the canting angle of the Fe sublattices appears to be unchanged, indicating that the
strain alters the anisotropy fields, but not the relative strengths of the symmetric and
anitsymmetric exchange fields.

Despite the twinning and roughness, we are able to perform electrical measurements
at the TFO thin films, from which we can identify the different magnetic phases of the
TFO using all-electrical surface sensitive SMR. Like in the measurements performed
at TFO single crystals, we observe that the signal does not seem to depend on either
the Néel vector or the canted moment, but rather on both simultaneously.

Since the twinning of the TFO complicates the interpretation of the electrical data, we
suggest to use substrates of similar symmetry for the growth of TFO. We show that
TFO grows epitaxially on ThScOgz, GdScOgz, and YAlIO3 substrates. While ThScOg
and GdScOj substrates possess paramagnetic properties which may complicate the
analysis of (volume) magnetic measurements, diamagnetic YA1O3 appears to be the
best candidate for growing TFO thin films with the surface orientation defined by the
substrate orientation. The SRT in these samples can easily be identified by SQUID.
Due to the reduced net magnetic moment of the TFO thin films, electrical measure-
ments are expected to be easier to perform as the large moment of the TFO bulk
crystals has caused difficulties when measuring it on a piezoelectric rotator in a cryo-
stat.

The dependence of the TFO properties on the underlying substrate has further been
demonstrated by growing it in its hexagonal phase (h-TFO), a metastable phase dif-
ferent from the orthorhombic phase shown above. The h-TFO can be stabilized on e.g.
MgO (001) and AlyO3 (0001) substrates. We are able to demonstrate the ferroelectric
properties of h-TFO using piezoresponse force microscopy. However, we are unable
to analyze its magnetoelectric coupling due to the instability of the bottom electrode.
We suggest using a magnetic bottom electrode that also allows for heteroepitaxial
growth of the h-TFO top layer, but is more stable against high temperature and ox-
ide background pressure than the pure Pt used here. Furthermore, in-situ transfer
between the deposition chambers may reduce the amount of defects incorporated into
the bottom electrode.

All the results show that the magnetic oxides presented here are interesting candidates
for future spintronic applications.
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A. Appendix

A.1. Mathematical calculation of the free energy in REFeO;

When investigating the behavior of orthoferrites in an external magnetic field, it is
helpful to describe the properties of the system via the free energy. While the math-
ematical description of the system is not a focus of this thesis, it is still helpful for
understanding the behavior of the magnetic sublattices. We therefore present this
summary, which exceeds the description given in section here in the appendix.

We can describe the I'y state using the energy terms introduced in the theory section
and by reducing the magnetic structure to two sublattices. Calculations have been
performed in very detail by Yamaguchi |[172]. Here, a simplified 2-Fe-sublattice-model
is presented as introduced by Herrmann [164]. We will first describe the equilibrium
position by a Hamiltonian and later analyze the effect of an external magnetic field
and temperature.

The most important terms are the exchange energy F.; = Jmj - ma, the DMI
energy Ep = D - (m; X mg) and the magnetocrystalline anisotropy energies up to
the second order: Ef, = —Aga(m3, +m3,) and Ex. = —Ac(m3. + m3,) for a and
c-direction, respectively, as well as the cross term Fioe = —Agc(Migmic — magmac).
We introduce a coordinate system for our two magnetic sublattices m; and ms, by
labeling the angle between the canted moment M = mj + mso with the c-axis as
and the angle between the antiferromagnetic vector N = mj — mg with m; as ~
(canting angle) as shown in the sketch below. So we have

C
a2
M
=+ cos(y £ f3) m,
m1/2 = my 0 —_ﬁ- N
sin(y £ ) m I
2 \

and a resulting equation for the energy £ in absence of an external magnetic field up

123



A. Appendix

to the first order of anisotropy:

€ =Fex+ Ep+ Exa + Exc + Exac
=Jmy - my
+D - (m; X my)
— Ada (m%a + m%a)
- Acc(mi + mg)
— Aac(miamic — maamac)
= — Img (cos(y — ) cos(y + B) — sin(y — B) sin(y + )
— D (cos(y + B)sin(y — B) + cos(y — B) sin(y + §))
— Agamy (cos® (v + B) + cos®(v — B))
— Acem (sin®(y + B) +sin®(y — B))
— Agernd (cos(y + B)sin(y + B) + cos(y — B)sin(y — B))
= — Jmd cos(2y)
— Dm sin(27)
— Agami (cos(2) cos(283) + 1)
— Acem? (1 — cos(27) cos(23))
— Agem? (sin(2y) cos(25))

(A1)

In the above calculation, it was taken into account that D = Db is aligned with the
crystallographic b-axis, which is antiparallel to the cross product my - mz[25]. To find
the equilibrium position of the order parameter, we minimize £ with respect to the
orientation angle f:
o€
= _0=-0
op
-0
— Agamd (—2cos(27) sin(20))
— Acem? (2 cos(27) sin(2))

5 (A.2)
+ Agemi (2sin(27) sin(203))
=+ 2(Agq — Ace)m3 cos(27) sin(283) 4 2A4,.mE sin(27) sin(24)
=sin(28) ((Aaa — Ace) cos(27) + Agesin(27))
A c Aaa
B=0° v B =90° v — = tan(2y)
We calculate the second derivative to determine if these extrema are minimas:
02E 9 )
952 = cos(20)4mf ((Aga — Ace) cos(27) — Agesin(27)) (A.3)
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We evaluate g%g to see that for either Ayq > Ace + Agetan(27y) and S = 0° or Ay <
Ace + Agetan(2y) and B = 90° we have in fact an energy minimum. The other
extremum turns out to be a saddle point. (Because of the equivalence of § = 0° and
B = 180°, we restrict the problem to the first quadrant).

Minimizing £ with respect to the canting angle ~:

gi =0 =+ 2Jm?sin(2y)
— 2Dm} cos(27)
+ 2A44m3 sin(27) cos(23)
— 2A..mé sin(27) cos(20)
— 2A,.m3 cos(2y) cos(28) (A.4)
(D + Agccos(28)) cos(2y) =(T + (Aga — Ace) cos(2/3)) sin(27)
D + Agecos(2
T Gl = o~
D+ Aac = tan(2)

_ o =
p=0or 90 J+ Aaa - Acc

From equation we see that in order to minimize &, the canting angle has to be
nonzero. Second derivative to determine if extremum is minimum:
(;2’; = + 47 m3 cos(2y)
+ 4Dm? sin(27)
+ 4A4am3 cos(27) cos(283)
— 4 A.em cos(27) cos(20)
+ 4Aemd sin(2) cos(26)
=+ 4md cos(29)(T + (Aaa — Ace) cos(28))
+ 4m? sin(27) (D + Age cos(23))

(A.5)

We note that J is orders of magnitude larger than the other values, therefore one can
safely assume that the extremum found above is always a minimum.

As mentioned in section [2.2] orthoferrites are in general in the I'y state just below
Tx and therefore they can be described by 5 = 0° and A,, > Ace + Agetan(27).
Assuming for now that the rare earth orthoferrite is in the I'y state, we now focus on
the canting angle . Knowing that 8 = 0°, we can further simplify equation [A-4] to

D+ A

The term Ag. is often set to zero since it is much smaller than D [136) [173H175]. The
exchange field was found to be of the order of poH. ~ 600 T, the DMI field is of the
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order of pigHy ~ 10 T and the anisotropy field of the order of poHy ~ 1072 T [73]. We
can therefore safely approximate
Hp M

tan(2y) = He o (A.7)
with the exchange field poHg = J/mq , the DMI field ugHp = D/my. This has been
shown in general by Moriya [27] and in detail for orthoferrites e.g. by Treves [73].
With the second equation in[A.7] we link the canting angle to measurable parameters.
In an experiment, the canting angle can be determined by the ratio of canted moment
to sublattice magnetization. Under an external magnetic field H¢,:, we also add a
Zeeman energy term to the energy £. We skip the calculation and show the result for
two interesting special cases for the I'y state: A field H. applied along the c-axis and
a field H, applied along the a-axis. For H; = H. as shown by Herrmann [164], we

obtain DiA +H
ac C
tan(2y) = T A, A (A.8)
Our simple model suggest that an external magnetic field along ¢ increases the canting
angle monotonically when it is applied in the direction of the magnetization. Mini-
mizing £ with respect to 8 shows that the direction of M does not change its direction
in the I'y state.
Applying an external field H, leads to a 90° rotation of M and N, when the field

exceeds (136}, {144} 176]

1 /
H, > 5 (—HD + H% + SHGHK2> = Hsf- (AQ)

In the cited calculations, the term Ag,. has been assumed to be much smaller than D
and therefore been set to zero as suggested by [73]. Hg» is the anisotropy field equal
to (Agqe — Ace). The critical field Hyy is called spin-flop field or spin-reorientation field.
The spin reorientation does not appear as a abrupt transition as for example seen e.g.
in hematite |78] or MnF5 [79], but happens gradually. This means that already small
magnetic fields of a few T can lead to a reorientation within the ac-plane of N and
M by a few degrees. Measurements at YFeO3 (YFO) [144] and ErFeO3 (EFO) |177]
have shown this experimentally. In these samples, the reorientation takes place over a
magnetic field range from 0 to around 8 T for YFO and, depending on the temperature
of the EFO, between 0 and 6.5 T at 130 K and between 0 and 10T at 270 K.

We have seen that the magnetization of orthoferrites can be rotated by 90° with a
sufficiently large field applied along the a-axis. The sample is then in the I'y state
(G.CyF, [75]).

In some orthoferrites this magnetic transition appears even without an external field,
but when lowering the temperature. This happens for some orthoferrites with a para-
magnetic RE ion (e.g. RE = Sm, Er, Tm) [71} (189]. In this temperature-induced spin
reorientation transition (SRT) M (IN) rotates continuously over a finite temperature
range from c-axis (a-axis) [['4 state| to the a-axis (c-axis) [I's state]. This can be formu-
lated by a temperature dependence of the magnetocrystalline anisotropy. To describe
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REion | Ty (K) | v (mrad) Hgy SRT
Dy | 645 [74] | 8.0 [74] | 270K: 9.3 T [178] 10K: Ty to Ty [179]
130K: 6.5 T [178]
TTK: 4.5T [179)

Er | 639 [74] | 81 [74] |[273K:10.0T [180] | 95K..85K: I'y to I'p [137] |
140K: 6.3 T [180]
Eu | 662 [74] | 8.0 [74] | 4.2K:6.7T [181] -
Gd | 657 [74] | 9.8[74] | 293K: 7.6 T [182] -
T7K: 8.1 T [182]
42K: 1.2 T [182]
Ho | 639 [74] | 8.2[74] | 293K: 81T [180] | 58K..49K: I'; to I'y [183] |
140K: 4.4 [180]

77K: 1.7T [180]
La | 740 [74] | 9.1 [74] ? -
Lu | 600 [184] | 10.7 [142] | 300K: >20T [80] -
Nd | 687 [74] | 85 [74] ? 170K...100K: T4 to Iy [183] |

Pr 707 [74] | 8.5 [|74] 300K: 12T [80] | 200K...172K: 'y to T'y [185] |
Sm | 674 [74] | 8.2[74] | 300K:6.8T [80] | 478K...450K: Ty to 'y [186] |
Tb 647 [74] | 7.8[74] | 300K: 7.0T [80] 8K..6.8K: Ty to I'y [187] |
Tm | 632[74] | 8.0[74] | 300K: 11.0T [80] | 94K..82K: T4 to 'y [72] |
Y 640 [74] | 8.9 [74] | 293K: 6.5T [144] - o
4.2K: 7.7T [144)
Yb | 627 [80] | 8.9 [74] | 300K: >20T [80] | 7.8K...6.5K: 'y to I'y [18§]

Table A.1.: List of orthoferrites ordered by rare earth ion. Ty is the Néel temperature,
7 the canting angle, H,; the spin-flop field and SRT the spin reorientation
transition.

this phenomenon properly, a fourth order anisotropy is introduced [190], which can
be written as Exy = K4(m}, + m3.). To make calculations easier, the Hamiltonian
can be transferred to Landau theory [191]. The free energy is then expressed as

F(T) = Fy + %KQ(T) cos(28) + Ky cos(45),

where Fjy summarizes all terms independent from (. Minimizing the expression with
respect to 8 lets one identify the energy minima which are
I:=0°for Ko(T) < —8Ky4, T > Ty
I11:6=90° for Ko(T) > 8Ky, T <T,

K
II1 :cos(2B) = _872 else, T; <T <T;.
4

As already indicated in the equations one can model the SRT with a
temperature-independent anisotropy constant K, and a temperature-dependent
anisotropy constant Ko, which changes sign within the transition.

(A.10)
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For the sake of completeness it is to be mentioned that a third magnetic state besides
I’y and Ty is possible for orthoferrites. In the I'y (A;GyC-) the spins order along the
b-axis forming a collinear antiferromagnet. The I'y — I'; transition can be observed
for example in DyFeOg [71]. The I'; state is beyond the scope of this work as it is not
observed in the orthoferrite investigated here.

For all rare earth orthoferrites, the RE-RE interaction is relatively weak so that they do
not couple magnetically at temperatures above 10 K. However, besides the increase of
susceptibility as mentioned before, the overall magnetization is altered. The effective
field from the iron magnetization at the RE site induces a polarization of the RE
ions. Since the behavior is like a paramagnet in an external field, the additional
magnetization has a % dependence. The overall magnetization can be written as
Mot = Mmrpe(l + d/T) [74], where mp, is the canted moment by the iron ions, T
the temperature of the sample and d is a pre-factor that can be positive or negative,
depending on the RE and the magnetic phase. Table summarizes some of the
parameters described in this section for several orthoferrites.

A.2. Trajectory of M and N for a field-induced SRT from T,
tol', in TFO

The following figures show three out of four possible field-induced I's = T'4 transi-
tions. The remaining is given in the main text in section The initial and final
orientation of M and N is given in (a) of each figure. (b) shows the SMR response
for a Ri, =1, Riym =0 (N-SMR) and for Ry, =0, Ri,, =1 (M-SMR).
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A.2. Trajectory of M and N for a field-induced SRT from I'y to I'y in TFO
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Figure A.1.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hyy relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-
and N-dependent SMR, respectively.
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Figure A.2.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hy; relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-
and N-dependent SMR, respectively.
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Figure A.3.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hy relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-
and N-dependent SMR, respectively.
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A.3. Trajectory of M and N for a field-induced SRT from I
to FQ in TFO

The following figures show all four possible field-induced I'y = T'y transitions. The
initial and final orientation of M and N is given in (a) of each figure. (b) shows
the SMR response for a Ry, = 1, Ri,, = 0 (N-SMR) and for Ry, =0, Ry, =1
(M-SMR).

Fig. shows all four possible SRTs in (a) as a sketch. In (b), a linear combination
of the SMR effect of all four possible domain is given.
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Figure A.4.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hy relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-
and N-dependent SMR, respectively.
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Figure A.5.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hy relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-

Figure A.6.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hy relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-
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A.3. Trajectory of M and N for a field-induced SRT from I'y to I's in TFO
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Figure A.7.: (a) Normalized y-contribution of M and N during the spin reorientation
transition. The inset sketches the field-dependent rotation of M (orange)
and N (purple) until the spin reorientation field Hy relative to the co-
ordinate system of the Hall bar (black). (b) Relative change to the M-
and N-dependent SMR, respectively.
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Figure A.8.: (a) Sketch of all four possible cases for the orientation of M and N during
the spin reorientation transition. M (orange) depicts the magnetization
and N (purple) the Néel vector in the T'y state (pale) at H = 0 and in
the I'y state at H = H relative to the coordinate system of the Hall bar
(black). (b) Averaged over all four possible domains: Relative change to
the M- and N-dependent SMR, respectively.
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A.4. SMR measurements at bulk TFO in a rotating magnetic

field
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Figure A.9.: (a) Example curves for the behavior of relative transverse resistivity de-
pending on the angle 5 of magnetic field measured at 300 K. (b) Ampli-
tude A of the relative transverse resistivity extracted from the fit curve
increasing monotonically with applied magnetic field. FError bars are
given only by the uncertainty of the fit and do not contain other sources
of error.

We perform rotation measurements at 300 K. At this temperature, the TFO is in
the I'y state. The Néel vector N is oriented along the crystallographic a-axis while
the canted moment M points along the c-axis. A fixed magnetic field is rotated in
the crystallographic ac-plane around the angle 3, corresponding to an out-of-plane
rotation perpendicular to the current in the zy-plane. At S = 0°, the field is applied
perpendicular to the sample surface. The measurement is repeated for several fields
between 1 and 11T and transverse as well as longitudinal resistivity are measured
simultaneously as described in section 3.6, To compensate for temperature fluctuations
in the longitudinal resistivity Ry, we perform a linear drift correction. The transverse
resistivity Rr on the other hand is not being corrected since it is less sensitive to
temperature fluctuations.

The transverse resistivity Ry shown in Fig. |A.9| (a) for two example fields is given
as relative to the 90°-value and normalized to the longitudinal resistivity Ry at 0°.
B = 0° corresponds to the out-of-plane direction. We choose the normalization like

this because the dominant signal stems from the ordinary Hall effect (OHE). The
RT(H)f(RT)(QOO)
R (0°

more compactly as % and refer to it as Rr as it obeys the same shape as the raw

signal and improves the readability of this thesis.
The data points can be fitted by A-cos(z+ B)+ C' as expected for the OHE dominat-

OHE is minimum when H, is minimum, i.e. at 8 = 90°. We write
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ing the signal, described in section[I.6.1] The amplitude increases monotonically with
magnetic field as shown in Fig.|A.9|(b). We observe a small deviation from the purely
linear OHE. At high magnetic fields the amplitude tends to be decreased from the
linear evolution with field. This indicates that there might be a second contribution
to RT.

Other effects that contribute to the transverse resistivity in this measurement geome-
try are Hanle magnetoresistance, HMR (see section , and spin Hall magnetore-
sistance, SMR (see section . While HMR also contributes linearly with magnetic
field and could not be distinguished from OHE, the transverse SMR depends on the z
component of the magnetic moment, which has in general a more complex dependence
on H (SHAHE). We note that the transverse SMR also depends on M, M, and N;N,.
However these dependencies can be discarded here since N and M are expected only
to rotate in the crystallographic ac plane, which coincides with the yz-plane of the
Hall bar. Therefore, at no time and independent from the magnetic state of TFO,
an M, or an N, component is to be expected. We can therefore focus on the M,
component, only.

From SQUID measurements, we know that a relatively small field of a few mT is
sufficient to reorient M parallel or antiparallel to ¢ at 300 K. However, to align it with
the a-axis, larger fields are needed. A small field applied along the crystallographic
a-direction leads to a small tilting only, as described in section Increasing the
magnetic field in rotation measurements causes an increase of the angle of M with the
crystallographic ¢ axis. Once the spin-flop-field Hyy is reached, M follows H in the
entire ac-plane. The amplitude of the orientation angle does not necessarily change
in a linear fashion with the applied magnetic field as demonstrated for ErFeOgs [177]
and YFeOg [144] in Mo6B8bauer experiments. This may lead to a non-linear evolution
of the M, component and may explain the small deviation from the linear behavior.
Further increase of the signal due to SMR would be achieved by an increase of M,
due to an increasing canting angle v of the Fe sublattices. Therefore, it is expected
that the amplitude A(H) in rotation measurements changes slope when reaching Hy;.
Below H,y, the signal increases due to OHE + increasing reorientation angle of M.
Above Hgy, the signal increases due to OHE + increase of canting angle. To observe
this, larger magnetic fields would be necessary in this measurement geometry since it
is expected that H,; is at the very border of our field range at 11T for TFO at 300 K
[80]. Further insight would also give a TFO crystal with a different orientation, which
will be the subject of future studies.

We subtract the cosine fit from the data to inspect further contributions to the trans-
verse resistivity. This allows us to identify a signal with another symmetry than pure
cosine. As shown in Fig. [A.10| (a) for an example curve measured at 11T, we indeed
identify a contribution to the transverse resistivity, which is asymmetric with the ap-
plied field. To understand this better, we plot the signal for positive and negative
magnetic field against the real angle 3, which means that here, we do not perform
the correction described in section for positive and negative fields. Thereby, we
can directly compare the signal for both field directions. For both field directions, we
see a m-periodic residual signal and different signs for the two field directions. We are
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Figure A.10.: (a) Example curves for the relative transverse resistivity in S-scans after
subtraction of a cosine fit. The term real angle refers to the actual po-
sition of the rotator without corrections performed. (b) Mean absolute
amplitude of the residual signal for different external field amplitudes.

able to fit a function of the form A’ cos?(3+ B) + C to every data set. Despite the low
amplitude of the signal the goodness of fit still shows values between R? = 0.6 and
R? = 0.8. Only for the 1T curve the R? drops below 0.4 due to the small signal-to-
noise ratio. The amplitude of the signal increases monotonically with magnetic field
as shown in Fig. [A.10] (b).

The o< cos?(3)-dependence rules out a contribution to the signal stemming from the z-
component of the magnetization due to spin Hall anomalous Hall effect (SHAHE) [43].
For this effect a 2m-periodic signal is expected. One may argue that the residual signal
might stem from a misalignment between the z-axis and the magnetic field H (not
perpendicular). Indeed, if the magnetic field has a component H, # 0, HMR would
contribute by o H,H, according to equation Also, if the magnetic moment is
dragged out of the ac-plane, SMR would additionally contribute by oc M, M, according
to equation [I.9] In Fig. [A.T1] we illustrate the misalignment of H with the ac plane.
The case is shown, that the sample is rotated on the sample holder around the z-axis
such that a magnetic field possesses a H, and an additional H, contribution in the
reference frame of the Hall bar. If the surface is parallel to the magnetic field, this
gives the maximum H,H, contribution, which leads to a contribution to 7 by HMR.
When the sample is rotated by 180°, the field has now a contribution of —H, and
—H, so that according to (—H,)(—H,) = HyH,, this would lead to the same sign
of the residual signal. Indeed, a rotation of the sample by 180° leads to the same
signal as seen in Fig. (a). However, the rotation of the sample leads to the same
geometry as reversing the magnetic field. From this consideration, a field in positive
direction should give the same signal as a field applied in the opposite direction. This
is not seen in our data as the signal changes sign when reversing the field. We note
that misalignment due to rotation around the other axes than the z-axis as discussed
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Figure A.11.: Illustration of magnetic field being misaligned with the crystallographic
ac plane of the TFO sample. Note that the ac-plane coincides with the
zy-plane of the Hall bar. The situation is shown for two cases, separated
by a 180° rotation of the sample.

here lead to a similar behavior (rotation around y) or just an arbitrary phase to the
signal (rotation around z). A simple misalignment can therefore not explain the signal
in our experiments due to the equivalence of a sample rotation and a field rotation.
Even when considering magnetothermal effects like spin Seebeck effect or anomalous
Nernst effect due to resistive heating of the Pt Hall bar, the asymmetric signal cannot
be explained. It must stem from the spin structure which is in fact more complicated
than introduced in section H To understand this, four magnetic Fe sublattices have
to be introduced with three DMI vectors describing the canting in all directions .
These considerations allow for a non-symmetric behavior under reversion of magnetic
field. However, these considerations are out of scope of this work and require deep
theoretical description of the spin system. We focus now on the longitudinal resistivity
Ry, which is shown for two magnetic fields in Fig.|A.12|(a). Assuming solely the model
of SMR one would expect a o cos?(3)-dependence in case of sensitivity to the canted
moment M, if M follows strictly the direction of the external magnetic field H. On
the other hand, a o sin?()-dependence is expected in case of sensitivity to the Néel
vector N, if N rotates with a phase shift of 90° to H in the ac-(yz)-plane (see[1.6.2)).
This is expected since, although the Zeeman energy allows for N to orient in any
direction perpendicular to H, the large anisotropy in TFO suggests only a rotation in
the ac-plane. However, for TFO, this is only expected for magnetic fields H > H.
For smaller fields, a complete spin rotation is not expected.

Ry, has been normalized to the resistance at 5 = 0° as ARy /R (0) = %.
The function A - cos?(8 + B) has been fitted to the normalized data. The amplitude

Lprivate communications with O. Gomanay
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Figure A.12.: (a) Example curves for the relative longitudinal resistivity in [S-scans.
(b) Amplitude A (black) and phase B (red) of the relative longitudinal
resistivity against magnetic field.

A and the phase B is shown in Fig. [A.12] (b). We observe a o< — cos?(3)-dependence
for low magnetic fields, which is equal to a sin2(ﬁ)—dependence taking into account
the arbitrary normalization relative to Rz (0°). At large magnetic fields, a o cos?(f3)-
dependence is observed. Similar behavior has been observed for SMR measurements
performed at the ferrimagnet GdsFe;O12 (GIG) in its canted phase [192] and the
chiral magnet Cuz0SeO3 (CSO) [159], but so far not for a canted antiferromagnet.
While for GIG, the origin of the sign change in SMR roots in different ordering of
Iron and Gadolinium sublattices, in CSO the sign change occurs in its conical state
and appears at a distinct cone angle, where the projection of the moments along the
field exceeds a critical value. However, in the whole range of CSO, the dependence of
the SMR is given by the local magnetization averaged over the area under the Hall
bar. In our case, the mechanism is different. We observe a competition between Néel
order dependence and magnetization dependence. Up to now, there is no report on a
material that exhibits a dependency on N and M in the same magnetic phase. We
combine formulas and in formula Here, ARy, (H) and ARy, are the
field-dependent pre-factors determining the sensitivity of the longitudinal SMR to the
M and N. Our measurements suggest a linear behavior of the two pre-factors with
external magnetic field.

We note that there are more MR effects which have not been taken into account
so far. Regarding OMR as an additional effect, this would contribute by o< cos(53)?
like ”positive” SMR because of the asymmetric cross section of the Hall bar [15].
With increasing field, the OMR has shown to increase superlinearly [37], while the
combination of SMR and OMR increases almost linearly in Pt/CFO layers in a certain
thickness range of the Pt layer [37]. And yet, both signals contribute on the same
scale so that none of them dominates the signal. To distinguish SMR from OMR in
this experiment, more samples with varying Pt thicknesses would be needed and are
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the object of future investigations.

HMR is expected to have the same shape as SMR and since the magnetization of TFO
is not saturated due to the slowly increasing canting angles, it is expected that HMR
cannot be distinguished from SMR in this measurement.

AMR as a further MR effect is not expected to be visible in the measurement geometry.
While it is in principle possible to observe proximity-induced magnetization in Pt [193)],
here, the magnetic field is always perpendicular to the charge current.

In addition to the sign change of A, there is a phase to the signal of around B = 10°
to 20° for H < 5T and B = —15° to —20° for H > 5T. The phase changes sign
together with the amplitude A. The occurrence of a phase can only be explained
by a magnetic contribution from the TFO layer being out of phase with the external
magnetic field, since every effect that could be observed in a free standing Pt wire
would depend directly on H and could therefore not possess a phase shift. The origin
of this phase shift might be the large uniaxial anisotropy in TFO, the large DMI fields
or a contribution from the Tm moment, which could be investigated by performing
the measurement at different temperatures and by rotation measurements within the
two remaining planes.

However, due to the difficulties in performing rotational measurements, we focused
on performing uniaxial measurements with the field applied along the magnetic easy
and intermediate axes to reduce the torque on the sample. We figured out that in
the vicinity of the SRT, a relatively small magnetic field is sufficient to induce a
field-induced spin reorientation.

A.5. Determination of critical fields from electrical
measurements performed at TFO bulk samples

Different approaches have been utilized to determine the critical fields in the trans-
verse and longitudinal resistivity for the SMR measurements performed on bulk TFO
samples.

For the transverse resistivity, the S-shape curve has been parted in three segments.
The low-field region and two high-field regions at large positive and negative fields,
where the resistivity change is close to linear, respectively. A linear function has been
fitted to every segment. The two crossing points of the low-field fit with the other two
determines the critical field H.. An example curve is shown in Fig. (a).

For the longitudinal resistivity, another technique has been utilized since the resistivity
does not change linearly. Because of the relatively low density of data points compared
to the magnitude of Hyy close to the spin reorientation temperatures, the data points
have been interpolated by cubic splines. Between the zero-field value and the most
outer points at 11T a line has been drawn. The largest distance between the line
and the smoothed data has been determined, which gives a value for Hyy. An example

curve is shown in Fig. (b).
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Figure A.13.: (a) Example curve for transverse resistivity in dependence of magnetic
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field applied along the a-axis. The curve is parted in three segments.
For each segment a linear function (black) is fitted to the data points
(green). (b) Example curve for longitudinal resistivity in dependence
of magnetic field applied along the a-axis. The data points (green) are
interpolated by cubic splines (Blue, orange, purple and yellow). The
distance of the interpolated data and a straight line (red) is taken as
Hy;.
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A.6. Non-local spin transport in bulk TFO

The TFO single crystal has been further investigated with regard to its spin transport
properties. It has been shown before that magnons can travel large distances in the
canted antiferromagnet hematite [34, |S2] and the insulating ferrimagnet YIG [4} [194].
Very recently, we could also demonstrate that the canted antiferromagnet YFeOg is an
efficient magnon conduit although the mechanisms are drastically different from those
seen in hematite despite the similar crystal and magnetic structures [S8|. It is up to
now unclear whether other insulating antiferromagnets exhibits similar properties.
Since TFO is a related compound to hematite and YFeOg, the crystal has been pre-
pared to perform non-local transport measurements at various temperatures. There-
fore, Pt stripes have been defined along the crystallographic b-axis on the surface
using lithography methods (see Sec. . The width of each stripe is 250 nm. For the
experiment, two parallel platinum stripes are used. The patterning of the non-local
structures was performed by Andrew Ross while the electrical measurements where
done by Sven Becker and Andrew Ross.

When sending a current through one (injector), SHE leads to a spin accumulation at
the Pt/TFO interface. The interaction between the spin accumulation and the mag-
netic order of the TFO does not only lead to the change of resistivity due to SMR, but
also to an injection of spin current into the TFO. The spin current leads to excitation
of the TFO spin system. These collective spin excitations are called magnons (see Sec.
. The additional magnons cause an imbalance of local occupation and therefore
travel diffusely through the crystal. If these magnons reach the neighboring Pt stripe
(detector), they act as a perpendicular spin current in the Pt, which is converted into
a charge current by ISHE. Varying the distance between the Pt allows one to conclude
on the propagation length of the magnons in TFO. In canted antiferromagnets, two
types of magnons are present, quasi ferromagnetic (qFM) and quasi antiferromagnetic
(qAFM) ones. Both of these can principally contribute to the transport of angular
momentum across the crystal.

Another family of effects, that are observed in this measurement geometry are thermal
effects like the spin Seebeck effect (SSE) (see Sec. [1.7.1)), which describes thermal
excitation of magnons [52|. Here, the excitation happens by resistive heating of the
injector due to the charge current passing through the Pt. The heat is transported
to the TFO, where a heat gradient across the crystal causes the diffusion of magnons.
This process is driven by the thermal occupation of magnons and a resulting imbalance
across the crystal. These magnons also cause a current in the detector via ISHE. The
difference between these two sources of magnons is that for the SSE;, it is not important
in which way the current flows through the injector since the creation relies only on
the heating process. For hematite, preferably the qFM modes where excited due
to the SSE. On the other hand, by the SHE, polarized magnons dependent on the
spin accumulation are created. Thereby, a change of sign is observed in the detector
when reversing the current direction, which is not the case for magnons generated by
SSE. We can thereby distinguish electrical and thermal spin injection by reversing
the current direction in the injector. We introduce the non-local voltage due to the
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electrically generated magnons as
Veo = (Viy = Vi-)/2

and the non-local voltage due to the thermal generation of magnons as
Vin = (Vi+ +Vi-)/2

where Vry (V7—) is the voltage measured at the detector for the different current
directions in the injector. We normalize the voltage to the current passing through
the injector with respect to the the origin as [34]

Ry =Vy/I R, = Vin /T2

Fig. [A14] shows two example curves measured at two different devices with a Pt wire
separation of 350 and 400 nm distance at a temperature of 76 K. Panel (a) shows
the field-dependent electrical and thermal signal for a magnetic field applied in the
crystallographic c-direction for the 350 nm-device. Panel (b) shows the same for a
magnetic field applied in a-direction. In both measurement geometries, the R.; does
not show any dependence on applied magnetic field. This indicates that the magnons
are unable to travel large distances in this TFO crystal.

Magnetic damping might lead to the suppression of long-distant spin transport in
TFO. Compared to YFeOgs (o = 0.0003) [195], where long-distant spin transport has
now been observed [S§], TFO possesses an additional magnetic sublattice occupied by
Tm moments. These may lead to additional damping and can disrupt the mode mixing
and it is not clear how the polarised moment affects the mode polarisation. However,
we note that long-distant spin transport in ferromagnets was mostly observed when
the spin accumulation, magnetization vector, and propagation direction are collinear
[4]. Tt might therefore be beneficial to investigate different growth orientations of
TFO. Future experiments might also focus on other orthoferrites with non-magnetic
RE-ion, like Lu and La.

With regard to the thermal signal, Ry, decreases linearly as shown by the orange
curves in Fig. |A.14] (a) and (b) for the wire-separation of 350 nm. According to the
SMR measurements, a magnetic field of H = 1.5T applied in c-direction would lead
to the spin-reorientation, while a field of only a few mT applied in a-direction would
lead to the 180° switch of M as seen in SQUID. There is no correlation between the
magnetic properties of the TFO and Ryj. In a second experiment on a different device,
the position of injector and detector are swapped. The field-dependence of R,; and
Ry, are shown in Fig. [A.14] (c) and (d). Here, the wire separation is 400 nm. Again,
we do not observe any sensitivity of R.; to the magnetic field for both measurement
geometries. On the other hand, Ry, increases linearly with magnetic field. We note
that the change of slope does not correlate with the wire separation, but with the
relative orientation of injector and detector. This indicates that the dominating signal
origins in an in-plane temperature gradient in y-direction (perpendicular to the wires),
which switches sign when changing the position of detector and injector.
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Figure A.14.: Non-local signals from thermal and electrical origin measured at 76 K
in the I'y phase. (a) Magnetic field applied along the crystallographic
c-direction. (b) Magnetic field applied along the crystallographic a-
direction. The inset depicts the respective measurement geometry. The
broken lines are mean values (blue) and linear fits to Ry, (red). The
distance between injector (right) and detector (left) is 350 nm. (c) - (d)
Same temperature and measurement geometry as (a) and (b), respec-
tively. Here, the wire separation is 400 nm and injector and detector
position are swapped.

Summarizing, the TFO (101) single crystal investigated here, does not show hints for
long-distant magnon conduction. While these properties have been found in hematite
and YFeOj3 , the additional magnetic contribution by the Tm sublattice
might increase the Gilbert damping in TFO. While this is still to be confirmed by
the investigation of different crystallographic orientations of the single crystal, there
are more promising candidates among the family of orthoferrites, like LaFeOs and
LuFe03.
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A.7. SHAHE contribution in rotation measurements of
STO/TFO thin films

Rotation measurements have been performed on STO/TFO samples around the -
and S plane. In these measurements the out-of-plane component of the magnetic field
leads to a dominating signal stemming from the OHE, which increases linearly with
applied magnetic field. The rotation measurements have been performed at 20 K and
200K in the I'y and I'y phase of TFO, respectively. At each temperature, magnetic
fields between 1 and 11T have been applied during the rotation. Fig. shows
the amplitudes of the transverse resistivity Rr(7y) extracted from fitting a o cos(7)-
function to each measurement curve. The error bars indicate the uncertainty of each
fit. In red, a linear fit is indicated to which only the data point in blue contribute. The
data point in yellow have been excluded from the linear fit to indicate the contribution
from SMR saturating at around 4T at 200 K. The contribution from SMR manifests
in a zero-field offset of the linear fit.

Fig. shows the same measurements and calculations discussed in the previous
paragraph for rotation measurements in the S-plane.
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Figure A.15.: Amplitudes of Rp(7) vs external field. In red, a linear function fitted to
the data points in blue. In yellow data points that are not considered
in the fit. (a) for 40K (b) for 200 K
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Figure A.16.: Amplitudes of Ry (/) vs external field. In red, a linear function fitted to
the data points in blue. In yellow data points that are not considered
in the fit. (a) for 40K (b) for 200K

A.8. RuO; thin films and novel spin transport effects

Regarding electronic transport measurements, a new effect has recently been pre-
dicted. However, it is not expected to occur in our TFO or YIG-GIG samples, but in
some conducting collinear antiferromagnets. We therefore apply our knowledge about
thin film growth on a different material, namely RuOs. The RuQ» thin films are in-
vestigated using established techniques to identify general properties of the samples.
Then transport measurements are performed aiming the identification of the novel
crystal Hall effect (CHE). This chapter is not part of the main results of the thesis
since key measurements are yet to be performed. Here, we briefly present the idea of
the CHE. The growth of RuOs thin films and the crystallographic and magnetic prop-
erties are presented. A first attempt to measure the CHE is discussed, leading to no
conclusive result. Currently, a new setup is being build in the laboratories, providing
magnetic fields up to 35T in order to manipulate the Néel order in RuO,. Simul-
taneously, RuOy samples are measured in spin- and angular resolved photo emission
spectroscopy (AG Elmers) in order to determine the spin-polarized band structure of
RuOs thin films.

From a symmetry point of view, the anomalous Hall effect (AHE) relies on broken
time-reversal symmetry. In ferromagnets, the symmetry is broken by the magnetic
atoms. In collinear AFMs the magnetic atoms do not break the time-reversal symme-
try and therefore no AHE is expected. However, it was recently predicted [196] that
in special crystal structures, the time-reversal symmetry is broken by non-magnetic
ions leading to a sizeable Hall effect, named the crystal Hall effect (CHE). While
for FMs and non-collinear AFMs the sign of the AHE flips when the (net) magnetic
moment changes sign, for collinear AFMs the sign of the CHE flips, when the term
N - x changes sign. Here, N is the Néel vector and x the crystal chirality, which is
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Figure A.17.: Rutile structure of TiO2 with Ti atoms in blue and O atoms in red.
Drawn in Vesta .

determined by the arrangement of the non-magnetic atoms.

The CHE would be easiest to be observed in transport experiments, if the sign of the
CHE switches during the measurement. Since the relative orientation of N and x is
important, we want to discuss the two extreme cases: N || x and N L x. For the
first case, the CHE would contribute to the transverse signal even at zero external
force leading to a finite Hall voltage. If N rotates by 180°, the sign of the CHE
would change also reversing the sign in the transverse signal. However, switching N
by 180° through external forces is difficult. A magnetic field for example, leads due
to the minimization of Zeemann energy to the alignment if N perpendicular to H,
making it impossible to switch N. On the other hand, for the case N L x, there is
no contribution at zero external field in this system. Only an induced reorientation
of N would lead to a CHE contribution and the sign would depend on the direction
of the reorientation. We note that x cannot be changed by an external force acting
on the grown material since it would require to change the arrangement of atoms in
every unit cell. The arrangement of the non-magnetic atoms is only determined by
the growth.

Regarding established properties of RuQOs, it has a structure of rutiles, which are
also oxygen compounds and can therefore in principle be grown in our pulsed laser
deposition setup (see section .To grow single crystalline thin films, the substrate
needs to be of similar symmetry, so TiO2 and MgFs have been chosen, which also
possess rutile structure. A rutile unit cell is depicted in figure It is tetragonal
with equally long a- and b-axes and a shorter c-axis. The oxygen (fluorine) ions form
an octahedron around the metal ion.
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MgFQ

Magnesium fluoride is an insulating material that is used in optical devices for anti-
reflective coatings or light polarization [197]. In this work it has been chosen as a
substrate material to grow RuOs thin films because of its similar crystal structure.
The lattice constants are given as a = b = 4.621 A and ¢ = 3.052 A [198]. The bonds
are highly ionic [199]. The Mg?* and the F~ ions both have electron configuration of
a noble gas and therefore the material is purely diamagnetic.

TiO,

Titanium dioxide has many applications. It is used as a white pigment in paint,
sunscreen and even food. It can also act as a photocatalyst or gas sensor [200]. It
occurs in three different crystallographic phases: anatase, ilmentile and rutile. In
this work the rutile phase of TiOs has been used as a substrate material for RuOq
thin films. The lattice parameters are @ = b = 4.593 A and ¢ = 2.959 A [201]. The
bonds are described as ionic with a small covalent contribution [202]. The material is
diamagnetic and insulating.

RuOQ

Ruthenium dioxide is conducting [203] and chemically very stable. This is why it is
already used as electrode material for example in catalysis devices [204]. The unit
cell parameters are @ = b = 4.492A and ¢ = 3.106 A [205]. The lattice mismatch
with the TiOg substrate is -3% (+5%) for the a- (¢-) axis and -3% (+2%) with MgFy
substrates. The magnetic properties of RuO2 have long not been a focus of research
for it was believed to be paramagnetic until recently its antiferromagnetic properties
were discovered by polarized neutron diffraction [206] and resonant x-ray scattering
[207]. Both experiments indicate that the Néel vector is along the c-axis and that
the antiferromagnetic order is preserved even at room temperature. In thin films,
the orientation of N may differ [207]. The crystal chirality x is defined as the cross
product of the vectors d connecting two Ru atoms A and B via an oxygen atom O
[196):
x =dao X dop.

The geometric interpretation in shown in Fig. The change of chirality is ac-
companied by the rotation of the oxygen octahedron in the RuQOg unit cell. The two
possible orientations of x are along the 4[110] direction.

In the band structure of RuOs, the CHE manifests itself in the spin-dependent splitting
of the bands. This is shown in Fig. where along the I' — S-direction a band
splitting of up to 1€V is expected between two different x and same N. To be able to
observe the CHE in transport experiments, the relative orientation between N and x
is important. While x is fixed by the growth of the crystal, an external magnetic field
H might alter N. In RuOs bulk crystals, N is oriented along crystallographic c-axis
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Figure A.18.: RuO; unit cell with Ru in gray and oxygen atoms in red. Two Ru atoms
are marked with A and B and the connecting vectors d 4o and dpp are
drawn in black. The resulting chirality vector x is indicated in purple
for the two different cases.

, and therefore perpendicular to x. So in this configuration no zero-field
contribution of the CHE is expected. A sufficiently strong magnetic field might lead
to a reorientation of N to one or the other direction, leading to a positive or negative
sign of the CHE. To achieve a reorientation of N, H needs to have a component
parallel to N. To minimize the the energy at sufficiently large magnetic fields, N will
tend to align perpendicular to H in order to minimize the Zeeman energy.

Growth of heteroepitaxial RuQOs thin films

RuOs thin films have so far been grown on a variety of different substrates like STO

[207, [208], LaAlOg [209] [210], MgO [208, [210], YSZ [211], Si/YSZ [212], glass or stain-
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Figure A.19.: Band structure calculation for RuOs2 for the two cases (N,x) and (IN,-
X)- Along the I'— S-direction a prominent spin-dependent band splitting

is expected.
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less steel [213]. The thin films in these reports show polycrystalline or even amorphous
growth or a bad in-plane order because of twinning. For observing the CHE, large
magnetic domains are needed, which can only exist in crystallographic monodomain
epitaxial samples. Only few publications report the monocrystalline epitaxial growth
of RuOs. Utilizing reactive magnetron sputtering, it has been achieved on AlyOs3
(1102) substrates, on which RuOz grows in (011) orientation 214} 215], and on TiOq
(110) substrates by molecular beam epitaxy [216] and Rus(CO)12 decomposition [217].
However, these reports focus mostly on the crystallographic and electric properties not
taking into account a CHE contribution.

Here, we choose substrates that possess the same crystallographic symmetry as bulk
RuOs, namely TiOs and MgFs. By choosing the substrate orientation we determine
the growth direction of the RuOs thin film, since for a close matching of the unit
cell parameters, a box-on-box growth is expected like we have seen in chapter
where we grew single crystalline TmFeOgs on substrates with similar symmetry. For
our RuOy samples, we choose (100)-cut (a-axis) substrates to grow RuOs in the same
orientation. It is suggested that the CHE can be observed in b-oriented RuO9 samples
by transport measurements [196]. However, we note that the unit cell parameters
a and b in bulk RuOs are equivalent, meaning that the orientation of the oxygen
octahedron within the unit cell has no preferred orientation. Therefore, a- and b-axis
orientation are equivalent from a crystallographic point of view.

RuOs thin films have been prepared by pulsed laser deposition on MgFy and TiO9
substrates. Since this is the first time RuOs is grown in this chamber, a small test
series was performed to determine the growth parameters. Only a few substrates
where available for the optimization. Because it is reported that the properties of
the twinned RuOs thin film deposited on LaAlOg by PLD is only weakly dependent
on the deposition for PLD deposition from a stoichiometric target [209], the oxygen
pressure was fixed at 0.02mbar. The temperature on the other hand, has a larger
influence. High temperatures larger than around 660°C lead to a decrease of growth
rate as observed when optimizing the deposition parameters. This likely origins in
the formation of RuOy, which is extremely volatile (boiling point: 40°C [21§]). Re-
ducing the temperature leads to an increase of the electrical resistivity as reported
for twinned RuO2 samples indicating an increase of defect locations [209, 210]. How-
ever at a deposition temperature of 400°C, we observe the most narrow RuO2 (200)
rocking curves indicating well aligned RuOg unit cells. The deposition conditions are
summarized in table [A.2l

The samples have been analyzed for their structural properties using XRD. Fig.
show 20 /w scans along the [100] direction for 85 nm RuOy samples grown in TiO2 (a)
and MgFs (b), grown simultaneously to ensure equal growth conditions. The peaks
are labeled with the respective Miller indices. No secondary peaks are being detected
indicating impurity-free thin films. The inset shows the rocking curve measured at
the RuO2 (200) reflection with a FWHM of Aw = 0.04° and Aw = 0.43 for the film
grown on TiO2 and MgFs, respectively. We observe a narrow rocking curve for TiO9
substrates indicating smooth growth of RuOy with parallel lattice planes. Compared
to that, the RuO2 grown on MgFs shows a broader rocking curve indicating some
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Parameter value
Deposition temperature (°C) 400
O pressure (mbar) 0.02

Substrate-target distance (cm) | 5.5
Laser energy per pulse (mJ) 120

Laser spot size (mm?) 9
Laser pulse frequency (Hz) 10
Cooling rate after dep. (K/min) | 25
Growth rate (nm/min) 2.5

Table A.2.: Deposition conditions for RuOs.

more buckling of the individual RuOs unit cells relative to each other.

From these 20 /w scans and the ones along the (101) and (110) direction displayed
and the lattice parameters of the respective RuO; thin films are calculated
and summarized in table [A.3]

To determine the in-plane order, additional ® scans have been performed along the
RuO32 (101) reflex. In a 360° ® scan, the peak occurs only twice for both substrates
(not shown), suggesting that no twinned domains are present. The RuOg thin films
are therefore highly ordered crystallographic monodomain, which is important for
detecting the CHE . Moreover, we can observe that the degeneracy between a-
and b-axis for both kinds of thin films is lifted, reducing the symmetry of the RuOs
unit cells. We can see that by the choice of substrate we access differently strained
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Figure A.20.: (a) 20 /w scan for a 85nm TiO2/RuOy sample. The inset shows the
rocking curve of the RuOs (200) peak. (b) 20/w scan for a 85nm
MgF3/RuOq sample. The inset shows the rocking curve of the RuO,
(200) peak.
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Figure A.21.: XRD scans of a TiO3/RuO2 sample: (a) 20/w scan in (101) direction
(b) in (110) direction.
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Figure A.22.: XRD scans of a MgF3/RuOg sample: (a) 20 /w scan in (101) direction
(b) in (110) direction.

RuOs layers that may influence the magnetic properties. In bulk samples, it has been
shown that the Néel vector is aligned with the c-axis. In twinned thin films a small
tilt away from the high symmetry axis might be possible [207]. In the future resonant
x-ray scattering or neutron diffraction experiments will show the Néel order in our
thin films. In this study, we are limited to SQUID magnetometry to determine the
magnetic properties.

To perform electric measurements the RuOs thin films have been patterned into Hall
bars as described in section [3.6] The relative alignment of the Hall bar with the
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Bulk lattice a(A)[bA)]c(A)
4.492 | 4.492 | 3.106
4.593 | 4.593 | 2.959
4.621 | 4.621 | 3.052
RuOsthin films
Substrate | a (A) [ b (A) [ ¢ (A)
TiOq 4.45 | 4.57 | 3.07
MgF'y 4.46 | 4.53 | 3.07

Table A.3.: Unit cell parameters of Bulk crystals according to literature (top) and
RuOg thin films (85nm) grown on different substrates (bottom).

crystallographic axes is shown in Fig. Panel (a) shows the RuOs unit cell
relative to the Hall bar shown in panel (b). We note that here, we do not use a Pt top
layer like in the electrical measurements performed at the YIG-GIG and TFO samples
discussed in the main results chapters, but the RuOq layer itself is structured. In the
following we will analyze the films grown on TiOs separately from those grown on

MgFQ.

TiO2/RuO; samples

The room temperature resistivity of an epitaxial 85 nm TiO2/RuO3 sample is around
125 pflem. For comparison: Single crystals possess a resistivity of around 35 pulcm at
300K , similar to heteroepitaxial thin films . The fact that we measure
a relatively high resistivity might be due to the large strain modifying the electronic
properties due to the deformation of the unit cell or a high defect concentration. To

(b)

Figure A.23.: (a) RuOg unit cell drawn in VEST with its relative orientation to
the Hall bar shown in (b). (b) Hall bar defined along the crystallo-
graphic ¢ direction. The arms are along b direction. The transverse
and longitudinal resistivities are measured as indicated by Rr, and Ry,
respectively.
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Figure A.24.: (a) Temperature dependence pr(T") of a RuO2 Hall bar (85nm thick-
ness) patterned on TiOj. (b) Test sample of a Pt Hall bar patterned on
TiOs.

understand the origin of the relatively high resistivity, a more intensive optimization
of deposition conditions is suggested.

The temperature-dependent resistivity for a Hall bar defined along the (001) crystal-
lographic direction is shown in Fig. (a). Starting from high temperature, we
observe a monotonic decrease of p; with temperature, which is characteristic for a
normal conductor. This confirms the metallic behavior reported for most RuOs thin
films [210, [211} 215], while in some cases semiconducting behavior is reported [213].
However, below around 80K, pr(T) shows an unusual behavior. Between 80K and
50K the slope changes and pr,(T') almost plateaus. Below 50 K the resistivity rapidly
decreases, describes a minimum at around 23 K before rising again at lower tempera-
tures. This unusual behavior is not reported for metallic RuOz thin films so far [210,
211, |215].

To identify the origin of this behavior, a test sample of Pt TiO2/Pt (3nm) has been
prepared and patterned into Hall structures in a similar fashion. As one can see in Fig.
A.24] (b), this sample also shows this unusual behavior. It turns out that the originally
diamagnetic and insulating TiO2 substrate changes properties at its surface. The Ar
ion beam used for patterning the Hall structures leads to a reduction of the Ti*t by
oxygen removal [221]. Ti,Og,—1 with n= 2, 3, 4, 6 is conducting [222] and the ions
Ti*t with z=1, 3 and J = %, %, respectively, are magnetic. It cannot be ruled out
that a variety of Ti,,O9,_1 are present at the TiOs surface, complicating the analysis
of RuOy thin film properties.

To avoid the reduction of the TiO4 surface during the etching process, Oxygen plasma
should be used. However, it is reported that even in unetched TiOy/RuQj films, there
might be a charge transfer at the interface from the electron-rich RuOy to the TiOq
leading to the presence of Ti3* ions at the interface [217], even in unetched samples.
The CHE could still be measured in TiO3/RuO2 samples making use of spin-resolved
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band structure measurements instead of transport measurements. The CHE manifests
in a spin-dependent band-splitting that could be measured using spin- and angle-
resolved photoemission spectroscopy (spin-ARPES) where one can probe the band
structure of the samples at the surface. Since at the surface, no Ti contamination is
expected in unpatterned samples, spin-ARPES is the suited tool to find hints for the
novel transport effect. These measurements will be conducted in the group of Prof.
Elmers in near future with our high quality thin film samples.

However, the impact of secondary contributions in our transport measurements lets us
focus more on MgF5 as a substrate for now, despite the slightly worse crystallographic
properties of the RuO2 grown on these.

MgF;/RuO, samples

Here, we investigate the properties of MgFs/RuOs samples. From the lower lattice
mismatch between RuOs and MgFs compared to TiOy substrates, one would intu-
itively expect better crystalline properties of RuO2 grown on MgFs substrates. How-
ever, as we have seen in Fig. the rocking curve of RuOs reflexes of MgF9/RuOq
samples is broadened compared to TiOy/RuOg samples, despite equal deposition con-
ditions. Several reasons might lead to this effect. MgFy substrates react with oxygen
at high temperatures and form MgO on the surface . While for pure MgFs
the reaction temperature is around 800°C, the temperature is reduced in the presence
of defects. Additionally, we observe that the surface of the MgF5 substrates is rougher
compared to other substrates used in this work. As shown in Fig. the AFM image
shows deep scratches probably stemming from an improper surface treatment by the
manufacturer. The inhomogeneous surface may contribute to the tilting of crystallites
and thereby to the broadening of the rocking curve. The re-polishing process by the
company lead to an improvement of surface roughness, but the overall RMS of 2 nm
of the re-polished substrates still exceeds the roughness of other substrates used in
this work, including the TiO2 substrates (< 0.5 nm).

The room temperature resistivity of a 85 nm MgFs/RuOy sample is around 131 uf2
cm, similar to the TiO2/RuO2 sample. The temperature dependent resistivity Ry, (T")

65 nm

Figure A.25.: Atomic force microscopy image of a MgFy substrate surface.
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Figure A.26.: (a) Temperature dependence pr(T") of a RuO2 Hall bar (85nm thick-
ness) patterned on MgFs.

is shown in Fig. At low temperatures, the resistivity flattens off due to electrons
scattering at defects and surfaces more than at phonons. The residual resistance ratio
between 300 K and 10K is around RRR = 1.36, smaller than for RuOs single crystals,
where values of RRR > 20 have been achieved [220, 225] and also smaller than for
other heteroepitaxial thin films with up to RRR =~ 5 [210]. These values indicate
that in our samples, the defect rate is relatively high and suggest to improve the
deposition parameters. Temperature treatment after the deposition might also lead
to a reduction of defect density, improving the electronic properties of the sample.

Having determined the crystal structure of the MgFy/RuO2 samples, we now turn
towards the investigation of the magnetic properties. RuOs is expected to order
antiferromagnetically, however, the anisotropy in heteroepitaxial thin films is so far
unknown. Whether the Néel vector can be manipulated by an external magnetic
field is therefore an unsolved questions. Here, we employ SQUID measurements in
different crystallographic directions in order to identify a possible contribution from
the field-induced spin canting of RuOs. Fig.|A.27| (a) and (b) show measurements of
the temperature- and field-dependent magnetization of a 70 nm MgFs/RuOy sample
measured in SQUID. For the field-cooled (FC) curve, the measurement has been per-
formed along the b-axis, where one would expect the canted moment, when the Néel
vector is oriented along c¢. The sample has been cooled under an applied field of 1T.
The magnetization of the heating sample has been measured under an applied field of
0.2 T. Similarly, the zero-field-cooled (ZFC) curve has been acquired after the sample
has been cooled without the application of an external magnetic field. The signals
have been corrected for diamagnetic contributions stemming from the substrate and
mounting equipment by subtracting a constant. There is no prominent change of
magnetization observed in either curve. A larger increase of the FC at low temper-
atures might be indicated. However, this likely stems from paramagnetic impurities
from sample handling and hydration of the sample [226]. The absence of a magnetic
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order transition is not surprising as it has not been observed in this temperature range
for RuOg single crystals [220]. Indications of AFM ordering have been first observed
when measuring the temperature-dependent susceptibility up to 1000 K [206]. How-
ever, here, we rule out that the AFM ordering temperature is reduced to below room
temperature due to the strained thin-film growth of RuOs.

In order to find evidence of the canted moment, field dependent measurements have
been performed as shown in Fig. (b). Two curves, measured at 50K, along
the b- and c-axis, respectively, are shown. The magnetic moment is normalized to
the volume of the RuOs film. In each curve we observe a prominent S shape at
low magnetic fields which saturates at around 4 x 10~ ug/f.u. for the measurement
along b and at around 5 x 1072 ug/fu. along c. For both curves the coercive field
is around 50 mT. The similarity between the curves indicates that the S shape does
not stem from the magnetic properties of the RuOs thin film, since we measure once
along N (c) and once perpendicular to it, where the canted moment is to be expected.
The magnetic response seen in Fig. likely stems from iron contamination due to
sample handling. Note that for the growth of the samples, the substrate is glued to
an holder made out of a Nickel Iron alloy (Inconel). Despite a cleaning process after
the deposition, the contamination with small magnetic particles cannot be completely
ruled out.

We conclude that we find no evidence of the canted antiferromagnetism in our mea-
surements with external magnetic fields up to 5T. This might either be due to the
absence of any magnetic ordering or due to large magnetic anisotropies shifting the
critical fields at which N can be manipulated, to higher magnetic fields out of range
of our setup. In neutron reflectivity experiments, a canted moment of 0.05 up/f.u.
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Figure A.27.: (a) Field-cooled (FC) and zero-field-cooled (ZFC) curves for a 70 nm
MgF3/RuOy sample measured between 20K and 300 K. Both curves
have been measured along the crystallographic b-axis. (b) field-
dependent magnetization measured at 20 K and 50 K along the b- and
c-axis.
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was measured [206]. We do not find evidence of this moment in SQUID likely because
the magnetic field used in these measurements is not sufficient to switch the canted
moment. To extend our magnetic field range, we perform Hall effect measurements in
a cryostat, where magnetic fields up to 11T can be applied.

To measure the magnetic field dependent electric transport properties, Rr(H) was
measured at different temperatures. The current I was applied along crystallographic
c-direction, the magnetic field along crystallographic a direction as proposed to mea-
sure the CHE [196] and as shown in Fig. [A.23] The a-direction corresponds to the
out-of-plane (oop) direction, so the occurrence of ordinary Hall effect (OHE) is to be
expected, which contributes in a linear fashion, while the CHE should adapt a AHE-
like signal E[ Hall-geometry measurements have been performed over a temperature
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Figure A.28.: (a) Relative transverse resistivity measured as a function of applied
magnetic field at 5K (b) Similar measurement at 100 K. The red line
indicates a linear function fitted to each curve.

range from 5K to 100 K. Examples for Ry (H) are shown in Fig. Rp(H). One
does not observe any contribution besides a linear one, which likely stems from the
OHE.

To understand why we do not observe the CHE in our samples, we have again a
look at the requirements that needs to be fulfilled to observe the effect. Essential is
the relative orientation of the crystal chirality x and the Néel vector N. The sign
of the CHE is given by the product x - N [196]. In our samples, we have not found
evidence of the antiferromagnetic ordering. However, for this consideration we want to
assume bulk-like properties, so that N is oriented along the c-axis [206] and x points
along the + (110) direction, depending on the orientation of the oxygen octahedron
within the unit cell. In the absence of any external perturbation we therefore should
observe x - N = 0, i.e. no zero-field CHE. Note that in twinned STO/RuOzthin films
a projection of N in the ac plane is indicated [207]. This would indeed allow for a
nonzero effect at zero field. Whether the canting of N away from the ¢ axis is also

2Private communications with L. Smejkal
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present in epitaxial RuOq thin films is still to be investigated.

For further consideration, we assume that N || ¢. In our experiment, we have applied
the magnetic field out of the sample plane, which coincides with the crystallographic
a- or b-axis. We cannot distinguish between the two crystallographic axis by XRD
measurements available in our lab, since we are not sensitive to the oxygen positions
in the unit cell. However, either direction for the applied magnetic field does not lead
to the manipulation of the Néel vector in our simple picture, since the Zeeman energy
is minimum for H 1 N, which is fulfilled for both possibilities. Therefore, considering
a simple collinear antiferromagnet, we in fact should not be able to observe the CHE
in the suggested measurement configuration.

Manipulating N by a perpendicular magnetic field is only possible in the presence of
a large DMI like for the canted antiferromagnet hematite (a-FeaO3) in its easy-axis
phase and DyFeOs in its I'y phase. For hematite, a field perpendicular to IN leads to
the rotation of N by 90° within the plane perpendicular to H [41]. For DyFeOs, a field
along the crystallographic b-axis at low temperature leads to a transition I'y — I'4
or I'y — I's depending on the magnetic field direction, while both also correspond
to a 90° rotation of N in the plane perpendicular to H [178]. If RuO2 possesses
similar properties, indeed, the observation of the CHE would be possible in transport
measurements, since a rotation away from the c-axis would led to a non-zero projection
of N along x. However, the sole presence of DMI does not guarantee for the rotation
of N upon the application of a magnetic field. The DM field must be collinear with N.
The properties of these materials are characterized by collinear antiferromagnetism
and absence of a canting. Since a canting is observed for RuOy bulk samples [206], such
behavior is not expected to occur in our thin films, if they possess bulk-like magnetic
properties. We therefore assume that the linear change of transverse resistance shown
in Fig. is indeed only due to OHE. The response changes only weakly with
temperature.

In preparation of this thesis, the observation of CHE in MgO/RuOy samples was
reported [227] doing transport measurements and magnetic fields up to 50 T. At first
sight, this is surprising, since RuOs thin films grown on MgO are reported to exhibit
twinned growth [208] while large magnetic domains are required to observe the CHE
[196]. On MgO, RuO2 grows in two different in-plane directions with [110]guo, ||
[110]mgo and [110]ruo, || [110]Mmeo, while both crystallites share a common [110] axis
pointing out of the sample plane parallel to the MgO c-axis. This is depicted in Fig.
(a). In their experiment, the magnetic field is applied out of the plane, along
the [110] RuOg axis, which is perpendicular to the c-axis and coincides with the axis
of crystal chirality as introduced in Fig. To minimize the Zeeman energy, there
is no need for N to rotate away from its initial orientation. It is therefore argued,
that N is initially not perfectly aligned with the c-axis. Note that resonant x-ray
measurements [207] may indicate a canting of N away from ¢ by an angle of around
20° in single crystals as depicted in Fig.|A.29[ (b). This would imply a non-zero CHE
contribution at zero field for a single crystallite.

The absence of zero field signal suggests a distribution of Néel vector orientations with
crystallites having a contribution in (110) and as many crystallites with a contribution
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A.8. RuOy thin films and novel spin transport effects

Figure A.29.: (a) Relative orientation of the RuOz unit cells with the MgO substrate.
The blue square indicates the surface symmetry of MgO with the [100]
and [010] axes along its edges. The arrows at the bottom indicate the
RuOs crystallographic axes. Due to twinning, nm-sized domains with
a random distribution of the two possible orientations, as well as the
180° rotated orientations, are present across the sample. (b) Possible
orientation of the Néel vector N in one of the nm-sized domains. Note
that N is rotated in other domains according to the orientation of the
crystallographic axes. x describes the crystal chirality, which point
along a common axis.

in (110)-direction. The application of a magnetic field out of the plane now favors the
alignment of N with the sample plane to minimize Zeeman energy. This further leads
to the vanishing of the product x - N and a resulting zero contribution from CHE.
The vanishing of CHE is symmetric concerning the orientation of the magnetic field.
It is therefore surprising that an asymmetric signal is observed in these experiments.
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