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1. Introduction

The access to knowledge has never been easier than nowadays. This is made possible by
the world wide web and the wide spread of computers and smartphones. These devices
however are only possible due to the invention of transistors about 70 years ago [1] as well
as their steady miniaturization leading to an ever more increasing amount of transistors on
the same area, which is described by Moore’s law [2]. However, this results in more heat
generation due to Joule heating. Moreover, the lower physical limit of these components
is soon reached [3]. Thus, alternative and complementary approaches need to be investi-
gated. One way to overcome these issues might be by using electronic devices exploiting
the spin of electrons in addition to the charge degree of freedom [4, 5]. For data storage
this is already done in e.g. hard disc drives exploiting the giant magnetoresistance (GMR)
[6, 7] to precisely read out spin densities [8]. The research field investigating such devices
is called spintronics.

In the field of spintronics not only the charge current based solely on moving electrons
are used, but we also account for the spin of the electrons. Therefore, spin currents can
be created without the effective movement of electrical charges . These spin currents are
not currents in the traditional sense of moving electric charges, but rather of moving an-
gular momentum. Thus, spin currents can even be transported in magnetically ordered,
electrical insulators via magnons, which are the fundamental magnetic excitation of mag-
netically ordered materials. This allows for information processing without charge currents
and therefore might reduce heating effects. Such magnons can be created by microwave
radiation, which leads to a precession of the magnetization [9, 10]. This precession can
emit a spin current in heavy metal/magnetically ordered insulator heterostructures via a
spin pumping process. Another way to create magnons is by applying a charge current
in a heavy metal like platinum (Pt), which creates a spin current via the spin Hall effect
(SHE) [11-15]. This in turn excites non-equilibrium magnons in an adjacent magnetically
ordered insulator, which can diffuse into the insulator and can be detected at an electri-
cally separated Pt layer via the inverse spin Hall effect (iSHE) [16]. This process results
in the so called magnon-mediated magnetoresistance (MMR) [17]. The materials of choice
for observation of the MMR are the heavy paramagnetic metal platinum (Pt) and yttrium
iron garnet (Y3Fe5012, YIG) due to the very low magnetic damping of spin waves [18] and
thus long range magnon transport [17, 19]. The MMR was already observed in Pt/YIG
bilayers using a horizontal two strip design, where one strip serves as magnon injector
and the other as magnon detector [17, 20]. Moreover, the MMR has been modulated by an
additional Pt strip (modulator) in between the Pt injector and detector strip [21-23], which
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even created a region with zero effective damping [24]. These devices are functional at
room temperature [25] and could therefore be used for logic operations [26, 27] or other
applied applications. In such structures the distance between the electrodes is always im-
portant due to the damping of the magnons and therefore the magnon diffusion length [28,
29]. Therefore, it might be of interest to put the modulator strip underneath the YIG layer
for further miniaturization and optimization of such devices. Moreover, this would allow
for more design choices and smaller distances between the magnon injector and detector.

Therefore, the goal of this thesis is to establish a fabrication process for vertical Pt/ YIG /Pt
heterostructures and in the future, possibly different materials, which are suitable for MMR
measurements. To this end, a lift-off technique for thin films fabricated via pulsed laser
deposition (PLD), where molecules with high kinetic energy hit the photoresist layer, is
developed. This opens up multiple possibilities to fabricate more complex structures using
PLD processes.

This thesis is organized as follows: In Chapter 2 the theoretical foundations necessary
to understand this thesis are introduced. This consists of the introduction to pure spin
currents, different magnetization dependent resistance effects and magnetization dynam-
ics. Chapter 3 describes the fabrication of the samples by optical lithography with the
laser writer system PicoMaster 200 on optically transparent substrates. Moreover, the con-
cept of Ar-ion milling and lift-off are discussed. The vertical Pt/YIG/Pt heterostructures
are realized in Chapter 4 and investigated regarding structural and magnetic properties.
Chapter 5 tackles the optimization of the bottom YIG/Pt interface and encountered issues
regarding electrical properties. The results of the magnon-mediated magnetoresistance
measurements on the fabricated heterostructures are discussed in Chapter 6. This thesis
finishes with Chapter 7, which briefly summarizes the most important results and gives an

outlook over further research possibilities.



2. Theoretical background

In this chapter the theoretical background of spin-current based experiments performed
in the framework of this thesis is discussed. Thus, the concept of pure spin currents is
introduced as well as the spin Hall effect and the spin Seebeck effect as methods for gen-
erating these spin currents. Moreover, an overview of the spin Hall-, anisotropic- as well
as magnon-mediated magnetoresistance is given with their corresponding dependence on
the magnetization direction of a ferrimagnetic layer. Finally, recently published results on
Pt/Y3Fe501, /Pt heterostructures are discussed.

2.1. Spin currents

An electric current not only consists of moving charges (charge current) but also of a flow
of angular momentum (spin current), which introduces an additional degree of freedom.
Therefore, in a two spin channel model the electrons are divided into spin up 1 and spin
down | electrons with respect to the quantization axis. In this model the electric charge

current density J. can be written as [30]
Jo=(3++3)) (2.1)

Here J; is the charge current density of spin up and J the charge current density of spin
down electrons. This allows for a spin polarization of the current if there are more spin
up (1) electrons than spin down ({) electrons at the Fermi energy contributing to the total
current flow. Moreover, if the charge currents J;+ and J, are equal in magnitude but flow
in opposite directions, there are two equally large polarized currents flowing in opposite
directions, the total charge current J. is zero. However, spin information is still transported
in one direction, which is then called a pure spin current and can be described by [31]

h

Jg=——
s 2e

(Jr = Jy) (2.2)

The factor —2% considers the angular momentum transport of Js.

2.2. Spin Hall effect

One way to create a spin current is based on the spin Hall effect (SHE). This effect is present
in heavy, paramagnetic metals (HM), like Platinum (Pt). When applying a current in this
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Figure 2.2.1.: [llustration of (a) the spin Hall effect (SHE), where a charge current J.. is converted
into a spin current Js. (b) shows the inverse effect (iISHE) where a charge current
is converted into a charge current J.. Figure taken form Ref. [32]

metal, the charge current J. can be converted by [33]

Js = 95}{ <h> JC XS (2.3)
2e
into a perpendicular spin current Js (see Fig. 2.2.1 (a)). 6sp is the spin Hall angle, which
describes the efficiency of the conversion of J. into Js and s denotes the dimensionless spin
polarization vector. For Pt the spin Hall angle was previously determined to flsy = 0.11
[14]. The underlying physics is a spin dependent scattering of the flowing electron spins
due to a sufficiently large spin-orbit coupling (SOC). The scattering processes at play orig-
inate from intrinsic bandstructure physics [34] and extrinsic effects, e.g. skew scattering or
side jump scattering [35-37]. The conversion from J. to J, can also be reversed, which is
then called the inverse spin Hall effect (iSHE). There a spin current J; is converted into a

charge current J. (see Fig. 2.2.1 (b)) by the same mechanisms as mentioned before. This is
described by

2
J. = Ospy <—he> J.xs (2.4)

and can thus be used as detection of spin currents.

2.3. Angle dependent magnetoresistance

A magnetoresistance is the change of resistivity of a material by applying or changing a
magnetic field. In this thesis different magnetoresistance effects are at play that need to be
discussed. These are the spin Hall, anisotropic and magnon-mediated magnetoresistance.
Due to their different dependencies of the resistivity on the magnetization direction of a
magnetic material, they can be distinguished from each other.
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2.3.1. Spin Hall magnetoresistance

In a heavy paramagnetic metal (HM), which is attached to a magnetic insulator, a change in
resistance with respect to the magnetization M of the magnetic insulator can be observed.
This is called the spin Hall magnetoresistance (SMR) [12-15, 38—40]. Since in this work

Figure 2.3.1.: Phenomenological mechanism of the spin Hall magnetoresistance. In case of a
parallel alignment of the magnetization M of the FMI and the spin spin polariza-
tion s of the spin accumulation at the NM/FMI interface, no spin transfer torque
act on the magnetic moments of the FMI, while a finite spin transfer torque is
present for M } s. This leads to a different resistance in the NM layer depending
on the magnetization direction of the FMLI. Figure taken from Ref. [41].

only the ferrimagnetic insulator Y3FesO1; is used as the magnetic insulator we restrict the
discussion of the SMR on ferrimagnetic insulators (FMI). By applying a charge current in
the NM, a pure spin current density J3HE is induced perpendicular to J. via the SHE (see
Eq. 2.3). This spin current leads to a spin accumulation at the NM/FMI interface. Thus, a
gradient of the spin accumulation is created, which in turn results in an opposing diffusive
spin current backflow J%f. For M } s, a part of the initial charge current is absorbed
by the FMI via spin transfer torque on the magnetic moments in the FMI, resulting in an
additional loss channel, which reduces the diffusive spin current and thus the resistance of
the HM increases. However, there is no spin transfer torque on the magnetic moments for
M || s. In this case, the resistance is in first order equal to the normal resistance of the HM
layer.

This leads to an distinct angle-dependence of the resistivity of the NM on the magneti-

zation M of the adjacent FMI layer, which can phenomenologically be described by [14]
RIS = ) 29

with m; describing the projection of m = M/Ms on t with the saturation magnetization

Ms. Moreover, pg™R corresponds in first order to the resistivity of the bare NM and pMR is
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Figure 2.3.2.: Expected angle-dependence of the SMR in a NM/FMI heterostructure when ro-
tating a magnetic field in the film plane (ip), out of the film plane perpendicular
to j (oopj) and out of plane perpendicular to t (see top panels).

the SMR-induced change in resistivity with p;MR < pgMR. By using the rotation planes of

the magnetic field direction h shown in the top panels of Fig. 2.3.2, an angle-dependence

of the resistivity of the HM layer as displayed in Fig. 2.3.2 is expected. Here, a magnetic

field magnitude larger than the saturation field is assumed, such that the direction of the

magnetization of the FMI is collinear to the magnetic field (m|h). For the ip-rotation a

(1 — cos

2

a) = sin? @ dependence on the in-plane angle « is expected. Whereas when

rotating the magnetic field in the plane perpendicular to the current density direction j

a cos? 3 dependence is expected. Rotating the field in the plane perpendicular to t, m;

becomes 0, which leads to a constant resistivity of p,

SMR SMR
o Te

The relative SMR amplitude can be described by [12]

Ap  O3u(2200) () "ol tank? (4 )

po

e% + 2lspegrN coth(%‘—i“)

(2.6)

where p. is the electrical resistivity and I the spin diffusion length of the NM and gt

is the spin-mixing conductance. Thus the SMR is a useful tool to determine git if the

other parameters are known [14, 42]. In this thesis, however, the SMR only serves as a

characterization tool of the NM/FMI interface quality.
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2.3.2. Magnon-mediated magnetoresistance

The principles of the afore-discussed spin Hall magnetoresistance are strictly speaking only
valid at low temperatures, since for the magnetization configuration M || s magnons can be
created or annihilated in the FMI. This leads to the magnon-mediated magnetoresistance
(MMR). In order to measure an MMR, at least two electrically separated HM electrodes are
necessary. One serves as a magnon injector, while the other is used as a magnon detector
[17]. At the injector, a charge current J. is applied, which results in a spin accumulation

\

Figure 2.3.3.: Picture of a well-established two strip structure used for MMR measurements. By
applying a charge current density J. through the left strip, a spin current density
Js is induced perpendicular to J. and the spin polarization s. Js creates a spin
accumulation at the NM/FMI interface, which induces a magnon accumulation
(wavy red arrows) in the FMI. This decays with increasing distance to the NM
strip. In an electrically separated NM strip, the magnons can induce a spin current
which is converted by the iSHE into a charge current JSHE, Figure taken from
Ref. [32].

at the HM/FMI interface, analogously to Chapter 2.3.1. When M || s the spin accumula-
tion in the NM creates or annihilates magnons in the FMI, which diffuse away from the
HM strip [17, 19, 43]. This effect is assumed to be small and is therefore ignored in the
discussion of the SMR. However, a second HM strip nearby to the first one can detect
the non-equilibrium spin accumulation at the HM/FMI interface via the iSHE creating a
charge current J. (Eq. (2.4) from Chapter 2.2). For M L s the charge current in the detector
electrode is expected to be significantly reduced due to the spin transfer torque suppress-
ing the spin accumulation in the injector electrode and the propagation in the FMI. Thus,
the injection as well as the detection of the magnons is dependent on the angle between
the magnetization of the FMI and the spin polarization at the interface. This leads to a cos?
dependence Thus, rotating a magnetic field in the film plane leads to a cos? a dependence,
rotating in the oopj rotation plane gives a sin? 3 dependence and we do not expect any
signal in the detector strip for oopt magnetic field rotations (see Fig. 2.3.4).
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Figure 2.3.4.: Expected angle-dependence of the MMR in a two strip horizontal NM/FMI het-
erostructure when rotating a magnetic field in the film plane (ip) (cos® ), out of
the film plane perpendicular to j (oopj) (cos(8 + 90°)) and out of plane perpendic-
ular to t (0). The rotation planes on top are defined as they are later on used in the
thesis.

2.3.3. Anisotropic magnetoresistance

The anisotropic magnetoresistance (AMR) originates from partially filled d-shells in fer-
romagnetic metals. These are not centrosymmetric, leading to a coupling to the magne-
tization M due to the spin-orbit coupling. Thus, the s-d scattering depends on the M
orientation. Since in this work we only use Pt, which is a paramagnetic metal, we do not
expect an AMR in our experiments. Thus we discuss only briefly the angle dependence of
this magnetoresistive effect. The longitudinal resistivity can be described by [44]

AMR _ AMR +

AMR
Plong = Po 1

m? (2.7)

p j

with m; the projection of the magnetization on the current direction. pjMR is given by
the resistivity perpendicular (p)) to M. pf*MR can be calculated from the difference of the
resistivity parallel (p|) and perpendicular (p, ) to M as MR — p| — pL- Thus, the AMR can
be determined by rotating a sufficiently large magnetic field. For this rotation it is obvious
from Eq. (2.7) that the magnetic field should not be rotated in a plane that is perpendicular
to the applied current direction for detection of an AMR. In Fig. 2.3.5 the expected angle

dependence for different field rotations is shown.
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Figure 2.3.5.: For the AMR a sin® o dependence of the resistivity is expected when rotating a
magnetic field in the film plane (ip). Rotating the field out of the film plane per-
pendicular to j (oopj) gives a constant resistivity, whereas when rotating the field
out of plane perpendicular to t we expect again a sin” 7 dependence. Schematics
of the rotation planes are shown on the top panels.

2.4. Spin Seebeck effect

Up until now we ignored that a charge current is always accompanied with Joule heating
due to the finite resistance of the electric lead. This creates a temperature gradient perpen-
dicular to the NM/FMlI interface, which in turn can create a spin current J in the FMI, that
is pumped into the HM layer. There it is converted into a charge current J. via the iSHE.
This effect is called the spin Seebeck effect (SSE) [33, 45-48]. In this work we use a HM strip
as heater and the SSE voltage induced by the arising longitudinal temperature gradient is
measured at an electrically separated detection strip as discussed in Chapter 2.3.2. Thus

the temperature gradient is proportional to the electric heating power
Py = RI? (2.8)

with R being the resistance of the NM. The SSE follows a cos o dependence, with a the
angle between the magnetization M and the t axis, due to JSHE « J x s. Thus the sign
changes when rotating the magnetization by o = 180°. Moreover, at a = 90° the charge
current JSHE flows perpendicular to j. Thus, no voltage can be measured at this magne-

tization direction. Therefore, the SSE can easily be distinguished from the MMR by the
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different periodicity with respect to magnetic field rotations.

2.5. Ferromagnetic resonance

Ferromagnetic resonance (FMR) experiments detect the precessional motion of the magne-
tization of a magnetic material, when this magnetization is oriented by an external mag-
netic field [9, 10, 49]. The resonance phenomena occurs, when the requency of an ex-
ternal oscillating dield, applied transversely is equal to the precession frequency (Lamor
frequency). However, in real samples an anisotropy and demagnetization field need to be
taken into account. Thus the magnetization does not precess solely around the external
magnetic field Hey but rather around an effective field Hg defined by

Hett = Hext + Haniso — Hdemag~ (2~9)

Moreover, the precession will eventually stop and the magnetization align parallel to Hext.
This magnetization dynamic is phenomenologically described by the Landau-Lifshitz-
Gilbert (LLG) equation [50]

om Jom

B¢ = “Hoym X Hegf + am X v (2.10)

with « being the Gilbert damping parameter and v = gup/h the gyromagnetic ratio with
the Landé-factor g, the Bohr magneton ;g and the normalized magnetization vector m =

M/ M; with the saturation magnetization M. The precession frequency is given by

w = Yo | Hef- (2.11)

By applying an additional external oscillatory field perpendicular to Heg, the magnetiza-
tion precession is driven by the additional torque —M x h;¢. The energy absorbed is highest,
when the resonance condition is met. In the case that H¢ is applied in out of plane (oop)
condition the relation between the resonant field H.s and the frequency f of the oscillatory
field is given by the Kittel equation [9]

Hres = Mefs + (2-12)

(Yrops) -

The from the FMR measurement obtained data resembles a complex Lorentzian function.
From this Hes as well as the linewidth AH can be extracted for each frequency of the
oscillating field. From the frequency dependence of the resonance field, the g-factor as well
as the effective magnetization Mg can be determined by fitting the data with [51]

h
poHo = f - —— + poMess- (2.13)
guB

10
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Moreover, by fitting the frequency dependence of the linewidth by [51]
20h
poAH = —— - froHinn (2.14)
gHB

the Gilbert damping o and the inhomogeneous linewidth broadening H;,, can be ex-
tracted. Therefore, broad-band FMR is a usefull technique to determine the dynamic prop-

erties of magnetic materials and devices.

2.6. Pt/Y3;Fes042/Pt Heterostructures

The main task of this thesis is the fabrication of vertical HM/FMI/HM heterostruc-
tures with a high spin current transparency at the HM/FMI interfaces. In the recent
years, different vertical HM/FMI/HM heterostructures have been realized including
Au/Y3Fe5012/Au, FezO4/Pt based heterostructures as well as Pt/Y3Fes01,/Pt trilay-
ers [52-55]. In this work we concentrate on Pt/Y3;Fes01, /Pt heterostructures due to the
large spin-orbit coupling of Pt and therefore high spin Hall angle as well as beause of
the extraordinary microwave and electric properties of Y3Fe;012 (YIG). In such trilayers
a finite magnon-mediated magnetoresistance has been recently reported [56]. However,
the fabrication of Pt/YIG/Pt trilayers is not trivial since high crystalline YIG thin films de-
posited on top of a Pt layer are needed with a good interface quality, which has shown to
be challenging [57, 58, 62]. One promising method to fabricate Pt/ YIG/Pt heterostructures
is by using rapid thermal annealing to crystallize the YIG thin film, as has been shown by
Nozue et. al [55]. This has also already been investigated at WMI and further improved [58,
62] by introducing a two step annealing process as introduced in Ref. [59]. Therefore, this
is used as starting point for the fabrication of such vertical heterostructures in this thesis.

11






3. Sample fabrication

This chapter describes the sample fabrication via optical lithography using the laser writer
system PicoMaster 200, which is optimized for optical transparent materials with only a
lateral size of 5 mm x 5 mm in this study. Moreover, the technique of Ar-ion milling and the
lift-off process are discussed. During this study, a lift-off process is developed for pulsed-

laser thin film deposition.

3.1. Optical lithography

The samples in the frameqork of this thesis are fabricated by multiple steps of optical
lithography, different deposition techniques as well as lift-off and Ar-ion etching processes.
Arguably the most important technique in this thesis is the optical lithography to define
mesa structures on the sample. Therefore, it is crucial to understand the principle of optical
lithography. The sample, which undergoes optical lithography, is first cleaned in acetone
and isopropanol in an ultrasonic bath for 2min. Afterwards an optical-resist layer (AZ
MIR 701 from microchemicals) is spincoated on the sample surface and baked afterwards
at 90°C for 90 s. The resist layer is then checked for imperfections under a microscope with
a red LED, since the resist is only sensitive to blue light. The sample is then placed on the
vacuum chuck of the laser writer system PicoMaster 200.

The PicoMaster 200 system has a red and a blue laser. The blue laser functions as the writ-
ing module, which exposes the resist whereas the red laser is used for the focus capture.
The focus is measured by a so called focus-sum-voltage originating from the reflection on
the sample. In order to get a good writing result, a value of the focus-sum-voltage between
3 Vand 4V is optimal. Therefore, the red laser power needs to be adjusted for each sample
individually to achieve a good focus-sum voltage. For highly reflective samples a red laser
power of around 100 pW is sufficient, whereas for optical transparent substrates used in
this study, it has to be increased to around 350 ©W. Not only the correct red laser power
but also a very good resist quality and uniformity is crucial for accurate and reproduca-
ble results. However, the uniformity of the resist always becomes slightly worse towards
the sample edges. Thus, the auto sum-voltage setting is useful when writing structures
over a large area of the sample. This allows the PicomMaster 200 system to automatically
adjust the red laser power during the writing process to always get the desired focus-sum-
voltage. Moreover, this is very helpful when writing on different materials at once which
causes different reflections of the red laser and therefore requires different red laser powers.

Before starting the actual writing process the laser writer needs initial parameters. First the
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Figure 3.1.1.: Optical microscope picture of the alignment of the bottom and top Pt layers using
alignment markers. The alignment error is < 200 nm.

dimensions of the sample have to be set. The system is designed to be able to write on a
variety of sample dimensions from 5 x 5 mm? up to 200 x 200 mm?. Secondly, the writ-
ing method needs to be selected. The main writing mode is a line-by-line mode where the
structure design is rasterized and the write-head will write the design as the name suggests
one line after the other. There the rasterization size, which corresponds to the dimensions
of each "pixel" is set in the options as well as the scan speed which determines how fast the
write head will move over the sample. However, the scan speed is limited to a few distinct
settings with the slowest being 20 mms™!, which is used in this work. The second write
mode is a vector write mode. Therefore the structure design first needs to be converted
to a gerber file. This conversion determines the route the laser write head will take while
moving over the sample. In this mode the speed of the write head needs to be adjusted as

lis used. Which of those writing modes is benefi-

well. In this work a speed of 10 mms™
cial depends on the structure design as well as on the subsequent fabrication steps and the
used resist. When using a positive resist, as is done in this work, the line by line mode is
beneficial if a large area of the sample needs to get exposed, since there is no speed advan-
tage by the laser write head taking an optimized route. If only small areas of the sample
need to get exposed, the vector write mode is beneficial. This is due to a smaller possible
write speed in the vector write mode. However, the conversion into gerber files can cause
issues if a large number of structures is in one design file. Therefore it is advisable to create

an individual gerber file for each structure.

Before starting the writing process the exact sample position needs to be determined.
Therefore, the position of the top left corner is saved using a camera in the write head.
If alignment markers are on the sample, the PicoMaster 200 system can align the sample
automatically using an alignment recipe. In this recipe the design of the alignment markers
as well as the positions on the sample where the alignment markers should be are saved.
During the alignment it moves over the expected marker positions and determines their

actual position using image recognition. This corrects for any alignment error due to an
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3.2. Ar-ion milling

Figure 3.2.1.: Schematic of the Ar-ion milling process. The red layer corresponds to the photore-
sist and the green as well as the grey layer to the YIG and Pt layers, respectively.

imperfect alignment by placing the sample in the chuck and determining the top-left corner
position by hand, allowing for very good alignment of different layers as shown in the
optical microscope picture in Fig. 3.1.1. The alignment-error in this work is consistently
smaller than 200 nm. For the writing process additional settings, such as the size of the laser
spot and the attenuation need to be set depending on the accuracy needed. For the samples
fabricated in this thesis a laser spot of 300 nm is used as well as the high attenuation setting

2 is used for

providing the highest accuracy. Moreover, an energy density of 120mJcm™
the writing process. When these parameters are given to the laserwriting system, the laser
is focused on the middle of the sample. During this step, the adjustment of the red laser
power as well as the adjustment of the lens hight is done. Then the position on the sample
of the desired structure can be adjusted. Before starting the writing process the write head
will search for the focus in a but slightly shifted position compared to the start position.
Then the desired structure is written into the optical resist by exposing certain parts of
the sample to UV light. During the writing process the red laser is kept on the whole time.
This allows for an auto-focus and therefore small adjustments during the writing process.
After the exposure the sample is removed from the laserwriter and a post-exposure bake
is performed at 110°C for 90s in order to remove standing wave effects from interference
effects caused by the use of monochromatic light during the exposure [60]. Subsequently,
the sample is developed in the AZ 726 MIF developer from microchemicals for 60s with
two subsequent dips in a water bath for 20s each. In this step the exposed resist gets
removed whereas the not exposed resist remains on the sample surface. Next either a lift-

off process or Ar-ion milling is performed.

3.2. Ar-ion milling

If using Ar-ion milling the material is deposited before the optical lithography and etched
afterwards so that only the material on the not exposed parts of the sample remains. The
remaining resist can be removed with Acetone afterwards. In Fig. 3.2.1 a schematic of
the whole process is shown. A Pt/YIG/Pt trilayer on a substrate is coated as described
in Chapter 3.1 by a photoresist (left picture). The photoresist is then exposed and devel-
oped leaving only photoresist at the desired position of the sample (middle picture)). Then
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3. Sample fabrication
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Figure 3.2.2.: Optical microscope picture and scanning x-ray diffraction data of a
Pt/GdIG/ /GGG sample, patterned by optical lithography and subsequent
Ar-ion milling. The x-ray diffraction experiment was conducted at the IDO01
beamline of the European Synchrotron Radiation Facility with a beam size of
140 x 120 nm? at a photon energy of E = 7.938keV at the GdIG (444) Bragg peak.

Ar-ion milling is performed with subsequent removal of the remaining photoresist which
leaves only the substrate and the desired Pt/YIG/Pt strip structure.

To optimize the optical photolithography process using the PicoMaster 200 as well
as the Ar-ion milling process, several Pt/GdszFesO1; (GdIG) bilayer samples were fab-
ricated using different crystallographic orientations of the GdzGasO12 (GGG) substrate
(see Tab. A.1.2 in Appendix A.1). In Fig. 3.2.2 an optical microscope picture of a thus
obtained structure patterned by Ar-ion milling is shown (left image). The width of the
strips connecting the pads is 8 um and the pads itself are 100 pm x 100 pm. Furthermore,
small structures are located close to the pads and the strips. These samples are used for a
resonant elastic x-ray scattering (REXS) experiment at the ID01 beamline of the European
Synchrotron Radjiation facility (ESRF) raster-scanning the sample using a x-ray nanobeam
with dimensions of 140 x 120 nm?. A x-ray diffraction recorded at the GdIG (444) Bragg
reflection with an x-ray energy of 7.938keV, which corresponds to the Gd Ly absorption
edge [61], of the highlighted area of the sample is shown in Fig. 3.2.2 (middle image). Next
to the strips is a 2 x 3 pm? large rectangle which is in more detail investigated in the picture
on the right. The data reveals a good crystalline quality of the GdIG thin film in the center
of the rectangle with slightly decreased intensity of the GdIG (444) reflection towards the
edges of the structure. This might be due to the finite beam area or due to the Ar-ion
milling and a worse resist quality at the edges. However, Fig. 3.2.2 demonstrates a high
crystalline quality of epitaxial thin films even after Ar-ion milling processes lasting more
than 10 min. Furthermore, structures with a few pm in size exhibting sharp edges can be
realized with optical lithography using the PicoMaster 200 and subsequent Ar-ion milling.

16



3.3. Lift-off process

3.3. Lift-off process

e o e

Figure 3.3.1.: Schematic of the lift-off process. The red layer corresponds to the photoresist.

The lift-off process differs to the Ar-ion milling process in the way that the material is
not deposited before the optical lithography but afterwards. Therefore, the material is
deposited on top of the resist layer except for regions on the sample which are exposed
by UV. This process is schematically shown in Fig. 3.3.1. First the sample is cleaned and
coated by the resist (left image). Thereafter parts on the resist necessary for the desired
structure are exposed by UV light and subsequently developed (left middle image). Then
the material is deposited on the sample. Thus, the material is only deposited on the sample
surface on parts that have been exposed (right middle image). After deposition the lift-
off process is performed by putting the sample in a 70°C hot Acetone bath for 15 min.
During this time the resist layer under the deposited material is dissolved. Afterwards the
ultrasonic bath is switched on for 1 min. During this time the material is lifted off from
the sample and only the desired structure is left on the sample (right image). Within this
thesis, this technique is not only used for sputter deposited thin films but also together
with pulsed laser deposition.
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4. Fabrication of patterned Pt/Y3Fe;02/Pt
heterostructures

This chapter deals with the optimization of the fabrication of vertical, patterned

Pt/Y3Fe501, /Pt heterostructures. To this end the samples are characterized via their struc-
tural and magnetic as well as magnetotransport properties in form of angle dependent
magnetoresistance measurements (ADMR) of the top and bottom Pt layers. These find-
ings are then compared to previously reported results and existing literature for further

optimization.

4.1. Fabrication of patterned Pt/Y3Fe5012/Pt heterostructures
by etching

Starting form the results of the bachelor thesis of Christian Mang [62] patterned Pt/ YIG/Pt
heterostructures are fabricated by Ar-ion milling of an in-situ deposited Pt/ YIG/Pt hetero-
structure. As a substrate serves Gd;GasO1; (GGG) oriented in (001) direction, since it has
a very low lattice mismatch with Y3Fe501 (YIG) of only 0.03% [63]. The Pt layers are de-
posited via electron beam evaporation (EVAP) with a rate of 0.4 As™1 (see Appendix A.3.2).
The YIG thin film is deposited by pulsed laser deposition (PLD) (see Appendix A.3.1) at
room temperature in an Ar atmosphere of pa, = 25 pbar to minimize oxidation of the lower
Pt layer. 20000 pulses with a frequency of 10 Hz and a target fluence of 2 J cm ™2 are used,
which corresponds to a YIG thickness of about 25 nm. Subsequently, the sample is annealed
in the PLD chamber using an infrared heating laser, which is performed in the same Ar at-
mosphere as the PLD process, leading to crystallization of the YIG film. For the annealing
of the YIG layer a two step rapid annealing process is used which promises crystallization
of YIG on the bottom Pt layer with an expected reduced diffusion of ions at the Pt/YIG
interfaces [55, 59]. In Fig. 4.1.1 the time evolution of the temperature during annealing is
shown which has already proven to be able to produce crystalline YIG thin films on Pt lay-
ers [62]. The sample is first heated within 45 s to a temperature of 7' = 350 °C where it stays
constant for 100 s (first annealing step). During this time the YIG thin film forms seed crys-
tals from which amorphous parts can crystallize in the second step [59]. In the second step
the temperature is increased to 600 °C and kept constant for 10s. All these steps were per-
formed in-situ without breaking the vacuum in our PLD ultra-high vacuum (UHV) cluster.

The thus fabricated trilayer is then investigated regarding its structural properties in a high
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Figure 4.1.1.: Temperature progression during the two step rapid annealing process. The re-
gions with constant temperatures correspond to the two steps.

resolution x-ray diffractometer (see Appendix A.4.1).

In Fig. 4.1.2 the x-ray diffraction (XRD) and x-ray reflectometry (XRR) as well as an XRR
simulation are shown. The XRD measurement (cf. Fig. 4.1.2 (a)) shows a clear GGG (004)
substrate reflection. However, there is no YIG reflection visible. Thus, there is no indica-
tion of a recrystallization of the YIG layer. This is similar to the results for inverted YIG/Pt
bilayers fabricated in an Ar-atmosphere by C. Mang [62]. The expected position of the YIG
(004) peak indicated by the vertical dashed line in Fig. 4.1.2 (a) is calculated by using the
lattice constant ayig it = 1.2376 nm [64]. The XRR data (cf. black line in Fig. 4.1.2 (b)) shows
clear Kiessig fringes from which the thickness as well as the roughness of the layers can be
determined. To this end the XRR data are simulated using the LEPTOS software pack-
age. The main input parameters are the layer sequence with respective layer thickness and
roughness as well as the densities of the layer materials. By adjusting the thicknesses as
well as the roughnesses of the layers the simulation and the measured data can be matched.
In this Pt/YIG/Pt/ /GGG heterostructure the density of the YIG had to be adjusted as well
in order to get a good simulation result. The thus obtained thickness and roughness of the
bottom Pt layer are tp; por = (1.7 £ 0.3) nm and Rp; pot = (0.29 £ 0.05) nm respectively.
Furthermore, we obtain a thickness of the YIG layer of tyjg = (5.5 & 0.3) nm with a rough-
ness of Ryig = (0.29 + 0.05) nm and thickness of the top Pt layer of tpt, 1op = (2.7 £ 0.2) nm
with a roughness of Rpy, 1op = (0.27 & 0.06) nm. Despite of a number of 20000 pulses used
during the deposition of the YIG layer, only a thickness of (5.5 + 0.3) nm is obtained by
the simulation of the XRR data, which demonstrates a very small growth rate during the
deposition of the YIG layer in this sample.

To perform electrical transport measurements the sample is patterned into mesa-
structures using optical lithography and subsequent Ar-ion milling as described in Chap-
ter 3. In Fig. 4.1.3 a schematic as well as an optical microscope picture of the patterned
sample are shown. The width of the 300 pm long Pt/YIG/Pt stripes increases from left to
right form 1 pm to 5 pm.
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4.2. Fabrication of Pt/YIG/Pt heterostructures by using a lift-off technique for the Pt and
the YIG layers
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Figure 4.1.2.: Structural properties of a Pt/ YIG/Pt/ /GGG heterostructure. The out of plane 26-
w scan is shown in (a). In (b) the x-ray reflectometry scan (black line) is plotted
against the 20 angle. From the simulation (red line) the thickness and roughness of
the layers is determined. For the simulation a Pt/ YIG/Pt/ /GGG heterostructure
with increased density of the YIG layer is used.

In order to measure the electrical resistance of the strips, Al wire bonding is used for
electrical connection. However the Pads connected by the strips had no electrical contact.
Therefore, the Pt stripes have an open contact, which might be caused by the Ar-ion milling
and/or the in-situ fabrication of the Pt/YIG/Pt heterostructure.

The non-crystalline YIG layer and the discontinuous Pt strips as well as the absence
of ferrimagnetic order in similarly fabricated Pt/YIG bilayers by C. Mang [62] call for
modification of the fabrication process of patterned Pt/ YIG/Pt heterostructures. We there-
fore used an ex-situ lift-off process discussed in Chapter 3 to fabricate vertical, patterned
Pt/YIG/Pt structures. This allows for electrical measurements of the Pt layers after each
fabrication step and allows to bring the YIG layer in direct contact with the substrate which

might improve the crystalline quality of the YIG layer.

4.2. Fabrication of Pt/YIG/Pt heterostructures by using a lift-off
technique for the Pt and the YIG layers

As a first optimization step we use the lift-off technique as described in Chapter 3. This,
however leads to a more complex fabrication process and results in breaking of the vacuum
for each lift-off process leading to ex-situ interfaces. The fabrication is now divided into 5
steps where between the first 4 steps optical lithography is performed. First, alignment
markers made of Pt for subsequent lithography steps are deposited via sputtering and lift-

21



4. Fabrication of patterned Pt/Y3Fe50;,/Pt heterostructures

Figure 4.1.3.: (a) Schematic of the structure design used for etching. (b) Optical microscope
picture of a finished sample produced by etching. The thickness of the small Pt
strips between the contact pads increases from left to right from 1 pm to 5 pm.

off onto the substrate. These are crucial since the top and bottom Pt strip are only a few
pm wide and need to be aligned exactly on top of each other. Next the bottom Pt layer is
deposited via sputtering in the SUPERBOWL system (see Appendix A.3.3) with a following
lift-off step. Afterwards the YIG and top Pt film are deposited via PLD at room-temperature
and EVAP in-situ without breaking the vacuum followed by another lift-off process. As a
last step the sample is annealed in the PLD chamber via the two step rapid annealing
discussed in Chapter 4.1. In Fig. 4.2.1 (a) a schematic drawing of the used structure design
is shown. The bonding pads are moved to the side compared to Fig. 4.1.3 which leads
to direct contact between the YIG thin film and the substrate. This might lead to a better
formation of seed crystals in the first annealing step, from which in the second step the
YIG film on top of the Pt strip gets crystallized starting from both bond pads. Moreover an
optical microscope picture of the sample before the YIG and top Pt deposition (Fig. 4.2.1 (b))
as well as well as a picture taken after the YIG and top Pt deposition and subsequent lift-
off (Fig. 4.2.1 (c)) is shown, proving that lift-off can be performed even after a PLD process
where molecules with high kinetic energy hit the resist. This structure, however, does not
give a finite XRD signal above the noise level since the deposited material covers only a
small area of the sample.

The resistance of the bottom Pt strip is measured before the deposition and annealing
of the YIG layer as well as afterwards. The hence calculated resistivity of the bottom Pt
strip before annealing is ppefore annealing = 6-96 X 10~7 Q2 m which is similar to previously
reported values by Althammer et. al [14], whereas it increases significantly to pafter pLD =
1.05 x 1073 Qm after the PLD process and subsequent annealing. Moreover, the top Pt
stripe does not show a finite conductivity between the contact pads. Therefore, further
optimization of the structure is required.
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4.3. Fabrication of Pt/YIG/Pt heterostructures by using a lift-off technique solely on the

Pt layers
(b)
© ——

Figure 4.2.1.: (a) Schematic drawing of the used sample structure for the samples produced by
lift-off process. Optical microscope picture (b) of the bottom Pt layer before YIG
deposition as well as (c) of a finished sample after the lift-off process for the YIG
and top Pt layer. b indicates the bottom Pt layer and ¢ the top Pt/YIG bilayer.

4.3. Fabrication of Pt/YIG/Pt heterostructures by using a lift-off
technique solely on the Pt layers

In order to improve the conductivity of the Pt strips as well as the crystalline quality of
the YIG layer, the YIG layer is now deposited over the whole sample surface. This leads
to an encapsulation of the bottom Pt layer which might improve the stability during the
PLD and annealing process as well as the crystallization of the YIG on top of the Pt strip
due to the contact to the substrate along the whole strip length. This further increases
the area of the YIG layer in direct contact to the garnet substrate as well as reduces the
distance of the crystallization front needed to cover the YIG layer above the bottom Pt
strips. This might further increase the crystallinity of the YIG layer. Moreover, the top Pt
strip is deposited after the YIG deposition and subsequent annealing. This might improve
the conductivity of the top Pt strip. Additionally, covering the whole substrate surface
with YIG allows for investigation of the structural properties of the YIG thin film by XRD
and XRR measurements. However, this results in an ex-situ interface of YIG and the top
Pt strip, due to the necessary optical lithography step for the top Pt layer after deposition
and annealing of the YIG layer. To increase the transparency of the spin current between
the YIG layer and the Pt strip, the top Pt layer is now deposited via dc-sputtering in the
SUPERBOWL system (see Appendix A.3.3) since this deposition technique was proven to
result in a high spin Hall magnetoresistance amplitude using ex-situ interfaces [65]. A
schematic drawing of the now used structure as well as an optical microscope picture of a

finished sample is shown in Fig 4.3.1.

In Fig. 4.3.2 (a) the structural properties investigated by XRD are shown. The substrate
GGG (004) reflection is clearly visible. Contrary to before in Fig. 4.1.2 (a) there are small
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1000.00um|

Figure 4.3.1.: (a) Schematic of the sample design used for the heterostructure with the YIG film
covering the whole surface. (b) Optical microscope picture of a finished sample
with two additional Hall bar mesa structures.

shoulders indicated by arrows visible next to the substrate peak. Moreover, the substrate
peak shows a slight asymmetry. This can be attributed to a YIG (004) reflection hidden
underneath the substrate reflection, which indicates crystalline growth of the YIG layer.
The expected position of the YIG (004) reflection is again indicated by the dashed vertical
line. In Fig. 4.3.2 (b) the measured XRR data (black line) as well as a simulation of the data
(red line) are shown. For the simulation, a YIG/ /GGG sample has been used since in the
experiment no fringes originating from the 5 nm thin Pt layers are visible due to the very
small area covered by Pt compared to to the area of the whole sample. From the simulation
the thickness of the YIG layer is determined to tyjg = (25.7 £ 0.2) nm and the roughness
to Ryic = (0.48 £ 0.02) nm, respectively. This thickness is reasonable taking the number of
pulses during the PLD process into account.

The resistance of the bottom Pt layer is again measured before the YIG deposition and
annealing as well as afterwards. The resistivity of the bottom Pt layer before the YIG depo-
sition is ppefore pLD = 9-63 x 10~7 Q@ m which increases to pafier prp = 2.57 x 1072 Q m after de-
position and annealing. However, the resistivity of the top Pt layer is pgop = 1.60x 1077 Qm
which is slightly smaller than previous results for similarly thin Pt layers [14]. This indi-
cates that the PLD process or the annealing step are possible causes for the increase in the
resistivity of the bottom Pt layer.

To determine which of these two is the reason for the increase in resistivity, the het-
erostructure is fabricated with the same parameter but without the two step annealing pro-
cess. In Fig. 4.3.3 (a) the XRD measurement is shown in which only the substrate GGG (004)
reflection with no contribution from the YIG layer is visible. This is expected since the YIG
layer is deposited at room temperature without subsequent annealing and therefore amor-
phous. Furthermore, in Fig. 4.3.3 (b) the XRR measurement (black line) is shown as well
as the simulation of the data (red line). For the simulation a YIG//GGG sample sequence
is used, since the Pt layer is again not visible in the XRR data. Furthermore, the density
of the YIG had to be increased to pyjc = (7.2 £ 0.2) gem ™ to get a better match between
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Figure 4.3.2.: Structural properties of a Pt/YIG/Pt/ /GGG trilayer with the YIG layer covering
the whole sample. (a) Out of plane 20 — w scan and (b) x-ray reflectometry scan.
From the simulation (red line) the thickness and roughness of the layers is deter-
mined. For the simulation a YIG/ /GGG sample sequence is assumed.

simulation and experimental data. However, it is clearly visible that the measured data
show some additional features around 1.5°, which could not be simulated using a single
YIG layer. This might be attributed to a finite reflection from the Pt pads and strips on the
sample. The thickness and roughness of the YIG layer are extracted from the simulation to
tyic = (24.9 +0.1) nm and Ryic = (0.23 + 0.05) nm.

The resistance of the bottom Pt strip of this heterostructure is only measured after the YIG
deposition since the Pt-resistance before the YIG deposition is expected to have the same
value as measured in the heterostructure with annealing. The resistivity of the bottom Pt
strip after the PLD process is ppot = 9.44 x 1072 Qm which is only slightly higher than
we expect for 5nm thick Pt films [14]. However, this is most likely caused by a higher
surface roughness due to the PLD process. Therefore, the annealing step seems to be the
main reason for the large increase of the Pt-resistance observed in the bottom Pt strip after
annealing. In this regard, the annealing temperature during the second annealing step
might be too high, since the temperature of the sample surface measured by an additional
pyrometer was reaching 702 °C during the second annealing step. This could lead to a
deformation of the Pt layer or even discontinuous Pt thin films which has been reported
for temperatures higher than 600 °C [66, 67]. Therefore the annealing temperature during
the second annealing step is reduced from 600 °C to 450 °C corresponding to a temperature
of the sample surface of approximately 570 °C.

However, this results in a worse crystalline quality of the YIG layer as there is no sign of
a crystalline YIG reflection visible in the XRD measurement shown in Fig. 4.3.4 (a). There
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Figure 4.3.3.: Structural properties of a Pt/ YIG/Pt/ /GGG trilayer without annealing of the YIG
layer. The out of plane 26-w scan is shown in (a). In (b) the x-ray reflectometry
scan is plotted against the 26 angle. From the simulation (red line) the thickness
and roughness of the layers are determined. For the simulation a YIG//GGG
sample sequence is assumed.

is only the GGG (004) reflection visible, indicating an amorphous YIG layer. The vertical
dashed line indicates the expected position of the YIG (004) reflection. In Fig. 4.3.4 (b) the
XRR data (black line) are shown together with the simulation (red line). To match the exper-
imental data the density of the YIG thin film had to be adjusted to pyig = (7.3 £ 0.2) gem ™3
in the simulation. In the experimental data the same feature around 1.5° as in Fig. 4.3.3
is visible, which most likely stems from the Pt layers, which are not taken into account
in the simulation. However, the thickness of the YIG film can be determined to be
tyic = (24.9 £ 0.2) nm and the roughness to be Ryjc = (0.513 £ 0.02) nm, which is similar
to the obtained thickness of the respective trilayer using a higher annealing temperature of
600 °C.

Measuring the resistance of the Pt strips reveals a resistivity of the bottom Pt strip of
Pbot, Pt = 9.49 X 107" Qm and Prop, Pt = 2.37 X 1077 Qm of the top strip, which is in the same
region as the expected value [14]. However, measuring the resistance between the two Pt
strips separated by the YIG layer reveals an electrical short between the two Pt strips, since
a similar value in the k()-range as along one single Pt strip was obtained. This is most likely
caused by pinholes within the 24.9 nm thin YIG layer.

Due to the lack in crystallinity of the YIG layer the substrate material is changed from
GGG to Y3Al5012 (YAG), since it promises better crystalline quality and lower surface
roughness at lower annealing temperatures [63]. By using a (001)-oriented YAG substrate,
a patterned Pt/YIG/Pt//YAG heterostructure is fabricated using the same steps as before
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Figure 4.3.4.: Structural properties of a Pt/YIG/Pt/ /GGG trilayer using a reduced annealing
temperatures of 450 °C for the crystallization of the YIG layer. The XRD and XRR
data are shown in (a) and (b), respectively. From the simulation of the XRR data
(red line) the thickness and roughness of the layers is determined. For the simu-
lation a YIG/ /GGG layer sequence is assumed.

with a maximum temperature during the annealing step of 450 °C. The structural prop-
erties of this patterned Pt/YIG/Pt heterostructure are shown in Fig. 4.3.5. The XRD scan
(Fig. 4.3.5 (a)) shows the YAG (004) substrate reflection as well as a clear YIG (004) reflec-
tion with Laue oscillations indicating a coherent crystalline growth of the YIG layer. The
20 angle of the YIG (004) reflection is determined by a Gaussian fit. From this 26 angle
the lattice constant of the YIG layer is calculated to ayjc = (1.239 £ 0.005) nm, which is
within the margin of error to the literature value of ayig, 1ix = 1.237nm [64]. This demon-
strates, that the YIG layer grows fully relaxed on the YAG substrate. The rocking curve
shown in the inset of Fig. 4.3.5 (a) displays a double peak structure with a full width at half
maximum (FWHM) of wrwrm = (0.381 £ 0.003)° whereas the thin peak has a FWHM of
wrwhM = (0.01722+0.0009)°. This indicates a mosaic spread of the YIG thin film, which may
be resulting from the large lattice mismatch of YIG to YAG of 3%. It might also be a result
of the two step annealing itself since during the first step seed crystals are created which
might be polycrystalline on which the YIG crystallizes during the second step [59]. How-
ever, the very thin peak of the rocking curve as well as the finite thickness fringes visible in
the 20-w scan together with a high intensity of the YIG (004) reflection demonstrate a high
crystalline quality of most of the YIG layer. In the reflectometry data shown in Fig. 4.3.5 (b)
clear fringes stemming from Pt are visible. The reason why these larger fringes are visible
now might be due to the additional Hallbar mesa structures (see Fig. 4.3.1) increasing the
area of the Pt on the top surface. Therefore, a Pt/YIG//YAG stack is used for the simula-
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Figure 4.3.5.: Structural properties of a Pt/YIG/Pt//YAG heterostructure fabricated using an
annealing temperature of 450 °C for the crystallization of the YIG layer. The out
of plane 26-w scan is shown in (a). The inset displays the rocking curve around
the YIG (004) reflection. In (b) the x-ray reflectometry scan is plotted against the
20 angle. From the simulation (red line) the thickness and roughness of the layers
is determined. For the simulation a Pt/YIG//YAG heterostructure is assumed.

tion of the XRR data, since the bottom Pt only covers 1.4% of the sample whereas the top
layer covers 5.4%. Thus, a larger contribution from the top Pt layer is expected. However,
at small angles the simulation and the experimental data show a rather big discrepancy.
A sharp decrease in intensity is visible in the experimental data, whereas in the simula-
tion the decrease is much shallower. This can be attributed to the fact that the Pt layer is
not covering the whole sample, but only the spots where the pads and strips as well as
were the hallbars are located which can’t be simulated by the LEPTOS software. Except
for this 26-range, the simulation matches the experimental data well and the determined
values for the YIG and Pt thicknesses as well as the roughnesses are tyig = (37.9 £0.2) nm,
tpr = (4.6 £0.1) nm, Ryjc = (0.30 £ 0.02) nm, and Rp; = (0.27 & 0.02) nm, respectively.
The thickness of the YIG layer is about as thick as expected for the used number of pulses.
Moreover, the Pt layer is in good agreement with the set thickness of 5 nm during the sput-
tering process.

The structural properties of the YIG and top Pt layer are additionally investigated by
atomic force microscopy (AFM) (see Appendix A.4.2). In Fig. 4.3.6 the taken AFM image of
the top Pt layer (a) and of the YIG layer (b) is shown. The Pt layer shows a relative smooth
surface with some grains with a maximum peak height of 8.6 nm and an approximate di-
ameter of 500 nm. The root-mean-square (RMS) roughness of this layer is determined to
Rrwms, e = 1.05nm. This is quite high compared to the roughness determined by the XRR
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Figure 4.3.6.: Atomic force microscopy pictures of (a) the top Pt layer as well as (b) the YIG film
of the Pt/YIG/Pt//YAG sample.

measurement. However, this might be attributed to the accuracy of the XRR simulation of
the Pt layer since the area covered with Pt is small compared to the whole sample surface.
Another reason might be that the AFM measurement shows a very locally limited area,
whereas the XRR measurement averages over the whole sample. The AFM image of the
YIG film shows a smooth surface with an RMS roughness of Rrums,yic = 966 pm and a
single but quite high peak with a height of 27.4nm. Compared to the XRR measurement
the roughness determined by the AFM measurement is again higher. This might be due
to the fact that the grain visible in Fig. 4.3.6 (b) is not detectable via the XRR measurement
due to the averaging over a large area. By masking the large grain the RMS roughness is
with RyiG without peak, RMs = 633 pm still a factor of 2 larger than the by XRR distinguished
value. However, there are still some smaller peaks with a maximum peak height of 5.9 nm.
Therefore, these values are not in contradiction with each other, but a result of different

measurement techniques.

4.3.1. Magnetic properties

Since the structural properties of the patterned Pt/YIG/Pt//YAG heterostructures are
promising, the magnetic properties of the YIG thin film are investigated. Therefore SQUID
(superconducting quantum interference device) magnetometry (see Appendix A.4.4) as
well as ferromagnetic resonance (FMR) (see Appendix A .4.5) measurements are performed.

In Fig. 4.3.7 the magnetization hysteresis loop measured at room temperature (black
curve) as well as at 10 K (purple curve) of a Pt/YIG/Pt trilayer with a YIG thin film fabri-
cated by the two step rapid annealing method are shown after subtraction of the diamag-
netic contribution form the YAG substrate. Fig. 4.3.7 (a) shows the field range from —1 T to
1 T from which the saturation magnetization is determined to Ms 300k = (100 +2) kAm~!
for the measurement at room temperature. This is in agreement with previous results for
YIG layers deposited on a YAG substrate [57, 68]. However, compared to the literature
value of bulk YIG at room temperature Mgy = 143 kA m~! the determined value is slightly
lower [69]. This might be due to the lower crystalline quality compared to YIG thin films
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Figure 4.3.7.: (a), (b) Magnetization curves measured at 300 K (black data) and 10K (purple
data) of Pt/YIG/Pt//YAG sample with the YIG layer fabricated with the two
step rapid annealing. The field is applied in the film plane and the diamagnetic
contribution of the YAG substrate is subtracted.

on lattice matched GGG substrates (c.f. inset in Fig. 4.3.5 (a)) resulting in a higher dis-
order of magnetic moments. Furthermore, Al-diffusion from the YAG substrate into the
YIG thin film during the annealing process might be possible in regions, where the YIG
layer is in direct contact with the YAG substrate [57]. Al-doping of YIG leads to an an-
tiferromagnetic ordering which reduces the saturation magnetization. In Fig. 4.3.7 (b) a
zoomed in view around the zero field is shown. From this the coercive field is deter-
mined to ppH. = (3.3 £ 2.5) mT at 300K. This is in agreement with reported coercive
fields between 1mT and 15mT [68]. At 10K the saturation magnetization increases to
(163.6 + 0.7) kAm™!, which is slightly lower than the saturation magnetization reported
for a bulk YIG sphere at 10K [70], but in good agreement with results for YIG thin films
grown on YAG substrates by S. Altmannshofer [68]. Interestingly, at 10K the hysteresis
is shifted towards negative applied magnetic fields resulting in a coercive field for nega-
tive fields pipH.. = (66.6 = 2.5) mT and poHe = (18.9 + 2.5) mT for positive fields. With
these values an exchange bias of 119 Hex = (23.8 £ 5) mT can be calculated. This might be
caused by the aforementioned diffusion of Al from the YAG substrate into the first few YIG
monolayers creating a YsFes. Al,O1, phase, which causes antiferromagnetically ordered
monolayers at low temperatures in the vicinity of the YIG//YAG interface, which interact
with the ferrimagnetic moments of the YIG by pinning them, resulting in an exchange bias
[71]. However, the here determined exchange bias is much larger than previously reported
values for YIG thin films grown on YAG substrates [68, 71]. It has also been shown by
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Geprégs et. al that a finite Pt moment is induced by intermixing of YIG with the bottom Pt
layer [57]. This might also result in the formation of a Pt;Fe alloy which has been shown to
order antiferromagneticaly at low temperatures [72]. However, this would be only a small
contribution to the overall measured magnetic moment, due to the small area of the YIG
layer in direct contact with Pt.
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Figure 4.3.8.: Result of broadband FMR measured in out-of-plane geometry of (a), (b) a sample
with YIG fabricated via two-step rapid annealing process, (c),(d) a YIG thin film
on YAG substrate fabricated via the ‘standard” PLD-fabrication process at finite
substrate temperature in argon atmosphere as well as (e), (f) on a YAG substrate
fabricated via the 'standard’ fabrication process in oxygen atmosphere. In (a),(c)
and (e) the resonant magnetic field 1o Hres Whereas in (b), (d) and (f) the linewidth
of the resonance poAH is plotted as a function of frequency f.

Additionally, the Pt/YIG/Pt sample is investigated regarding ferromagnetic resonance
(FMR) in order to investigate the magnetization dynamics of the YIG thin film. As ref-
erence samples a YIG layer fabricated by the two step rapid annealing process and two
YIG//YAG samples which were fabricated via the standard PLD-procedure with a sub-

strate temperature of 450 °C in either a pure argon or pure oxygen atmosphere with a pres-
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sure of 25 pbar, respectively, are investigated.

The latter two reference samples are necessary, since previous works have shown that
the magnetic properties of the YIG thin film can vary depending on the atmosphere used
during fabrication [58, 62, 63]. In Fig. 4.3.8 the out-of plane FMR resonance field j1g Hres( f)
and linewidth ;10 AH(f) as function of frequency f of a sample with a YIG thin film fab-
ricated by (a), (b) the two-step rapid annealing, (c), (d) by the standard PLD-process at
finite temperatures in oxygen atmosphere, (e), (f) as well as by the standard PLD-process
in argon atmosphere are shown. The frequency dependent resonance fields are shown in
Figs. 4.3.8 (a), (c) and (e). These are fitted using the Kittel equation (Eq. (2.13) from Chap-
ter 2.5) (red line) from which the g-factor as well as the effective magnetization 1o Mg =
poMs — poHani, where g M is the saturation magnetization and i Hani is the anisotropy
field, are extracted. This yields a g-factor of (1.951 + 0.002) and an effective magnetization
of p1oMegs = (86.4 £ 0.1) mT for the YIG film fabricated by the two-step rapid annealing, a
g-factor of (1.946 + 0.001) and an effective magnetization of pgMecg = (83.0 £ 0.5) mT for
the reference sample fabricated in oxygen atmosphere, and a g-factor of (1.924+0.001) and
an effective magnetization of o Megr = (123.21+0.8) mT for the reference sample fabricated

in argon atmosphere.

Comparing these values the g-factor stays approximately constant for the different fabri-
cation techniques. However, the effective magnetization shows an increase in the in argon
deposited reference sample. This might be due to oxygen vacancies in the YIG thin film,
which might lead to a change in anisotropy.

In Figs. 4.3.8 (b), (d), (f) the extracted resonance linewidths pinAH (f) as well as a linear
fit by equation (2.14) from Chapter 2.5 (red line) are shown for the samples with different
fabrication processes of the YIG layers: post-deposition two-step rapid annealing process
(Fig. 4.3.8 (b)), standard PLD-deposition in oxygen atmosphere (Fig. 4.3.8 (d)) and standard
PLD-deposition in argon atmosphere (Fig. 4.3.8 (f)). The reference samples show a clear lin-
ear dependency for frequencies greater than 20 GHz and are therefore in good agreement
with the fit whereas at lower frequencies they show a non-linearity. From the fit the Gilbert
damping « as well as the inhomogenous linewidth broadening 119 Hin1, are determined to be
aop = (1.374£0.41) x 1073, poHinn, 02 = (24.6£1.1) mT for the in oxygen atmosphere fabri-
cated YIG layer and aa, = (3.1440.28) x 1073, 1o Hinh, ar = (16.1£0.8) mT for the YIG layer
fabricated in an argon atmosphere, respectively. However, the YIG film fabricated with the
two step rapid annealing method shows a rather constant but noisy frequency dependency:.
From the fit the Gilbert damping is determined to o = (0.07 £ 0.61) x 1073 and the inho-
mogeneous linewidth is poHinn = (28.6 £ 1.3) mT. Comparing the thus obtained values
with the FMR data of the two reference YIG layers shows that the YIG layer fabricated by
the two step rapid annealing has a lower Gilbert damping than both reference samples.
Due to the rather noisy dataset, care has to be taken in the interpretation of these values.
However, the inhomogeneous linewidth broadening is more similar to the film fabricated

in oxygen atmosphere than to the one fabricated in argon atmosphere. Therefore, we ex-

32



4.3. Fabrication of Pt/YIG/Pt heterostructures by using a lift-off technique solely on the
Pt layers

pect the sample to have a similar magnetization dynamic than YIG thin films fabricated
at a finite substrate temperature in oxygen atmosphere. Comparing the here determined
values of the effective magnetization, the Gilbert damping as well as the inhomogenous
FMR linewidth, with previous results of YIG films on a GGG substrate, shows an increase
in the effective magnetization and the inhomogenous FMR linewidth [21, 24], which might
be due to strain in the YIG thin film grown on YAG due to the lattice mismatch of 3.13%
between YIG and YAG and the so induced strain in the YIG thin film [73]. The Gilbert

damping however is in good agreement with previous results.

4.3.2. Magnetotransport properties

In addition to the bulk magnetic properties of the Pt/YIG /Pt sample, the interface proper-
ties between Pt and YIG are investigated by angle-dependent magnetoresistance (ADMR)
measurements. For doing so, a current is applied by a Keithley 2400 sourcemeter along
the Pt strip or along a Hallbar and the longitudinal voltage is measured using a Keithley
2182 Nanovoltmeter. For the measurement the so called current reversal technique is used,
where the applied current polarity is reversed several times. This allows for extraction of
the thermal voltage contribution and the electrical voltage contribution. For details about
the dc-current reversal technique as well as the extraction of the electrical and thermal volt-
age contribution see Appendix A.2 The applied external magnetic field is rotated in three
different planes which are in-plane (ip), out-of-plane perpendicular to the current direction
Jj (oopj) and out-of-plane perpendicular to the transverse direction t (oopt). In Fig. 4.3.9 the
electrical voltage of the ADMR measurement performed on a Hallbar on the top Pt layer
with a width of 80 pm and length of 600 pm (a)-(c) as well as on the bottom Pt layer (d)-
(f) measured along a 1 um wide and 200 pm long strip via a four-point measurement are
shown. An applied magnetic field magnitude of 0l = 7T, well above the saturation
field (cf. Fig. 4.3.7) as well as an applied current of Iop = 100 nA at the Hallbar of the top
Pt layer and I,ot = 20 nA for the bottom Pt strip was used to reduce heating effects, since
the Hallbar on the top Pt layer is much wider than the Pt strips. The measured data are fit-
ted using the angle-dependence of the spin Hall magnetoresistance (SMR) and anisotropic
magnetoresistance (AMR) (see Chapter 2.3.1). Where ideally the SMR only contributes in
ip and oopj rotations and the AMR only contributes in ip and oopt rotations (see Chap-
ter 2.3.1 and Chapter 2.3.3). However, since Pt is a nonmagnetic material, we do not expect
any AMR contributions in an ideal Pt/YIG/Pt heterostructure.

The longitudinal resistivity piong is calculated from the electrical voltage contribution
and normalized to po = plong H|t- The resistivity of the top Pt layer is determined to
Prop Pt = 3.15 x 1077 2 m whereas the bottom Pt layer shows a slightly increased value of
Pbot Pt = 5.27 x 1077 Qm. This might be caused by an increased surface roughness due to
the deposition of YIG via PLD. However, both determined values are still in good agree-
ment with previous results [13]. The ADMR measurements of the top Pt layer (Fig. 4.3.9 (a-
c)) reveal the in Chapter 2.3.1 described cos? dependence of pjong While rotating the mag-
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netic field in the ip and oopj plane (Figs. 4.3.9 (a) and (b)) of piong at all temperatures.
However, while rotating the magnetic field in the oopt rotation plane (Fig. 4.3.9 (c)) a small
but finite angle-dependence of pjong is observed above 10 K.
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Figure 4.3.9.: Angle-dependent magnetoresistance measurements of a Pt/YIG/Pt//YAG sam-
ple on (a)-(c) the top Pt layer and on (d)-(e) the bottom Pt layer using a constant
magnetic field magnitude of ugH = 7T at 10K, 100K, 200K, and 300 K. The
magnetic field is rotated in three different planes: (a), (d) in-plane (ip), (b), (e) out-
of-plane perpendicular to the current direction j (oopj) and (c), (f) out-of-plane
perpendicular to the transverse direction t (oopt) as shown above. The data is
normalized to po = piong, m||¢-

Taking into account a small but finite misalignment of the sample during the ADMR
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Figure 4.3.10.: MR amplitudes determined from ADMR measurements performed (a) on a Pt
Hallbar on the top Pt layer and (b) on a Pt strip on the bottom Pt layer (b) of a
patterned Pt/YIG/Pt//YAG heterostructure at ;1o = 7 T at different temper-
atures. The magnetic field is rotated in ip (black squares), oopj (red circles) and
oopt (blue triangles) rotation plane. The lines are a guide to the eye.

measurements, the angle-dependence of piong can be well described in the framework of
the SMR theory (see Chapter 2.3.1). The ADMR data are fitted by cos® functions and the
obtained MR amplitudes Ap/pg are shown in Fig. 4.3.10 (a) as a function of temperature 7.
The MR amplitude extracted from ip- and oopj-rotations of the magnetic field have a value
of (0.572 & 0.006) x 10~* and (0.617 + 0.007) x 10~* at 300 K, respectively, and decrease
with decreasing temperatures. This is in agreement with previous results [13, 57]. In par-
ticular, the magnitude of the MR amplitude is similar to previous results obtained using
Pt/YIG bilayers fabricated by PLD and sputtering with ex-situ interfaces [65]. As obvious
from Fig. 4.3.10 (a), the MR-amplitude extracted from ip-magnetic field rotations is slightly
decreased compared to that of the oopj rotation, which might be due to the time delay of
2 months between the ip and oopj measurements and therefore a partial oxidation of the
top Pt layer. The ADMR measurements of the bottom Pt layer (Figs. 4.3.9 (d)-(f)) shows
a distinct angle-dependence of pjong in all three magnetic-field rotation planes. The data
are again fitted using cos? functions (solid lines) and the obtained amplitudes Ap/py are
shown in Fig. 4.3.10 (b). While the temperature dependence of the MR-amplitude of the
oopj-measurement is similar to that measured at the top Pt layer, a clear increase of the MR-
amplitude with decreasing temperature with a small change in slope at 150 K is observed
in the ip- and oopt-measurements. This might originate from a finite induced magnetic
moment in the bottom Pt layer due to intermixing at the interface which is caused by the
high kinetic energy of the atoms hitting the surface during deposition of YIG via the PLD
process as shown by Gepraegs et. al [57] for inverted Pt/YIG bilayers. This leads to a finite
AMR contribution and therefore a finite ADMR in oopt-magnetic field rotations. Further-
more, the clear kink observed in the temperature-dependence of the MR-amplitude of the
ip measurement can be explained by a superposition of the SMR effect as well as a finite
AMR contribution. Therefore, ADMR measurements on the bottom Pt layer reveal a su-

perposition of SMR and AMR demonstrating a finite Pt-magnetic moment, most probably
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caused by intermixing at the Pt/YIG interface.

4.4. Conclusion

In this chapter the fabrication of vertical, patterned Pt/ YIG /Pt heterostructure was investi-
gated and optimized. As starting point served the work of C. Mang [62]. Therefore, the first
Pt/YIG/Pt/ /GGG heterostructures were fabricated in-situ via electron-beam evaporation
as well as pulsed laser deposition followed by a subsequent two-step annealing resulting
in in-situ Pt/YIG interfaces. The Pt/YIG/Pt strips are then patterned using Ar-ion milling.
However, the YIG thin film was not crystalline and the Pt strips had no electrical con-
tact. Therefore, the fabrication was modified and the lift-off technique was used to define
Pt/YIG mesa structures. First, a patterned Pt/YIG/Pt sample was fabricated by using a
lift-off process for the bottom Pt layer and then for the top Pt/YIG bilayer. To this end,
for the first time a lift-off process was used together with pulsed-laser deposition, where
the molecules hit the photoresist with high kinetic energy. This results in an ex-situ in-
terface at the bottom YIG/Pt interface, but allowed for direct contact of the YIG thin film
with the GGG substrate. However, the Pt layers had a very high resistance after the PLD
process and the subsequent annealing. Therefore, the YIG layer was deposited over the
whole sample, further increasing the contact area between the YIG layer and the GGG sub-
strate. Moreover, the annealing step could be ascertained to be the reason for the increase
of the Pt resistivity. Thus a lower maximum annealing temperature of the YIG layer was
introduced and the top Pt layer was deposited ex-situ after annealing via sputtering. We
further changed the substrate material to YAG in order to achieve better crystalline qual-
ity of YIG at a lower annealing temperature. This results in Pt/YIG/Pt trilayers with a
good crystalline quality of the YIG layer as well as a good conductivity of both Pt lay-
ers. From these Pt/YIG/Pt heterostructures the magnetic properties were investigated by
SQUID magnetometry and FMR spectroscopy. The saturation magnetization is lower than
the bulk value, but still in agreement with previously reported values on YIG layers fabri-
cated via the standard PLD process at finite temperatures. At low temperatures, however,
a large exchange bias is found, which might be due to interdiffusion of Al into YIG re-
sulting in an antiferromagnetic YsFes5. Al O1» phase at low temperature. Broad-band FMR
measurements reveal a slightly increased effective magnetization as well as of the inhomo-
geneous FMR linewidth compared to YIG thin films deposited on a GGG substrate using
the conventional PLD-process at finite substrate temperatures, which might be mostly due
to the lattice mismatch of about 3% between YIG and the used YAG substrate. Moreover,
we demonstrated that YIG thin films fabricated at room temperature and subsequent two
step rapid annealing in Ar atmosphere are more similar to a reference sample fabricated
in oxygen atmosphere than a respective reference sample fabricated in Ar atmosphere us-
ing the standard PLD-process at finite substrate temperatures. Furthermore, the interface
quality of the top and bottom Pt layers to the YIG layer were investigated by ADMR mea-
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surements. The ADMR measurements of the top Pt layer showed an SMR like behavior
and therefore indicated a good interface quality. However, ADMR measurements at the
bottom Pt layer revealed an additional AMR most likely due to a FePt-alloy caused by an
intermixing at the bottom Pt/YIG interface. Additionally, an electrical short between the
bottom and the top Pt strip was measured. These two issues are addressed in the next
chapter by further optimization of the properties of the bottom Pt layer as well as changes
of the device layout.
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5. Optimization of the bottom Pt layer

The previous chapter revealed a finite AMR in the magnetotransport measurements of the
bottom Pt layer as well as electrical shorts between the bottom and top Pt layer. To further
optimize the YIG/Pt interface, a Ruthenium (Ru) buffer layer is introduced between the
bottom Pt layer and the YIG layer as well as between the YAG substrate and the bottom
Pt layer to minimize intermixing at these interfaces. In order to reduce electrical shorts
between the bottom and top Pt layer, the YIG layer thickness as well as the structure design
are modified in the following.

5.1. Minimizing interdiffusion between Pt and Y;Fes0, by Ru
buffer layers

In order to reduce the finite intermixing between Pt and YIG (see Fig. 4.3.9 (f)) a Ru buffer
layer is introduced first between the bottom Pt layer and the YIG layer and then addition-
ally between the YAG substrate and the Pt layer. This promises to improve the spin mixing
conductance [74] and might reduce the AMR signal [62] by reducing the intermixing of Fe
from the YIG layer and the Pt layer as well as of Al from the YAG substrate and the Pt layer.

5.1.1. Ru buffer layer between the YIG and the bottom Pt layer

In order to fabricate a patterned Pt/YIG/Ru/Pt//YAG heterostructure, a 1 nm thin Ru
layer is sputtered via dc-sputtering in-situ after the deposition of the bottom Pt in the
SUPERBOWL sputtering system (see Appendix A.3.3). Subsequently, the remaining pat-
terned Pt/YIG layers are fabricated as described in Chapter 4.3. The structural and mag-
netic properties of these heterostructures are investigated, followed by magnetotransport

measurements.

Structural properties

The structural properties are investigated by XRD and XRR measurements. In Fig. 5.1.1 (a)
the XRD data is shown. While the substrate YAG (004) reflection is clearly visible, the
YIG (004) thin film reflection with only a small intensity is observable. This indicates a
crystalline YIG layer with worse crystalline quality compared to Pt/YIG/Pt//YAG het-
erostructures without an additional Ru layer. In Fig. 5.1.1 (b) the XRR data are shown
(black curve) as well as the simulation by the LEPTOS software. For this simulation the
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Figure 5.1.1.: Structural properties of a patterned vertical Pt/YIG/Ru/Pt//YAG heterostruc-
ture. In (a) the out-of-plane 260 — w scan is shown. In (b) the x-ray reflectometry
scan (black curve) is displayed together with the simulation (red curve). From the
simulation (red line) the thickness and roughness of the YIG layer is determined.
For the simulation a YIG//YAG sample is assumed.

density of the YIG layer has to be increased to pyig = (5.7 + 0.1) gcm 3 in order to match
the experimental data. The reflectometry shows no wide fringes originating from the thin
Pt or Ru films most probably due to the small Ru/Pt area on the sample. Therefore, a
YIG//YAG layer sequence is assumed for the simulation. The thus obtained thickness of
the YIG layer is tyjg = (16.3 £ 0.2) nm with a roughness of Ryjc = (0.18 £ 0.05) nm. The
thickness value of the YIG layer is slightly lower than expected for 20000 pulses used for
the PLD process. The clear deviation of the experimental data to the simulation at 20 ~ 1.5°
can be attributed to a small but finite contribution from the Ru/Pt layer, which is not taken

into account in the simulation.

Magnetic properties

In Fig. 5.1.2 the magnetization curves of a Pt/ YIG/Ru/Pt/ /YAG heterostructure measured
at 10K and at 300 K are shown after the diamagnetic contribution from the YAG substrate
is subtracted. It is clearly visible that the saturation magnetization as well as the coerciv-
ity increase at low temperatures. Moreover the hysteresis is shifted to negative magnetic
fields. At 300K the saturation magnetization is determined to Mg = (119.3 4+ 1.5) kAm~1.
This is lower than the literature value of Ms ;; = 143kAm™! for bulk-YIG at room tem-
perature [69]. However, it is in agreement with previous results for YIG thin films grown
on YAG substrates [57, 63, 68] and slightly higher than the saturation magnetization of
Pt/YIG/Pt//YAG samples without Ru buffer layer (see Fig. 4.3.7). From Fig. 5.1.2 (b)
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the coercive field at 300K is determined to poH. = (6 £ 2.5) mT, which is similar to the
coercive field of Pt/YIG/Pt heterostructures (see Fig. 4.3.7). At 10K the saturation mag-
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Figure 5.1.2.: (a), (b) In-plane magnetization curves of the Pt/YIG/Ru/Pt//YAG sample. The
curves are recorded at 300 K (black curve) and 10K (blue curve). The field is
applied in the film plane and the diamagnetic contribution of the YAG substrate

is subtracted.

netization increases to Ms 10k = (189 & 2) kA m~! which is slightly lower than a previ-
ously reported value for a YIG sphere at 10K of Ms yiG sphere = 194kA m~! [70]. How-
ever, compared to other YIG thin films deposited on YAG substrates the here measured
saturation magnetization is increased [68]. Furthermore, the value is even higher than
for the respective Pt/YIG/Pt sample without Ru layer (see Fig. 4.3.7). The hysteresis at
10K is again shifted towards negative applied fields with poH. = —(80.8 £2.5) mT and
poHe+ = (45.5 £ 2.5) mT. Thus an exchange bias of pgHex = (17 £ 5) mT can be calculated,
which is similar to the exchange bias determined for patterned vertical Pt/YIG/Pt//YAG
heterostructures (compare Fig. 5.2.2 (b)). This magnetic field shift is most likely due to an
antiferromagnetic ordered layer at low temperatures. As discussed in the previous chap-
ter, it has been reported that Al interdiffusion from the YAG substrate into the first YIG
monolayers results in an antiferromagnetically ordered YsFes (Al Oq, phase at low tem-
peratures [71]. However, in this case only a small exchange bias in the order of a few mT
is reported, while the exchange bias of the Pt/YIG/Ru/Pt//YAG sample is one order of
magnitude larger [68, 71]. Another possibility is the formation of RuO,, which has been
reported to show an antiferromagnetic order [75]. Formation of RuO; might be possible
due to exposure to air of the Ru/Pt sample after the sputtering deposition to perform the
required lift-off process. Oxidation of the Ru layer might be also possible during the PLD
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5. Optimization of the bottom Pt layer

process due to oxygen emanating from the YIG target.
In order to investigate if the additional Ru buffer layer improves the interface quality
between the YIG thin film and the bottom Ru/Pt layer, demonstrated in a reduced AMR,

magnetotransport measurements are performed.

Magnetotransport properties of the bottom Ru/Pt layer

The magnetotransport properties of the bottom Ru/Pt layer are investigated by angle-
dependent magnetoresistance measurements (ADMR). Therefore a hallbar mesa structure
on the bottom Ru/Pt layer is connected via Al-wire bonding. The hallbar has a length of
400 pm between two bonding pads and a width of 80 um. The measurements are performed

analogous to the ADMR measurements discussed in Chapter 4.3.2.
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Figure 5.1.3.: Angle dependent magnetoresistance (ADMR) measurements of a vertical
Pt/YIG/Ru/Pt/ /YAG heterostructure on the bottom Ru/Pt bilayer patterned in
a Hall bar mesa structure. The measurements are performed at 10 K, 100 K, 200 K
and 300 K with an applied magnetic field magnitude of pioH = 7T. The magnetic
field is rotated (a) in the film plane (ip), (b) out-of-plane perpendicular to the cur-
rent direction j (oopj), and (c) out of plane around the transverse direction t (oopt)
as shown above.

In Fig. 5.1.3 the data of the ADMR measurements are shown. The applied current is
Iyt = 100pA and the applied external magnetic field magnitude is pgH = 7T which
is well above the saturation field (see Fig. 5.1.2). The field is rotated in the ip, oopj and
oopt planes as shown in the top part of Fig. 5.1.3. From the electrical voltage contribu-
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5.1. Minimizing interdiffusion between Pt and Y3FesO1, by Ru buffer layers

tion (see Appendix A.2) the longitudinal resistivity piong is calculated and normalized to
0 = Plong, Hjt- For the Ru/Pt layer pg is determined to po ry/pt = 7.07 X 10”7 Qm which
is larger than the resistivity of the bottom Pt layer of the respective Pt/YIG/Pt//YAG
sample (see Chapter 4.3.2). To explain this discrepancy a parallel circuit for the resis-
tances of the Pt layer and the Ru layer are assumed in the following. For the Pt layer
a resistivity of ppy = 3.06 x 1077 Qm [14] is assumed, whereas for the resistivity of the
Ru layer pgy = 1.5 x 1077 Qm [76] is used. This leads to an even lower resistivity of
PRu/pt = 2.6 x 1077 Q m. Therefore, the higher resistance of the Ru/Pt layer is most likely
caused by a larger resistance of the Ru layer due to oxidation and additional interface scat-
tering.

The ADMR measurements reveal a finite angle-dependence of pjong While rotating the
magnetic field in all three planes (ip, oopj, oopt). Thus, the data are fitted by cos? functions
and the extracted MR amplitudes Ap/pg are shown in Fig. 5.1.4.
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Figure 5.1.4.: MR amplitudes extracted by cos’-fits of the ADMR data of a vertical
Pt/YIG/Ru/Pt//YAG heterostructure with the Ru/Pt layers patterned into a
Hall bar mesa structure measured using a magnetic field magnitude of poH= 7T
and different temperatures. The magnetic field is rotated in the ip (black squares),
oopj (red circles), and oopt (purple triangles) rotation plane. The lines are guides
to the eye.

The MR amplitude measured while rotating the magnetic field in the oopj-plane (red
curve) shows a slight increase for decreasing temperatures until 150 K and decreases af-
terwards. This temperature dependence is similar to the expected temperature depen-
dence within the framework of the SMR theory, which we also observed in the respective
Pt/YIG/Pt//YAG sample for the bottom and top Pt layer (see Fig. 4.3.10). However, the
amplitude is more than a factor of two higher than the expected SMR-amplitude for ex-situ
interfaces (cf. Fig. 4.3.10 (a)). This and the slight increase of the amplitude might be due
to a finite interdiffusion of YIG in the Ru/Pt layer. This might result in a more complex
resistance network and therefore a finite AMR contribution visible also in the oopj-rotation
plane of the magnetic field [57]. However, the magnitude of the MR amplitude is lower
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5. Optimization of the bottom Pt layer

than the respective value of the Pt/YIG/Pt//YAG sample without Ru (cf. Fig. 4.3.10 (b)).
Therefore, the interdiffusion might be reduced due to the additional Ru layer. The MR
amplitude of the oopt-measurement (purple curve) increases with decreasing temperature
and therefore fits the expected temperature dependence of a finite AMR. Similar to the tri-
layer sample without Ru, a kink at 150K is visible, which might be due to a finite SMR
also visible in the oopt-magnetic field rotation plane. As aforementioned, this suggests a
more complex resistance network resulting in AMR and SMR contributions to the MR in
all three rotation planes of the magnetic field. Compared to the ADMR data of the bottom
Pt layer of the Pt/YIG/Pt//YAG heterostructure (see Fig. 4.3.10 (b)) the amplitude is ap-
proximately one order of magnitude smaller. A similar small MR amplitude at 300 K has
also been reported by C. Mang in a non-patterned YIG/Ru/Pt sample on a GGG substrate
[62]. The reduction of the MR amplitude in the oopt-measurement geometry is a clear sign
of a reduced intermixing of YIG and Pt due to the additional Ru layer. The MR amplitude
of the ip rotation of the magnetic field (black curve) can be understood by a superposition
of SMR and AMR. The temperature dependence is similar to that of the bottom Pt layer of
a Pt/YIG/Pt/ /YAG heterostructure (compare Fig. 4.3.9 (b)). Moreover, it shows the same
temperature dependence as reported for an inverse, non-patterned YIG/Pt bilayer [57].

Therefore the additional 1 nm Ru buffer layer between YIG and the bottom Pt layer re-
duces the magnitude of the AMR effect. This might be due to limited interdiffusion from
YIG into the Pt thin film.

5.1.2. Additional Ru buffer layer between YAG and Pt

To further optimize the magnetotransport properties of the bottom Pt layer an additional
1 nm thin Ru buffer layer between the YAG substrate and the Pt layer is introduced. This
might reduce a possible interdiffusion of Al and oxygen from the YAG substrate into the
Pt layer. The Ru/Pt/Ru trilayers are dc-sputtered in-situ without breaking the vacuum in
the SUPERBOWL system (see Appendix A.3.3). Subsequently, the Pt/YIG layers on top
of the patterned Ru/Pt/Ru trilayer is fabricated as discussed in Chapter 4.3. The thus
obtained patterned Pt/YIG/Ru/Pt/Ru//YAG heterostructures are investigated regarding
their structural, magnetic and magnetotransport properties.

Structural properties

In Fig. 5.1.5 the structural properties of the patterned Pt/YIG/Ru/Pt/Ru//YAG het-
erostructure investigated by XRD as well as XRR are shown. The XRD data (Fig. 5.1.5 (a))
reveal the YAG (004) reflection as well as the YIG (004) thin film reflection. From a Gaus-
sian fit, the YIG (004) 20 angle is determined and the lattice constant is calculated to
ayic = (1.231 &+ 0.013) nm. This is within the margin of error of the literature value of
ayig, 1it = 1.2376 nm [64]. The intensity of the YIG (004) reflection is larger than that of the
respective Pt/YIG/Ru/Pt//YAG sample without additional Ru layer. However, it is still

44



5.1. Minimizing interdiffusion between Pt and Y3FesO1, by Ru buffer layers

107 ¥ 1 ¥ 1 T T T T
-~ 0
106 é 10
2 107
10° >
15104 -1° 0°  1° 102
s Ao =
— 103 4
g 10
102 S
Q 10
10" ~ experiment
simulation
100 -1 1 ud 1 ) 10°E 21 v v 0 oy
26° 27° 28° 29° 30° 31° 1° 2° 3° 4° 5°
20 20

Figure 5.1.5.: Structural properties of a patterned Pt/YIG/Ru/Pt/Ru//YAG heterostructure.
Panel (a) shows the out-of-plane 26 — w scan. The inset displays the rocking curve
around the YIG (004) reflection. In (b) the x-ray reflectometry scan (black curve)
as well as the simulated data (red curve) are plotted against the 26 angle. For the
simulation a Pt/YIG/Ru/Pt/Ru//YAG heterostructure is assumed.

smaller than the sample without any Ru layer. Therefore, the additional Ru layers intro-
duced in the heterostructures might reduce the crystalline quality of the YIG layer. This
is also visible in the broad rocking curve around the YIG (004) reflection with a FWHM of
wrwhM = (0.863 £ 0.019)° shown in the inset of Fig. 5.1.1 (a). The thickness and roughness
of the YIG layer are determined by an XRR measurement (see Fig. 5.1.5 (b)). For the simu-
lation of the reflectometry data the complete Pt/YIG/Ru/Pt/Ru//YAG layer sequence is
assumed since this gave the best match with the experimental data and because the top Pt
layer and the bottom Ru/Pt/Ru trilayer cover the same area of the sample surface for this
sample. Moreover the density of the YIG thin film had to be increased to (7.540.1) gcm 3.
The simulation fits the experimental data well for 26 > 3°. However, at small 26 angles
there is a discrepancy between both curves due to the small fringes being much more pro-
nounced in the simulated data. Moreover the sharp intensity decrease in the experimental
data at 26 ~ 0.6° can’t be described by the simulation. This can be understood by the fact
that the simulation assumes a non-patterned heterostructure. Thus simulating a larger
contribution from the Pt and Ru layers. However the width of the fringes of the simulation
data and the experimental data is a good match. Moreover the determined values fit well
to the expected values of tpy = 5nm and tg, = 1nm as well as to the expected thickness of
the YIG layer between 20 nm and 30 nm (see Table 5.1.1).

Additionally to the structural properties the magnetic properties of the Pt/ YIG/Ru/Pt/Ru
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layer thickness roughness
top Pt (4.7+0.1) nm | (0.18 £0.05) nm
YIG | (28.340.2) nm | (0.37 £ 0.05) nm
Ru (0.940.1) nm | (0.68 & 0.05) nm
bottom Pt | (4.5+0.2) nm | (0.73 £ 0.06) nm
Ru (1.140.1) nm | (0.50 & 0.05) nm

Table 5.1.1.: Thickness and roughness values obtained from the simulation of the XRR data of
a patterned Pt/ YIG/Ru/Pt/Ru//YAG heterostructure.

heterostructure are investigated at 300 K and at 10 K.

Magnetic properties

The magnetic properties of the Pt/YIG/Ru/Pt/Ru sample are investigated by SQUID mag-
netometry (see Appendix A.4.4).
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Figure 5.1.6.: (a), (b) In-plane magnetization hysteresis loops of the Pt/YIG/Ru/Pt/Ru//YAG
sample. The curves are recorded at 300 K (black curve) and 10 K (purple curve).
The diamagnetic contribution of the YAG substrate is subtracted.

In Fig. 5.1.6 the magnetization hysteresis loops of the patterned Pt/ YIG/Ru/Pt/Ru//YAG
heterostructure at 10 K (purple triangles) as well as at 300 K (black circles) are shown after
subtracting the diamagnetic contribution from the YAG substrate. At 10K the saturation
magnetization is determined to Ms 10k = (146 +3) kA m~! whereas at 300 K the saturation
magnetization is found to be Mg 300 = (116 £ 2) kA m~!. The saturation magnetization at
300K is in agreement with previously reported values for YIG grown on YAG substrates
[57, 63, 68], while at 10 K it is decreased when compared to previous results [68] and to the
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reported value for bulk YIG [69]. More important, the large Ms-value found at 10K for the
Pt/YIG/Ru/Pt//YAG sample without the additional Ru layer is reduced, which might
be due to a reduced intermixing at the Pt/ YAG interface. Fig. 5.1.6 (b) shows a zoomed
in view around zero field. At 300 K the hysteresis is centered around 0 T and the coercive
field is determined to poHc 300k = (5 £ 2) mT which is similar to the previous results
(compare Fig. 4.3.7). However the hysteresis of the heterostructure is again broadened and
shifted to negative applied fields at 10 K with an exchange bias of jigHex = (34 £ 5) mT.
This is even larger than the value obtained for the respective Pt/YIG/Ru/Pt//YAG sam-
ple (compare Fig. 5.1.2). Therefore, the additional Ru layer between the YAG substrate and
the Pt layer could not reduce the large exchange bias at 10 K observed in Pt/YIG/Pt as
well as Pt/YIG/Ru/Pt heterostructures. An additional possibility to the aforementioned
intermixing of the YIG layer and the YAG substrate for the exchange bias here, could be
RuOy, since an antiferromagnetic ordering could be found recently in oxidized Ru [75].

Magnetotransport properties of the bottom Ru/Pt/Ru layers

Next the magnetotransport properties of the bottom Ru/Pt/Ru trilayer are investigated
and compared to the result of the bottom Pt layer and a Ru/Pt bilayer of the respective
Pt/YIG/Pt and Pt/YIG/Ru/Pt heterostructures. This is done by ADMR measurements as
described in Chapter 4.3.2. In Fig. 5.1.7 the ADMR data of the bottom Ru/Pt/Ru trilayer
of a vertical Pt/YIG/Ru/Pt/Ru//YAG heterostructure are shown. A current of 20 pA is
applied along a 200 ym long and 1 pm wide Ru/Pt/Ru strip. The applied magnetic field
with a magnitude of 7T is rotated in the ip (a), oopj (b) and oopt (c) rotation planes as
shown in the top part of Fig. 5.1.7. The longitudinal voltage is measured via a 4-point
measurement and the electrical contribution (see Appendix A.2) calculated into the longi-
tudinal resistivity piong. This is then normalized to pg. The calculated resistivity at 300 K is
p = 3.98x 10~ Q2 m. Comparing this to the values of the bottom Pt layer of the heterostruc-
ture without Ru layers (see Chapter 4.3.2) as well as to the Ru/Pt layer of the respective
Pt/YIG/Ru/Ptheterostructure (see Chapter 5.1.1), a reduction of the resistivity is observed
due to the additional, second Ru layer. This seems counterintuitive since through the intro-
duction of the first Ru buffer layer the specific resistivity increased compared to the single
Pt layer. However, this might be due to the fact that roughness effects might play a smaller
role in the Ru layer between the YAG substrate and the Pt layer since this layer is better
protected from the PLD process. Furthermore, the first Ru layer is covered by the Pt layer
minimizing oxidation of the Ru layer. However, the resistivity is still slightly larger com-
pared to the value of pestimated = 2-36 x 1077 Qm calculated by assuming a parallel circuit
and literature values of Pt and Ru [14, 76]. Therefore, finite oxidation effects of the second
Ru layer can be assumed.

The longitudinal resistivity piong shown in Fig. 5.1.7 exhibits a distinct angle-dependence
while rotating the magnetic field in the ip, oopj and oopt rotation planes. These are fitted
by cos? functions according to Chapter 2.3.1 and Chapter 2.3.3 and the determined MR
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magnetotransport (ADMR) measurements of a

Pt/YIG/Ru/Pt/Ru//YAG heterostructure measured on the patterned Ru/Pt/Ru
strip at 10K (black squares), 100 K (purple circles), 200 K (green triangles) and

300K (orange rhombus).

The magnitude of the applied magnetic field is
poH = 7T. The magnetic field is rotated (a) in the film plane (ip), (b) out-of-plane
perpendicular to the current direction j (oopj), and (c) out of plane perpendicular
to the transverse direction t (oopt) as shown above.

amplitudes Ap/pg are plotted in Fig. 5.1.8.

The MR amplitude (red circles) of the ADMR measurement, using the oopj rotation

plane, shows contrary to the previous results no temperature dependence and stays ap-

proximately constant. Moreover, the amplitude is significantly smaller compared to the

respective amplitude of the Ru/Pt bilayer shown in Fig. 5.1.4. This might be due to the

Ru layer covered by Pt, which has a higher conductivity leading to an electrical shunt of

the electrical current. The MR amplitude of the oopt ADMR measurement (purple trian-

gles) shows a linear increase with decreasing temperature and therefore fits the expected

behavior for a finite AMR. However, contrary to the almost vanishing AMR amplitude at
300 K of the Ru/Pt layer of the Pt/YIG/Ru/Pt heterostructure (see Fig. 5.1.4), the MR am-
plitude has a large value at 300 K. The temperature dependence of the MR amplitude of

the ip ADMR measurement can be understood by a superposition of the MR amplitudes

of the oopj- and oopt-ADMR measurements. However, no clear sign of a finite SMR con-

tribution is visible in the temperature dependence of the MR amplitudes, which would be
identifiable by a kink at around 150 K (see Fig. 4.3.10 (b) and Fig. 5.1.4). Therefore, the Ru
layer deposited on the YAG substrate and in-situ covered by the Pt layer may result in an
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Figure 5.1.8.: MR amplitudes extracted from ADMR measurements performed on a patterned
Ru/Pt/Ru strip of a Pt/YIG/Ru/Pt/Ru//YAG heterostructure at different tem-
peratures using a magnetic field magnitude of 7T. The magnetic field is rotated
in ip (black squares), oopj (red circles) and oopt (purple triangles) rotation planes.
The lines are guides to the eye.

electrical shunt of the current leading to a non-SMR like behavior.

5.2. Adressing electrical shorts between the bottom and top Pt
layers

Additional to the observed finite AMR at the YIG/Pt interface, electrical shorts occurred
between the bottom and top Pt layers most likely due to growth defects such as nodular
defects, pinholes, pores, and other coating discontinuities of the interjacant YIG layer (see
Chapter 4.3). To increase the resistivity of the YIG layer, first a thicker YIG layer is de-
posited. Second, the Pt strips are shortened to reduce the lateral area of the Pt/YIG/Pt
trilayer.

5.2.1. Increasing the thickness of the YIG layer

By increasing the thickness of the YIG layer the distance between the Pt strips is increased
and therefore the likelihood of an electrical short through pinholes reduced. Thus the num-
ber of pulses for the PLD process is doubled. This leads to an expected thickness of the YIG
layer of approximately tyiG, expected = 70nm. The Pt/YIG/Pt//YAG heterostructure with
thicker YIG layer is investigated regarding its structural and magnetic properties.

Fig. 5.2.1 shows the structural properties investigated by XRD and XRR measurements.
The XRD data (Fig. 5.2.1 (a)) show the YAG (004) substrate as well as the YIG (004) reflec-
tion. Alongside the YIG film reflection Laue oscillations (indicated by arrows in Fig. 5.2.1)
are observed, indicating a YIG layer with high crystalline quality. Moreover the data ob-
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Figure 5.2.1.: Structural properties of a Pt/YIG/Pt//YAG heterostructure with a thicker YIG
layer compared to the heterostructure discussed in Chapter 4.3. In (a) the out-of-
plane 260 — w scan is shown. The inset displays the rocking curve around the YIG
(004) reflection. In (b) the x-ray reflectometry scan (black line) as well as simulated
data (red line) is plotted against the 26 angle. For the simulation a Pt/YIG//YAG
bilayer is assumed. From the simulation the thickness and roughness of the layers
are determined.

tained from the rocking curve around the YIG (004) reflection (inset in Fig. 5.2.1 (a)) show a
double peak structure. The broad peak has a FWHM of wrwim, broad = (0.315 + 0.013)° in-
dicating a high mosaic spread. This might come from the first few strained monolayers due
to the large lattice mismatch of 3%. The other very thin peak has a much higher intensity
with a FWHM of wewpm, thin = (0.014 £ 0.001)°. Thus indicating a high quality crystalline
YIG thin film. Compared to the XRD data of a patterned, vertical Pt/YIG/Pt//YAG het-
erostructure with a thinner YIG layer, the sharp peak in the rocking curve (compare inset
of Fig. 4.3.5 (a)) is much more pronounced. This indicates that a higher crystalline quality
can be achieved by increasing the thickness of the YIG thin film. The 26 angle of the YIG
(004) reflection is determined by a Gaussian fit. From the 26 angle the lattice constant of
the YIG thin film is calculated to ayic = (1.239 £ 0.002) nm. This is within the margin of
error to the literature value ayig 1ix = 1.237nm [64]. In Fig. 5.2.1 (b) the XRR data of the
patterned Pt/YIG/Pt//YAG heterostructure (black curve) as well as simulated data (red
curve) are shown. For the simulation a Pt/YIG//YAG bilayer is assumed. The discernible
Pt fringes are due to the hallbar mesa structures of the top Pt layer leading to 5.4% of the
area covered by the top Pt layer whereas the bottom Pt layer only covers 1.4% of the sam-
ple surface. Moreover, in order to get a good match to the experimental data the density of
the YIG film was increased in the simulation to pyig = (6.9 & 0.2) gem™3. At small angles
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the simulation data does not fit the experiment well. This can again be attributed to the
simulation of non-patterned layer sequences by the LEPTOS software. Thus leading to an
increased contribution from the Pt layer. However, apart from this deviation at small 26
angles the simulation data fit the experimental data well and the thickness and roughness
of the YIG layer and top Pt layer can be extracted. The determined thickness of the Pt
layer is tpy = (4.5 £ 0.3) nm with a roughness of Rp; = (0.84 & 0.04) nm. This matches the
set thickness of 5nm for the sputtering process. The YIG layer is ty;g = (77.3 + 0.3) nm
with a roughness of Ry = (0.23 £ 0.03) nm. Therefore the YIG layer matches the ex-
pected thickness and is approximately double the thickness as compared to the respective
Pt/YIG/Pt/ /YAG heterostructure discussed in Chapter 4.3.

The magnetic properties of the Pt/YIG/Pt//YAG heterostructure with the 77 nm thick
YIG layer are investigated by measuring the magnetization hysteresis loop at 300 K as well
as at 10 K in a SQUID magnetometer (see Appendix A.4.4). The external magnetic field is
applied in the film plane (ip). The measured hysteresis loops are shown in Fig. 5.2.2 after
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Figure 5.2.2.: (a), (b) Magnetization curves of a Pt/YIG/Pt//YAG heterostructure with a ap-
prox. 77 nm thick YIG layer. The field is applied in the film plane and the diamag-
netic contribution of the YAG substrate is subtracted.

subtraction of the diamagnetic signal from the YAG substrate. Fig. 5.2.2 (a) shows the range
from —1T to 1T from which the saturation magnetization is determined. Fig. 5.2.2 (b)
shows a zoomed in view around zero magnetic field from which the coercive field is ob-
tained. At 300K the saturation magnetization is Mg 300x = (102 &= 1) kAm~!. This is
significantly lower than the literature value for bulk-YIG of Mg j;; = 143kAm~! at room
temperature [69]. However, it is in agreement with the in this work achieved results (com-
pare Fig. 4.3.7) as well as with previously reported values for YIG thin films deposited
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on YAG substrates [57, 63, 68]. The coercive field is poH¢, 300k = (7.2 £ 0.1) mT. This is
in agreement with the previously determined values. At 10K (purple curve) the satura-
tion magnetization increases to Mg, 10k = (118.0 + 0.2) kAm~! due to less disorder of
the magnetic moments through thermal effects. However, previously reported saturation
magnetizations for bulk YIG at 10 K are significantly larger with Ms viG sphere = 194 kA m~!
[70]. The coercive field at 10K is pigHc-, 10k = (84.6 £ 2) mT for negative applied fields
and poHe, 10k = (16.4 £ 2) mT for positive applied magnetic fields leading to a coer-
cive field of p10H. 10x = (33 £ 1) mT of the not shifted hysteresis and an exchange bias of
poHex = (124+1) mT. These values are larger than previously reported by S. Altmannshofer
[68]. This might be due to the fabrication technique of the two step rapid annealing pro-
cess which might introduce more crystalline defects such as grain boundaries. Moreover
the hysteresis at 10K is again shifted towards negative fields, which might be again ex-
plained by interdiffusion of Al into the first monolayers of the YIG thin film creating a
Y3Fe5.«AlyO12 phase [71]. As discussed already in Chapter 4.3.1, another possibility might
be the formation of a Pt;Fe alloy by interdiffusion of the bottom Pt and YIG which has
been reported to show an antiferromagnetic order at low temperatures [72]. However, one
should keep in mind that the bottom Pt layer only covers 1.5% of the sample. Therefore,
this is expected to have a rather small effect on the magnetic response of the whole YIG
thin film.

Electrical properties

The patterned Pt/ YIG/Pt//YAG heterostructure with an approx. 77 nm thick YIG layer is
connected via Al wire bonding and the resistance along the Pt strips as well as between the
top and bottom Pt strips is measured. The resistivity of the bottom Pt layer is ppottom pt =
7.36 x 1077 Qm whereas the resistivity of the top Pt layer is pop pt = 2.69 x 10~7 Qm. This
is in agreement with previously reported values for 5 nm thick Pt layers [13, 14]. However,
measuring the resistance between the bottom and top Pt layer gives a resistance in the
kO range, which is in the same order as the resistance of the Pt strips. Therefore, solely
increasing the thickness of the YIG thin film does not solve the issue of electrical shorts
between the bottom and top Pt layer.

5.2.2. Reducing the lateral area of the bottom and top Pt layers

In the next step, we reduced the lateral area of the top and bottom Pt strips. To this end,
the length of the strips is reduced from initially 400 um to a range from 1 pm to 8 pm.

Structural properties

The patterned vertical Pt/YIG/Pt//YAG heterostructure with short Pt strips is investi-
gated by XRD and XRR measurements shown in Fig. 5.2.3.
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Figure 5.2.3.: Structural properties of Pt/YIG/Pt//YAG heterostructure with short Pt strips.
(a) shows the out-of-plane 20-w scan. The inset displays the rocking curve around
the YIG (004) reflection. In (b) the x-ray reflectometry data (black curve) and sim-
ulated data (red curve) are plotted against the 26 angle. For the simulation a
Pt/YIG//YAG bilayer is assumed. From the simulation (red line) the thickness
and roughness of the layers are determined.

The XRD data (Fig. 5.2.3 (a)) show the YAG (004) substrate reflection as well as the
YIG (004) film peak. Moreover, Laue oscillations (indicated by the arrow) are clearly vis-
ible, which indicates a good crystalline quality of the YIG layer. The YIG (004) peak is
titted by a Gaussian function and the 26 angle of the YIG (004) reflection is extracted.
With the thus obtained 2¢-angle the lattice constant of the YIG thin film is calculated to
ayic = (1.240£0.005) nm which is within the margin of error of the literature value [64]. In
the inset of Fig. 5.2.3 (a) the rocking curve around the YIG (004) peak is shown. There is a
double peak visible with a broad and a shallow peak similar to the heterostructures on YAG
substrates discussed before. The FWHM of the broad peak is wrwrm, broad = (0.516£0.06)°
originating from the first few monolayers of YIG which are strained due to the large lat-
tice mismatch of 3% of YIG to the YAG substrate. The shallow peak has a FWHM of
wWEWHM, thin = (0.013 +0.001)°. Thus indicating a YIG thin film with high crystalline qual-
ity. In Fig. 5.2.3 (b) the XRR data (black curve) as well as simulated data (red curve) are
shown. For the simulation a Pt/YIG//YAG bilayer is assumed due to the larger area of
Pt covering the top part of the YIG layer compared to the bottom Pt layer (9.8% for the
top layer and 5.9% for the bottom Pt layer). In the simulation the density of the YIG thin
film had to be increased to pyig = (7.5 + 0.1) gecm ™3 in order to fit the data from the exper-
iment. The simulated data fit the experiment well apart from the sharp decrease at small

20 angles and the larger intensity compared to the experimental data. This might again
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be explained by the patterned Pt layers compared to the continuous YIG layer. From the
simulation the thickness of the YIG layer is determined to tyig = (19.3 & 0.2) nm whith a
roughness of Ryig = (0.35 £ 0.03) nm whereas the thickness of the Pt layer is determined
to tpr = (4.9 £ 0.1) nm with a roughness of Rpy = (0.17 & 0.03) nm. The thickness of the
Pt layer matches well with the set thickness for the sputter process of 5 nm. However the
determined thickness of the YIG layer is slightly lower than we would expect from the
number of pulses used in the PLD process (see Chapter 4.1).

The patterned vertical Pt/YIG/Pt//YAG heterostructure with the short Pt strips is
then connected via Al wire bonding and the resistance is measured. For the bottom
Pt layer we obtain a resistivity of pp; ot = 7.97 X 1077 Qm and for the top Pt layer of
PPt top = 4.74 x 1077 Q2m. Measuring the resistance between the bottom and top Pt layer
now gives rise to a resistance in the order of a few M(). Therefore decreasing the lateral Pt
area improved the issue regarding electrical shorts between the top and bottom Pt layers.
Additionally magnetotransport properties of this patterned vertical Pt/YIG/Pt//YAG
heterostructure with short Pt strips are investigated.

Magnetotransport properties

The magnetotransport properties are investigated by ADMR measurements (see Fig. 5.2.4).
The ADMR measurements are performed on the bottom as wells as on the top Pt layer.
Therefore a current of 20 pA is applied on the 8 um long and 1 um wide Pt strips. As men-
tioned before the dc current reversal technique is utilized to seperate the electrical from the
thermal contributions (see Appendix A.2). The voltage is measured via a four-point mea-
surement using a Keithley 2182 nanovoltmeter. A constant magnetic field of poH = 7T is
applied and rotated in the ip (Fig. 5.2.4 (a,d)), oopj (Fig. 5.2.4 (b,e)) and oopt (Fig. 5.2.4 (c,f))
rotation plane. The electrical contribution of the measured longitudinal voltage is calcu-
lated into the longitudinal resistivity pjong and normalized to pg = piong, Hjjt- At 300 K the re-
sistivity of the bottom Pt layer is p = 7.26 x 10~7 Qm. This is slightly increased compared to
previously reported resistivities by Meyer et. al [13]. However, this slight increase might be
attributed to roughness effects. On the top Pt layer the resistivity is pgop = 4.32 x 1077 Qm
which is agreement with previously reported values [13, 14]. The ADMR data of the top
Pt strips (Fig. 5.2.4 (a-c)) reveal an angle-dependence of pjong in all three rotation planes.
The finite ADMR in ip and oopj rotations (Figs. 5.2.4 (a), (b)) is in accordance with the
SMR model from Chapter 2.3.1. However, in contrast to the ADMR of the top Pt layer
of Pt/YIG/Pt heterostructures with 400 pm long strips discussed in Chapter 4.3.2, a fi-
nite angle-dependence of pjong is also observable in the oopt-measurement geometry. The
angle-dependence in the oopt rotation is therefore not in agreement with the SMR model.
It can moreover not be explained by an AMR effect since the angle dependence here has a
phase shift of 90° compared to the expected AMR behaviour (see Chapter 2.3.3).
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Figure 5.2.4.: Angle-dependent magnetotransport (ADMR) measurements of a patterned
Pt/YIG/Pt//YAG heterostructure measured on a 8 um long and 1 pm wide top
Pt strip (a-c) and bottom Pt strip (d-f) at 10 K (black squares), 100 K (purple cir-
cles), 200K (green triangles) and 300 K (orange rhombus). The applied external
magnetic field is poH = 7T. The magnetic field is rotated in the film plane (ip) (a),
(d), out-of-plane perpendicular to the current direction j (oopj) (b), (e) and out-of-
plane perpendicular the transverse direction t (oopt) (c), (f) as shown above.

To obtain the MR amplitudes Ap/py the data are fitted by cos? functions (solid lines in
Figs. 5.2.4 (a)-(c)). The MR amplitudes are plotted in Fig. 5.2.5 (a) as a function of tem-
perature. A decrease in amplitude is observed for the oopj (red circle) and oopt (purple

triangles) measurement geometry with decreasing temperature. This temperature depen-
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5. Optimization of the bottom Pt layer

dence is similar to the temperature dependence of the SMR amplitude [13]. However, the
amplitudes are quite different. The amplitude extracted from ADMR measurements in the
oopj rotation plane is larger than the amplitude in oopt rotation. The MR amplitude of
the ip measurement geometry (black squares) decreases slightly with decreasing temper-
ature, but show a significantly smaller amplitude compared to that of the oopj and oopt

measurements.

The ADMR data of the bottom Pt strips reveal a distinct angle-dependence of pjong in
the ip, oopj and oopt measurements. Moreover a phase shift of the angle-dependence of
Plong 18 observed between 100 K and 200 K as well as between 200 K and 300 K in oopj and
oopt measurements, respectively. A similar behavior in oopj measurement geometry has
been observed by Geprags et. al [57] for a YIG/Pt//YAG bilayer, which was attributed to
the combined action of SMR and AMR caused by a finite intermixing at the YIG/Pt in-
terface. This might result in a complex resistance network of conducting paths, causing
a finite AMR visible in oopj and oopt ADMR measurements. The curves are again fitted
by cos? functions and the extracted amplitudes Ap/py are shown in Fig. 5.2.5 (b). The MR
amplitudes of the oopj measurement (red circles) decrease for decreasing temperatures.
However below 150K, after the phase shift occurs, the amplitude increases again. The
MR amplitude extracted from the oopt measurement (blue triangles) shows an increase in
the amplitude for decreasing temperature. However, caused by the phase shift the ampli-
tude has a minimum around 250 K. The amplitude in the ip rotation shows an increase
for decreasing temperature. Comparing this data with the data obtained by the patterned
Pt/YIG/Pt/YAG heterostructure discussed in Chapter 4.3.2 shows a rather big discrep-
ancy between the data measured on the short Pt strips and the data obtained for long Pt
strips even though they are expected to perform similarly. However the amplitudes in the
ip rotation of the bottom Pt strips (Fig. 4.3.9 (b) and Fig. 5.2.5 (b) purple triangles) show
the same temperature dependence. Moreover the MR amplitudes in the ip (black squares)
and oopj (red circles) rotation planes in Fig. 5.2.5 (a) show a similar temperature depen-
dence compared to Fig. 4.3.10 (a). Thus seeming that both heterostructures perform similar
in some respects. Therefore, we take a closer look on the strip design used for the het-
erostructure with short Pt strips (see Fig. 5.2.6). There the bonding pads are connected to
the main strip via connecting Pt strips. These connecting strips have an angle of 45° to the
main strip and 90° to each other. Therefore a constant contribution from the connecting
strips is expected in the ip rotation plane. However, when rotating the magnetic field in
the oopj and oopt rotation planes, there is always a finite contribution to the ADMR from
the connection strips. With this in mind, the ADMR data shown in Fig. 5.2.4 can be under-
stood. The angle-dependence of pong Of the top and bottom Pt strips in the ip measurement
geometry only shows a contribution of the main Pt strip since the connecting strips only
contribute to pg. In the oopj and oopt measurement geometry, the Pt connecting strips will
lead to an additional angle dependence of pjong. Therefore, also in the framework of the

SMR theory, we expect a finite angle-dependence of piong in the copt-measurement geom-
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Figure 5.2.5.: MR amplitudes extracted from ADMR measurements performed on a 8 pm long
(a) top and (b) bottom Pt strip of a patterned Pt/YIG/Pt//YAG heterostructure
at poH= 7T at different temperatures. The magnetic field is rotated in ip (black
squares), oopj (red circles) and oopt (blue triangles) rotation planes. The lines are
a guide to the eye.

etry using the design shown in Fig. 5.2.6. This is supported by the MR amplitudes shown
in Fig. 5.2.5 (a) since adding the amplitudes of the ip rotation (black squares) to that of the
oopt rotation (purple triangles) matches the amplitudes found in the oopj-measurement
geometry (red circles). Therefore, the angle-dependence of pjng Of the top Pt layer can be
explained solely by the SMR theory. At the bottom Pt layer we expect an SMR as well as
AMR signal assuming a finite intermixing between YIG and Pt (compare Fig. 4.3.10 (b)).
Therefore a contribution of both effects can be observed in the connecting strip in the oopj
as well as oopt rotation plane. Keeping this in mind the temperature dependence of the

.. main strip
el

Figure 5.2.6.: Design of the Pt strips used for the Pt/YIG/Pt//YAG heterostructure with short
Pt strips.

MR amplitude extracted from measurements in oopj- and oopt-geometries as well as the
phase shift can be explained. We can attribute the change in phase at approximately 150 K
of the ADMR in the oopj measurement (Fig. 5.2.4 (e)) to the AMR contribution from the
connecting strip surpassing the magnitude of the SMR amplitude of the connecting strip
and the main Pt strip at lower temperatures. The same behavior is seen in the ADMR oopt
measurements (Fig. 5.2.4 (f)). There the change in phase at approximately 250 K can be
attributed to the SMR contribution from the connecting strips surpassing the AMR effect

of the connecting strip and the main strip for higher temperatures.
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5. Optimization of the bottom Pt layer

5.3. Conclusion

In this chapter possibilities for further optimization of the quality of the bottom YIG/Pt
interface to minimize the observed AMR and thus interdiffusion into the Pt layer were dis-
cussed. The AMR effect could be reduced by introducing a Ru buffer layer between the Pt
and YIG layer. However, there is still a finite AMR detectable in the measured temperature
range using angle-dependent magnetoresistance measurements. A second Ru buffer layer
between Pt and the YAG substrate lead to a non SMR-like temperature dependence of the
MR amplitudes, which might be due to an electric shunt by the bottom Ru layer. Therefore
a single Ru layer seems favorable. However, unfortunately, the additional Ru layers have
no influence on the magnetic properties of YIG at low temperatures. In particular, a large
exchange bias is still visible at 10 K. Due to the lack of time, this could not be further inves-
tigated in the framework of this thesis.

The issue regarding electrical shorts between the bottom and top Pt strips has been tackled
first by increasing the YIG thickness. This results in an increase of the crystalline quality
of the YIG layer, but did not increase the resistance between the top and bottom Pt layer.
However, by significantly reducing the length of the Pt strips the resistance between the
two Pt layer could be significantly increased. This sample therefore is a good candidate for

magnon-mediated magnetoresistance measurements in vertical Pt/ YIG /Pt structures.
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6. Magnon-mediated magnetoresistance
measurements

In this chapter the fabricated heterostructures are investigated regarding their magnon-
mediated magnetoresistance (MMR) properties. The results are compared to data obtained
from a well-established horizontal, two-strip MMR structure of a Pt/YIG bilayer, with the
YIG layer fabricated by using the two step rapid annealing process described in Chap-
ter 4.1. The MMR is obtained using in-plane angle-dependent magnetoresistance (ADMR)
measurements, where the current is applied in one Pt strip (magnon injector) and the volt-

age is measured in the second Pt strip (magnon detector).

6.1. Magnon-mediated magnetoresistance measurements on
the Pt/YIG/Pt heterostructure with short Pt strips

As the vertical Pt/YIG/Pt heterostructure with short Pt strips has promising electrical
properties with high resistance between the top and bottom Pt strip (see Chapter 5.2.2),
it is investigated regarding its MMR behaviour. Therefore, first, the temperature depen-
dence of the leakage voltage Viop, off between the top and bottom Pt strip is measured in
the top Pt strip, which serves as detector strip for the MMR measurements. Ideally, Viop, ot
should be 0V assuming a highly insulating YIG layer. For this a current of 20 pnA is applied
at the bottom Pt strip while on the top Pt strip the voltage is measured. The temperature
is ramped up from 50K to 300K at a rate of 5 Kmin~!. The temperature dependence of
Viop, off measured on the 8 um long and 1pum wide Pt strip is shown in Fig. 6.1.1. Start-
ing from Viop off = 11V at 50K, the leakage voltage first decreases slightly for increasing
temperatures. It reaches its minimum of Vi, off = 0.5V at approximately 185 K. Then
it increases slightly reaching Vi, off = 0.8V at 225 K. Increasing the temperature further
significantly increases the offset voltage up to approximately 6 pV at 300 K. Thus, mea-
surements below 250K seem favorable. For the investigation regarding MMR, in-plane
ADMR measurements are performed. Contrary to the investigation of the magnetotrans-
port properties in the previous chapters (see Chapter 4.3.2), the voltage is now measured
on the Pt strip, where no current is applied. First a current of I,os = 100 pA is applied
along the bottom Pt strip (injector) using the current reversal technique, while the voltage
is measured on the top Pt strip (detector). Due to the high current and therefore a high

current density of 2 x 10'® A m~2, heating effects are present. This requires a careful anal-
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Figure 6.1.1.: Temperature dependent leakage voltage Viop, oif measured at the top 8 pm long Pt
strip, which serves as detector strip for MMR measurements, while applying a
current of 20 pA to the bottom Pt strip in the Pt/YIG/Pt heterostructure.

ysis of the measured voltages. As shown in Appendix A.2, the current reversal technique
allows for voltage extraction odd in current (electrical voltage contribution) and even in
current (thermal voltage contribution). The measurement is performed at 100K, 150K,
200K and 250 K. A magnetic field magnitude of poH = 50mT is applied and rotated in
the film plane (ip). This magnetic field magnitude is large enough to saturate the YIG layer
(compare Fig. 4.3.7). In Fig. 6.1.2 the extracted electrical voltage contributions at different
temperatures using a 8 um long top Pt strip of a Pt/ YIG/Pt heterostructure are shown.

At 100K (Fig.6.1.2 (a)) the voltage shows no angle-dependence and is very noisy. Sim-
ilar behavior is observed at 150K (Fig. 6.1.2 (b)) and at 200K (Fig. 6.1.2 (c)). At 250K
(Fig. 6.1.2 (d)) a finite angle-dependence is observed between —20° and 150°, but at larger
a angles the data are dominated by noise. Moreover the offset voltage is relatively high
with Vo ~ 7.36 pV suggesting a finite leakage current across the intermediate YIG layer.
For further investigation the detector and injector strip are exchanged. Thus, the current is
applied in the top Pt layer, whereas the voltage is measured in the bottom Pt layer. More-
over the applied magnetic field magnitude is increased to ;0 = 2T, which reduced
the noise level. Furthermore the applied current is increased from 100 pA to 300 pA and
to 500 uA, which corresponds to a current density of 2 x 101 Am™=2, 6 x 10'® Am~2 and
1 x 10 A m~2, respectively. The resistivity related voltage contribution of the ADMR data
of a 3um long Pt strip with a with of w = 2pm at 280 K are shown in Fig. 6.1.3 (a)-(c).
When applying i, = 100 pA at the top Pt strip (see Fig. 6.1.3 (a)) a similar behavior as
before in Fig. 6.1.2 (d) is observed. However, the offset voltage V¢ ~ 3.94 1V is lower. This
can be attributed to the shorter strip length of the here investigated structure. Increasing
the current to Iy, = 300 pA gives rise to a distinct angle dependence (see Fig. 6.1.3 (b)).
To extract the amplitude, the data are fitted by a cos? function. This gives an amplitude
of AVpot = (11 £ 1) nV. However, the angle dependence observed here does not fit the
expected angle dependence of the MMR (compare Chapter 2.3.2). Comparing this to the
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Figure 6.1.2.: Electrical contribution of the measured voltages Viop at the top Pt strip (detector)
at an applied magnetic field magnitude of 50 mT and an applied current at the
bottom Pt strip (detector) of 100 pA. The temperatures at which the measurements
are performed are (a) 100K, (b) 150K, (c) 200 K, and (d) 250 K, respectively.

observed MR angle dependence of the bottom Pt layer (compare Fig. 5.2.4 (d)) gives rise
to the same angle dependence. Moreover the offset voltage significantly increases by one
order of magnitude to Vo ~ 12.36 uV. Therefore, the finite angle-dependence visible in
Fig. 6.1.3 (b) can be attributed to an SMR or AMR signal in the bottom Pt layer arising
through a leakage current from the top to the bottom Pt layer. Increasing the current in the
top Pt layer further to Iop = 500 1A shows no angle-dependence of the measured voltage
in the bottom Pt layer V4. Moreover the offset voltage increased by almost a factor of 2
to Vogr =~ 22.35 pV. Due to the high current densities applied to the top Pt layer, we expect
Joule heating in the top Pt strip. Fig. 6.1.3 (d) shows the extracted thermal contribution of
the measured voltage in the bottom Pt layer Viot therm- A clear angle-dependence is vis-
ible for currents of Ii,p = 300 pA and Iy = 500 1A applied at the top Pt strips. At an
applied current of Iiop = 100 pA a very small modulation is observed. These modulations

show the angle dependence expected for the Spin Seebeck effect as discussed in Chapter
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Figure 6.1.3.: Electrical and thermal contribution of the measured voltages at the bottom Pt strip
at an applied magnetic field of 50 mT, which is rotated in the film plane (ip). (a)-
(c) shows the electrical signal at an applied current at the top Pt strip of (a) 100 pA,
(b) 300 1A, and (c) 500 pA. (d) shows the thermal signal measured at the bottom Pt
strip with a current of 100 pA (black squares), 300 pA (green triangles) and 500 pA
(orange rhombus). The measurements are performed at 280 K.

2.4 and are therefore fitted by cos functions. From these fittings the amplitudes AVsgg are
extracted to AVssg 100pa = (0.035 £ 0.001) pV, AVssg 300pa = (0.343 £ 0.002) pV and
AVssg, s00pa = (0.911 £ 0.006) pV, respectively. Compared to previously reported values
of the SSE amplitude by Ganzhorn et. al [46] measured at 300 K in Pt strips separated hor-
izontally by 20 nm the amplitude here is decreased, even when applying a larger current
density than in their work. This might be due to a poor interface quality of the bottom
Pt strip due to a finite intermixing, as discussed in Chapter 4.3.2. This reduces the spin
current transparency and reduces the spin Seebeck voltage. Unfortunately, the Pt strips are
destroyed after applying the high current of 500 pA, which prevents measurements of the
temperature gradient across the YIG layer to analyse the data in detail. Therefore, further
investigation of the SSE of vertical Pt/YIG/Pt heterostructures is needed.
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heterostructures

6.2. Magnon-mediated magnetoresistance measurements on
Pt/YIG/Ru/Pt heterostructures

Additionally to the Pt/ YIG/Pt sample a Pt/YIG/Ru/Pt heterostructure is investigated re-
garding its MMR properties. The investigated strips have a length of /oy = 200 pm on

the bottom Ru/Pt layer and li,p = 25 um on the top Pt layer. The width of these strips is

w = 1pm.
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Figure 6.2.1.: Electrical contribution of the measured voltages of the top Pt and bottom Ru/Pt
strips of a patterned Pt/YIG/Ru/Pt//YAG heterostructure as function of the in-
plane magnetic field orientation at 280 K using a magnetic field magnitude of 1 T.
The top Pt strip is 25 um long with a width of 1 pm. The seperation between the
strips is tyig = (24.3 £ 0.3) nm. (a) The electrical voltage contribution at the top Pt
strip and (b) at the bottom Ru/Pt strip when applying a current of 100 pA on the
bottom Ru/Pt strip. (c) The electrical voltage contribution at the bottom Ru/Pt
strip and (d) at the top Pt strip when applying a current of 100 pA on the top Pt

strip.

Therefore, a current of I, = 100 nA corresponding to a current density of 2 x 101® A m~2

is applied first on the bottom Pt strip and the voltage Viop on the top Pt strip as well as the
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voltage Vit on the bottom Pt strip are measured. Here a magnetic field magnitude of
poH = 1T is applied and rotated in the film plane (ip). The electrical contribution of the
measured voltage on the top Pt strip and bottom Ru/Pt strip is shown in Fig. 6.2.1 (a) and
Fig. 6.2.1 (b), respectively. The same angle-dependence is observed in both Pt strips. How-
ever, a phase shift of 90° compared to the local voltage signal is expected for the MMR (see
Chapter 2.3.1 and Chapter 2.3.2). Moreover, the offset voltage Viop, off = 1.42mV is very
high, indicating a large leakage current across the YIG layer. Both datasets are fitted by
cos? functions and the amplitudes AV, and AViop are extracted. Comparing the normal-
ized amplitude AViop/Viop, mje = (9 £3) x 10~* to the MR amplitude obtained for the ip
rotation of the top Pt layer (see Fig. 4.3.10 (a)) reveals a slightly increased but still similar
amplitude. This further indicates that the observed angle-dependence is due to a leakage
current from the bottom to the top Pt strip. Thus, the measured angle-dependence might
be attributed to the SMR or AMR in the top Pt strip.

The same measurement is performed again, but the current is now applied to the top
Pt strip and the voltage is measured on the top (Viop) and on the bottom (V4,4) Pt strip.
In Fig. 6.2.1 (c) the electrical contribution of the measured voltage at the bot Pt strip is
shown. This reveals the same angle dependence as before and therefore, again, does not
match the expected MMR signature (compare Chapter 2.3.2). Moreover, the offset volt-
age Vo = 1.37mV is again very large. The normalized amplitude gives AVio/Viot, e =
(9.6 £5) x 1071 The value is very similar to the MR amplitude extracted from ip rotation
of the bottom Ru/Pt layer (see Fig. 5.1.4). Additionally, it is nearly equal to the amplitude
of the ADMR measurements on the top Pt strip when applying a current at the bottom
Pt strip. Interestingly, the electrical voltage contribution measured on the top Pt strip (see
Fig. 6.2.1 (d)) shows an angle dependence that cannot be described within the theory of
SMR nor AMR (compare Chapter 2.3.1 and Chapter 2.3.3). The cos-like angle-dependence
might be due to a finite tilting of the sample with respect to the rotation plane of the mag-
netic field, but needs to be investigated in the future. However, the ADMR measurements
in the Pt/ YIG/Ru/Pt heterostructure is dominated by leakage currents across the YIG layer
and no clear MMR signal could be found.

6.3. Magnon-mediated magnetoresistance measurements on a
Pt/YIG bilayer

In order to get a better understanding of the encountered issues from MMR measurements
on Pt/YIG/Pt trilayers the MMR properties of a Pt/YIG//YAG bilayer with conventional,
horizontal Pt-strips is investigated. The YIG layer is fabricated via the two-step annealing
process using the same parameters as for the Pt/YIG/Pt//YAG heterostructure discussed
in Chapter 4.3.2. For the Pt layer the well established horizontal two strip design is used
[17, 21] and is fabricated by lift-off technique after performing electron beam lithography

(see Appendix A.4.3). In this design one strip serves as magnon injector and the other
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horizontally separated Pt-strip as magnon detector. For a more detailed description see
Chapter 2.3.2.

The magnetic field is rotated in the film plane using a magnetic field magnitude of 50 mT.
The strips have a length of 15 um, a width of 100 nm and are separated by 300 nm. The ap-
plied current in the injector strip is Iin; = 100 pA, 300 pA and 500 pA corresponding to a cur-
rent density of 2 x 101 Am™2, 6 x 101 Am~2 and 1 x 10'2 A m~2, respectively. Fig. 6.3.1 (a)
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Figure 6.3.1.: In-plane ADMR measurements on a Pt/YIG bilayer using a horizontal, two Pt
strip design with a current of 100 A (black squares), 300 nA (green triangles)
and 500 pA (orange rhombus) applied at the injector Pt strip. The measure-
ments are performed at 280 K and with an applied magnetic field magnitude of
toH = 50mT. The strips are 100 nm wide and seperated by 300 nm. (a) Resistive
and (b) thermal voltage contribution of the measured voltage at the Pt detector
strip.

shows the electrical contribution of the measured voltage of the detector strip Vet obtained
by in-plane ADMR measurements. Over the whole used current range there is no angle
dependence observable. Moreover, the noise level is rather high and increases for higher
applied currents together with the offset voltage. Thus, no MMR could be measured in this
sample. This might be due to a poor interface quality between Pt and YIG although the lo-
cal voltage measurements reveal a SMR-like behavior. Fig. 6.2.1 (b) shows the thermal con-
tribution Ve, therm Of the measured voltage on the detector strip from the in-plane ADMR
measurements. There an angle-dependence is visible for all applied currents. However, the
thermal voltage Viherm shows an offset voltage of around 11V, which might be due to a fi-
nite leakage current between the Pt strips. The observed angle-dependence is in agreement
with the SSE (see Chapter 2.4) and is fitted with cos functions. From these fits, an ampli-
tude of AViherm, 100pa = (0.37£0.06) nV at Iinj = 100 pA, AViherm, 300pa = (0.68 £0.01) pV
at linj = 300 pA and AViperm, 500pa = (1.11 £ 0.02) pV at Ii; = 500 pA, respectively, are
extracted. The increase in amplitude for increasing applied currents in the injector strip
is expected due to an increased Joule heating and therefore larger temperature gradients
in the YIG thin film. Compared to the vertical Pt/YIG/Pt heterostructure with short Pt
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strips (compare Fig. 6.1.3 (d)), the here extracted amplitudes are larger, but with higher
applied current densities. This is expected due to the increased distance of 300 nm of the Pt
strips. Compared to other SSE measurements on such two strip structures the determined
amplitude AVsgg is similar [46]. However, here, a higher current density is applied in the
injector strip, leading to an increased Joule heating and therefore a larger temperature gra-
dient. Moreover, when applying a similar current density in the injector strip as in the
work by Ganzhorn et. al [46] no angle-dependence and therefore no SSE signal could be
detected. Thus, this further indicates that the interface of the YIG to the top Pt might be of
worse quality than expected from Chapter 4.3.2.

6.4. Conclusion

In summary, we are not able to measure a clear magnon-mediated magnetoresistance
(MMR) in the patterned vertical Pt/YIG/Pt heterostructures within the framework of this
thesis. The electric measurements are highly influenced by a leakage current across the
YIG layer. Additionally, we could not find a clear MMR signal in a Pt/YIG bilayer using
a well established, horizontal two strip design. However, we are able to measure an SSE
in the vertical patterned Pt/YIG/Pt heterostructures as well as in the horizontal two strip
design of the Pt/YIG bilayers. The amplitudes of the SSE are comparable to previous
works, but higher current densities are necessary. Unfortunately, the Pt-strips are broken
after applying the high current densities, which prevents a detailed SSE characterization of
the devices. These findings together indicate that the resistance of the YIG layer as well as
the Pt/YIG interfaces need to be further optimized although Chapter 5 showed promising
results.
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In this chapter a brief summary over the results of this thesis as well as an outlook for

further research is given.

7.1. Summary

In this work we have optimized the fabrication of patterned, vertical Pt/YIG/Pt het-
erostructures on garnet substrates for magnon-mediated magnetoresistance measure-
ments. To this end, first, the optical lithography process on transparent substrates using
the laser writing system PicoMaster 200 has been implemented. Moreover, second, a lift-off
technique together with thin films deposited by PLD at room temperature with subsequent
annealing has been developed. This provides a high flexibility for the fabrication of future
devices. However, the main task within the framework of this thesis is the fabrication of
Pt/YIG/Pt heterostructures with excellent quality of the Pt/YIG interfaces regarding spin
current transparency. This has been proven to be a challenging task [57, 58, 62, 63].

By starting from the Bachlor thesis by C. Mang [62], a first Pt/YIG/Pt trilayer was
fabricated in-situ and patterned afterwards by optical lithography and Ar-ion milling.
However, no electrical conductivity could be measured on the few pm-wide Pt strips.
Furthermore, the YIG layer was amorphous. Therefore, several optimization steps were
carried out resulting in Pt/YIG/Pt heterostructures with a high conductivity of the Pt
layers as well as a crystalline YIG layer. In particular, the direct contact between the gar-
net substrate and the YIG thin film, led to high-crystalline YIG layers after a two step
annealing process. Additionally, the used garnet substrate was changed from Gd;GasO12
(GGQG) to Y3Al5012 (YAG) which enables lower temperatures during the annealing pro-
cess and therefore a better electrical conductivity of the Pt strips. These heterostructures
exhibit good structural properties of the YIG layer although of the lattice mismatch of 3%
between YIG and YAG. Moreover, a smooth surface with formation of few small grains
has been revealed by AFM. The magnetic hysteresis loops at 300 K of the patterned vertical
Pt/YIG/Pt//YAG heterostructures yield similar values of the saturation magnetization
as well as coercive fields as previously reported. However, a by one order of magnitude
larger exchange bias at 10K, than previously reported for YIG thin films deposited on
a YAG substrate was observed. Moreover, angle-dependent magnetoresistance (ADMR)
measurements were performed to investigate the quality of the Pt/YIG interfaces. While
the data suggest a good interface quality of the top Pt/YIG interface, the bottom Pt/YIG

interface show indication a finite intermixing of the YIG and bottom Pt layer. Thus, a
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Inm thick Ru buffer layer was introduced between the YIG and the bottom Pt layer.
With this Ru buffer layer a clear improvement of the YIG/Pt interface could be achieved.
However, a reduction of the crystalline quality of the YIG layer, but an increase of the
saturation magnetization as well as the width of the hysteresis loop at low temperatures
could be observed. For a potential further improvement, a second Ru buffer layer was
introduced between the Pt and the YAG substrate to prevent oxygen and aluminium dif-
fusion from the substrate into the Pt thin film. The structural properties of the YIG layer
improved compared to a single Ru buffer layer, but were still worse than for a respective
Pt/YIG/Pt/ /YAG sample. The saturation magnetization was found to be decreased at low
temperatures but no change of the width of the hysteresis as well as the observed exchange
bias could be found. Moreover magnetotransport measurements revealed that the second
Ru buffer layer led to a rather different temperature dependence than observed before and
also expected from the temperature dependence of the spin Hall magnetoresistance. This
was attributed to an electrical shunt by the bottom Ru layer.

Additionally to intermixing effects at the bottom YIG/Pt interface, electrical shorts be-
tween the bottom and top Pt strips have been observed. To solve this issue, we first doubled
the YIG layer thickness, which resulted in a better crystalline quality of the YIG layer but
did not solve the underlying issue. Second, we decreased the length of the Pt strips and
thus the lateral, overlapping area between Pt and YIG. In this Pt/YIG/Pt heterostructure,
a high resistance between the top and bottom Pt strips could be measured, which enables
further investigation with respect to the magnon-mediated magnetoresistance (MMR) ef-
fect in these vertical heterostructures.

Further angle-dependent magnetotransport measurements on the patterned, vertical
Pt/YIG/Pt as well as the Pt/YIG/Ru/Pt heterostructures using the bottom and top Pt
strips as magnon injector and detecter, respectively, showed no sign of a finite MMR effect.
To further investigate the absence of the MMR in the Pt/ YIG/Pt trilayer, a Pt/YIG//YAG
bilayer was fabricated using the two step rapid annealing process for crystallization of the
YIG layer. A well established horizontal, two Pt-strip design was patterned on top of the
YIG layer by sputtering on this bilayer as well. Unfortunately, no MMR signal could be
found on this bilayer as well. However, the vertical Pt/YIG/Pt heterostructure as well as
the Pt/YIG bilayer with the horizontal Pt-strip design showed a finite spin Seebeck effect
(SSE) due to current heating. The SSE amplitude was smaller than previously reported
values at similar current densities measured on Pt/YIG bilayers with horizontal Pt-strip
designs. This can be attributed to a smaller spin current transparency at the Pt/YIG

interfaces. Therefore, these interfaces might have a worse quality than expected.

68



7.2. Outlook

7.2. Outlook

As demonstrated in this thesis, the MMR measurements of the vertical Pt/YIG/Pt het-
erostructures are highly dominated by leakage currents across the YIG layer. There-
fore, also MMR transport measurements were performed at lower temperatures. In the
Pt/YIG/Ru/Pt/Ru heterostructure, indeed, a sign of a finite MMR could be observed
using angle-dependent (ADMR) measurements. The ADMR measurement was performed
at 100 K with an applied current of I, = 100 pA at the bottom Ru/Pt/Ru trilayer using
a magnetic field magnitude of (g = 2T. The electrical voltage contribution of the mea-
sured voltage in the top Pt strip is shown in Fig. 7.2.1. A clear cos? angle-dependence
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Figure 7.2.1.: Electrical contribution of the voltage measured in the top Pt layer of a patterned
Pt/YIG/Ru/Pt/Ru heterostructure at 100 K. The current I,o; = 100 pA is applied
in the bottom Ru/Pt/Ru layer stack. The magnetic field magnitude of g H = 2T
is rotated in the film plane.

is observed and fits the in Chapter 2.3.2 described angle-dependence for a MMR effect.
Moreover, the offset voltage is relatively small, suggesting a small leakage current across
the YIG layer. This indicates that, indeed, a finite MMR can be observed in the vertical
heterostructures fabricated in this work. However, further investigations, e.g. magnetic
field and temperature dependent measurements as well as magnetic field rotations in the
oopj and oopt planes, are necessary to fully confirm the MMR effect. Additionally, the
interface quality of the bottom YIG/Pt layer has to be further improved by increasing the
thickness of the Ru buffer layer introduced in Chapter 5.1.1. This might further reduce the
intermixing between the YIG and the bottom Pt layer. Furthermore, a surface treatment
by e.g. dipping the sample in Piranha solution shortly before the deposition of the top Pt
layer might increase the quality of the top Pt/ YIG interface. Moreover, due to the observed
leakage currents across the YIG layer the electrical properties of the YIG layers need to be
turther investigated. For better electrical properties, a higher oxygen partial pressure in the

process gas during the PLD and/or annealing process might decrease oxygen vacancies in
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the YIG thin film, which were found to be closely intertwined with the electrical properties
of the YIG thin films [77]. By solving these issues, the vertical Pt/YIG /Pt sample geometry
might lead to a miniaturization of currently used horizontal, three Pt-strip devices and
may lead to further insight to the spin transport in a magnetic insulator with zero effec-
tive damping [21, 24]. Moreover, this vertical geometry allows overall for more complex
structure designs and a higher degree of manipulation of the spin transport in magnetic
insulators.

Additionally to the electrical issues found in the Pt/YIG/Pt heterostructures a large ex-
change bias has been observed in the measurements of the magnetization hysteresis of
these samples at 10 K, which needs further investigations. Therefore, a heterostructure
fabricated with the same parameters, but on different substrates could be investigated to
re-evaluate how large the influence of a finite intermixing between the YIG layer and the
YAG substrate actually is. Moreover, the area covered with Pt, Ru/Pt and Ru/Pt/Ru could
be varied in order to determine the influence these layers have on the magnetic properties
of YIG at low temperatures. Additionally, local measurements of the magnetic properties
of the YIG layer might be beneficial to determine and possibly improve the quality of the
YIG thin film in between the bottom and top Pt layers.

The finite observed SSE in the vertical Pt/YIG/Pt heterostructure (c.f. Chapter 6.1) en-
ables further research in particular on the dependence of the SSE on the YIG thickness.
Furthermore, as the Pt layer is only used as a heater in SSE experiments, a material which
has the same crystalline structure and therefore a smaller lattice mismatch to YIG would
be more appropriate for SSE measurements.

Moreover, the in this work developed lift-off technique together with pulsed-laser de-
position enables freestanding high-crystalline, complex oxide materials such as YIG. This
might provide the opportunity to transfer them to arbitrary substrates and integrate them

into Si-based electrical devices.
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A. Appendix

This appendix explains some details of the used deposition techniques, the measurement
setups, the analysis methods and gives a list of all samples fabricated in the course of this

work.

A.1. List of samples

sample ID layer sequence performed measurements
YIG 322 Pt/YIG/Pt/ /GGG XRD
YIG 325 Pt/YIG/Pt/ /GGG
YIG 326 Pt/YIG/Pt/ /GGG
YIG 327 Pt/YIG/Pt/ /GGG XRD
YIG 328 Pt/YIG/Pt/ /GGG XRD
YIG 329 Pt/YIG/Pt/ /GGG XRD
YIG 330 Pt/YIG/Pt/ /GGG XRD
YIG 331 Pt/YIG/Pt/ /GGG XRD
YIG 332 Pt/YIG/Pt//YAG XRD
YIG 333 Pt/YIG/Pt//YAG XRD
YIG 334 Pt/YIG/Pt//YAG XRD, SQUID
YIG 335 Pt/YIG/Pt//YAG XRD, SQUID, ADMR, AFM
YIG 339 Pt/YIG/Pt//YAG XRD, SQUID, ADMR
YIG 340 Pt/YIG/Pt//YAG XRD, SQUID, ADMR
YIG 345 Pt/YIG/Pt//YAG XRD, ADMR
YIG 347 Pt/YIG/Ru/Pt//YAG XRD, ADMR
YIG 348 Pt/YIG//YAG XRD, SQUID, ADMR, FMR
YIG 349 Pt/YIG/Ru/Pt//YAG XRD
YIG 350 YIG//YAG XRD, SQUID, FMR
YIG 351 YIG//YAG XRD
YIG 352 Pt/YIG/Ru/Pt//YAG XRD,SQUID, ADMR
YIG 353 YIG//YAG XRD, SQUID, FMR
YIG 358 | Pt/YIG/Ru/Pt/Ru//YAG XRD
YIG 359 | Pt/YIG/Ru/Pt/Ru//YAG | XRD,SQUID, ADMR, AFM

Table A.1.1.: List of all YIG samples fabricated in the framework of this thesis. The horizontal
lines indicate the change of the deposition technique of the Pt layers from EVAP to
sputtering depositions. The first line indicates the change for the top Pt layer and
the second one for to the bottom Pt layer. For all samples, substrates with crystal-
lographic (001)-orientation are used. The right column shows the measurements
performed for each sample. XRD corresponds to XRD and XRR measurements,
SQUID stands for magnetization hysteresis measurements.
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sample ID layer sequence crystallographic orientation | GdIG thickness
GdIG 1 Pt/GdIG/ /GGG (001) 65.4nm
GdIG 2 Pt/GdIG/ /GGG (001) 44.3nm
GdIG 3 Pt/GdIG/ /GGG (001) 88.3 nm
GdIG4* | Pt/GdIG//GGG (011) 58.8 nm
GdIG5 | GAIG/YIG/ /GGG (001) 8.02nm
GdIG 6 Pt/GdIG/ /GGG (011) 82.2nm
GdIG 7 Pt/GdIG/ /GGG (111) 24.4nm
GdIG 8 Pt/GdIG/ /GGG (111) -
GdIG9* | Pt/GdIG//GGG (001) 76.3nm

GdIG 10* | Pt/GdIG//GGG (111) 72.9nm

Table A.1.2.: Fabricated GdIG samples for nano-scattering measurements at the ID01 beam-
line of the European Synchrotron Radiation Facility (ESRF). Three samples were
shipped to the ESRF (indicated by *). The others served as test samples for the
Ar-ion milling process as well as optical lithography. The Pt layer is deposited via
sputtering.

A.2. Current reversal method

In the ADMR measurements a positive (+/) and negative (—I) current is alternately ap-
plied and the corresponding voltage is measured for each. This allows for extraction of
the electrical V¢ and thermal Vierm, voltage contributions, since the electrical voltage con-
tribution switches sign under current reversal whereas the thermal contribution does not
change the sign. Thus the contributions can be calculated by

vVt —v-
Va=—5— (A1)
Vt4+ V-
Viherm = 2 . (A.2)

A.3. Deposition techniques

In this section the used deposition techniques, namely the pulsed laser deposition, electron

beam evaporation and dc magnetron sputtering are briefly discussed.

A.3.1. Pulsed laser deposition (PLD)

During the pulsed laser deposition (PLD) a polycrystalline target (YIG) ablated by short
laser pulses with a wavelength of A = 248 nm and a frequency of f = 10 Hz. Moreover the
number of pulses is divided into multiple smaller packages of 250 pulses per package. In
between those packages the laser is turned off for t, = 10s, which gives the particles time to
relax on the sample surface as well as prevents excessive heating of the target. This ionizes
a small part of the target and a plasma plume is created. A part of the ionized material
diffuses to the substrate and is deposited on the substrate. The energy density used for
the laser is p = 2Jcm™2. The sample can be heated by an infrared heating laser, which
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Figure A.3.1.: Schematic functioning principle of the pulsed laser deposition. The pulsed UV
KrF laser is focused on the rotating target. The resulting plasma plume reaches

the substrate that can be heated by an infrared heating laser. Figure taken from
Ref. [63].

was used for the two step rapid annealing process discussed in Chapter 4.1. Therefore,
the back of the substrate is covered with 180 nm platinum to ensure a better absorption of
the infrared light from the heating laser. Before the actual deposition process the target is
ablated for a total of 2000 pulses. This removes some possibly non-stoichiometric layers
on the top of the target to ensure a clean deposition material. During this the sample is
protected from unwanted deposition with a shutter.

A.3.2. Electron beam evaporation (EVAP)

During the electron beam evaporation of platinum the Pt-target is heated and evaporated
by an electron bream, which originates from a filament and is accelerated by U = 7.5kV.
The beam is focused on the target by magnetic fields. The emission current of the electron
beam is A ~ 135mA. The deposition rate of the Pt is set to 0.4 As~! and controlled via
an oscillating crystal in the EVAP chamber. In the chamber there is a pressure of p =~

5 x 1077 mbar during the evaporation process.

A.3.3. Magnetron sputtering

Additional to electron beam evaporation Pt films were deposited using magnetron sputter-
ing in the SUPERBOWL ultra high vacuum (UHV) system in the framework of this thesis.
The principle of sputtering is that charged ions are accelerated towards the target material.
This leads to collisions with the target. The first collision leads to more collisions inside
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Figure A.3.2.: Schematic of the EVAP chamber. The filament emits an electron beam, that is
focused on the Pt target via magnetic fields. This vaporizes the Pt and deposits
it on the sample. To control the thickness of the deposited material as well as the
deposition rate, an oscillating crystal is used. Figure taken from Ref. [63].

the target resulting in a collision cascade. The collisions lead to secondary electrons and
surface atoms, which eventually leave the target. The atoms can then diffuse to the sam-
ple placed above the target. In Fig. A.3.3 (a) a schematic of this process is shown. There
are several ways to realize such a sputtering process like ion-beam sputtering and reactive
sputtering. However, in this work only dc-magnetron sputtering is used. Therefore, we
will restrict the discussion to this method. In Fig. A.3.3 (b) a schematic of the magnetron is
shown. In the magnetron sputtering technique a magnetic field traps electrons in a helical
motion. This greatly increases the distance they need to cover before reaching the anode.
On their way they scatter with gas atoms, which ionizes them and creates a plasma. These

ions are accelerated to the target and the aforementioned process will take place.

A.4. Analysis methods

In this section, the used analysis methods are explained as well as further details on the

measurements are given.

A.4.1. X-ray diffraction

The structural properties of the thin films in this thesis were investigated by using a 4-circle
x-ray diffractometer D8 Discover from Bruker. As an x-ray source a copper (Cu) x-ray tube
is used with an applied voltage of 40kV and a current of 40mA. A Gobel mirror and a
4-bounce Ge-channel cut monochromator are used to achieve monochromatic light with a
wavelength of A = 0.154 06 nm as well as a high intensity. The intensity of the scattered x-
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Figure A.3.3.: (a) lllustration of the collision cascade in the sputter target produced by collisions
from incident ions. This cascade produces secondary electrons as well as sput-
tered surface atoms . Figure taken from Ref. [49].

rays is measured by a detecter with an angular resolution of 0.001°. The sample is held by a
vacuum chuck and can be rotated in all spatial directions (w, x and ¢). w corresponds to the
angle between the sample surface and the incoming x-rays, ¢ is the angle of the in-plane
rotation and x the out of plane rotation. Another important angle for the measurements
is 20 which is the angle between the incoming and reflected x-rays and can be calculated
by 20 = 2w + «a. The angle « takes into account a finite tilting of the lattice planes with

om surface
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Figure A.4.1.: (a) Monochromatic x-rays from the Cu-K,; hit the substrate at an angle w with
respect to the z-y plane. The diffracted intensity is collected with a scintillation
detector at an angle 26 with respect to the incident beam. The sample can be
turned in all directions as well as moved in z, y and z direction. (b) Finite tilting
« of the lattice planes in real crystals. Figure taken from Ref. [63].

respect to the sample surface. The angles w at which constructive interference is achieved
are given by the Bragg equation [78]

thkl sin(w) =A (A3)
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with the lattice plane distance dj;, where h, k and [ denote the Miller indices. Equivalent
to this is the Laue condition [78]

K —k=Ak =G (A4)

where G is the reciprocal lattice vector and Ak denotes the scattering vector with k' the
scattered beam and k the incident beam. In this thesis 3 different measurements are per-
formed, namely x-ray diffraction (XRD), rocking curve measurements around a specific
reflection and x-ray reflectometry (XRR). Before those measurements an alignment is per-
formed in order to align the x-ray beam with respect to the sample.

For the XRD measurement and rocking curve an additional alignment on the lattice
planes is carried out to account for a finite tilt o as well as an out-of-plane tilt by x. For the
260-w scans (XRD measurements), the x-ray beam is reflected from the sample surface and
the 20 angle is changed in between a range of 10° to 130°. This measurement allows for
investigation of the crystalline quality of the respective thin film growth, impurity phases
and the determination of the lattice plane distance dj,;;. Moreover, from the 26-angle of the

crystal reflection and dpj; the lattice constant can be calculated with

a

d - -
" h% 4+ k% 4+ 2

assuming a cubic lattice symmetry. Next to reflections of the thin film, finite thickness

(A.5)

fringes might be visible. These fringes are called Laue oscillations and indicate a thin film
with high crystalline quality and coherent growth of the lattice planes, since the intensity
of these are highly dependent on the roughness of the lattice planes.

The rocking curve is a tool to measure the crystalline quality of thin films. In this mea-
surement the 26-angle of the detector is fixed to the crystal reflection and w is varied from
20/2 — 1° to 20/2 + 1°. The crystalline quality can be extracted by the full width at half
maximum (FWHM) of the measured peak. Therefore, the narrower the peak, the better the
crystalline quality since a broader peak indicates a mosaic spread of the lattice planes.

The XRR measurement is in principle the same measurement as the XRD measurement
with the main difference being the range of the 20 angle. In the reflectometry the 20-angle
is only varied between 0.5° and 5°. Thus, the x-ray beam is reflected from the interfaces
with different refractive indices of the sample rather than the crystallographic planes as
in the XRD measurement. The reflections of the interfaces interfere with each other and
the resulting intensity profile shows so called Kiessig fringes. The period of these fringes
depends on the thickness of the layers, whereas the exponential intensity decay is pro-
portional to the surface roughness. Thus, by fitting the data with the LEPTOS software
package the thickness and roughness values of the layers of the investigated samples can
be extracted.
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A.4.2. Atomic force microscopy
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Figure A.4.2.: Schematic of an atomic force microscope (AFM). The tip of the cantilever moves
over the sample surface and the deflection is measured by a photodetector which
gives a feedback signal to the height control. The data are analyzed with the PC.
Figure taken from Ref. [63].

With the atomic force microscopy (AFM) the roughness of a sample can be precisely de-
termined. In this thesis the AFM from Nanosurf is used. Moreover, very small distances
between different structures can be measured using such a device. In Fig. A.4.2 the experi-
mental setup of an AFM is shown. It consist of a cantilever, which is connected to a height
control. Moreover, a laser spot is focused on the backside of the tip of the cantilever. The
reflection of the laser is measured by a photodetector. The sample is placed on a movable
stage. For the measurement the stage is moved by the z-y piezo and thus the sample moves
underneath the cantilever. The maximal measurement area is 100 x 100 um?. Due to the
slight height differences on the sample surface, the cantilever is deflected. This deflection is
measured in the photodetector as a change in phase and amplitude. Moreover the height
plot is done with the data of the z-piezo, which readjusts the height of the cantilever to
match the so called set point of the amplitude. In this thesis two different modes were
used. Tapping mode, where the cantilever is not actually touching the sample surface, but
oscillates above the sample due to attractive and repulsive forces. The other mode is the
contact mode. In this mode as the name suggests, the tip of the cantilever touches the sur-
face of the sample. Therefore, the contact mode is much more accurate when determining
the roughness of a sample. However, if there are large steps expected on the sample and
the difference in height is too large, the cantilever might get damaged. Therefore, in this

case the tapping mode is beneficial.
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A. Appendix

A.4.3. Electron-beam lithography

The principle of the fabrication of structures using the electron-beam lithography is very
similar to the optical lithography discussed in Chapter 3. The main difference is the elec-
tron beam used as exposure of the resist. Therefore, we used in this thesis a resist stack
of PMMA-Electra92/PMMA 950K/PMMA 600K. All layers are spin coated at 4000 rpm
for 1 min with subsequent baking step at 170 °C for 5min for the 600 K and 900 K resist,
whereas a temperature of 90 °C for 2min is used for the Electra 92 resist layer. For the

writing process a base dose of 5.6 Cm ™2 is used. The development time is 120s.

A.4.4. SQUID-magnetometry
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Figure A.4.3.: (a) [llustration of the detection coils of the SQUID magnetometry setup. The outer
coils are wound clockwise, whereas the center one is counter-clockwise (second
order gradiometer). During the measurement the sample is moved up and down
in the coil setup. The applied magnetic field H is allways parallel to the straw.
(b) Induced voltage of a paramagnetic or ferromagnetic sample with respect to
its position. From this the magnetic moment is determined by fitting the voltage
versus position curve. Figure taken from Ref. [63].

The magnetization hysteresis curves are measured using a superconducting quantum
interference device (SQUID) magnetometer from Quantum Design. A schematic of the
detection setup is shown in Fig. A.4.3. The sample is glued into a straw. This is moved
in between the superconducting detection coils. There the outer coils have only one turn
and the coil in the middle has two turns. Moreover, the turns on the outside are oriented
opposite to the ones in the middle (second order gradiometer). The sample induces a cur-
rent in the coils, which is converted into a voltage. The magnetic moment is determined
by fitting the voltage versus position curve by the software from Quantum design. The
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A.4. Analysis methods

magnetization is then calculated by
m

M= — A.6
v (A.6)
where V is the volume of the magnetic material. The magnetic field in the system can be

swept from poH = 77T to popH = —7T at temperatures between 1.8 K and 400 K.

A.4.5. Ferromagnetic resonance (FMR) measurements

2 VNA
oOoP \\

Port 1 Port 2

@ @

O

Cable

Figure A.4.4.: Schematic of the setup used for the FMR measurement. The oscillatory field h, is
applied on the middle conductor. The external magnetic field Hey can be applied
in the film plane (ip) or out of the film plane (oop). The VNA is connected to
the middle conductor and the absorbed energy is measured. Figure taken from
Ref. [49].

For the measurement of the broadband FMR response, the sample is placed on a coplanar
waveguide (CPW), as depicted in Fig. A.4.4. The CPW is connected to a vector network
analyzer (VNA), which allows to determine amplitude as well as phase information. The
CPW is placed in an external magnetic field H and the necessary oscillatory field hy is
created by the conductor in the middle of the CPW. This middle conductor is connected
to port 1 of the VNA, whereas the end of it is connected to port 2. The measured quantity
in this experiment is the complex transmission S»1, which represents the voltage between
port 1 and port 2 of the VNA. For a detailed description of the data processing refer to
Ref. [49]. The experiments in this work were done with the external magnetic field Hext
pointing in the out-of-plane (oop) direction.
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