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Abstract

Lateral spin valves are model systems that are well-suited for the study of pure spin current transport
across interfaces. Furthermore, these systems allow for an efficient manipulation of magnetic states,
e.g. a magnetic vortex, due to the intrinsic reduction of accompanying Oersted fields and Joule heating
at the position where the magnetization is manipulated. This makes lateral spin valves attractive also
for future device concepts such as data storage devices.

In the first part of this thesis, the field and pure spin current induced switching of a magnetic disc,
acting as a detector electrode, is studied and discussed. By a judicious choice of the applied field
direction and the amplitude and polarity of the applied current pulses in the injector, the switching
behaviour of the magnetic disc can be measured as a function of the resulting absorbed spin current.
Although nominally round and therefore without expected in-plane shape anisotropy, it is observed
that small variations in the shape and randomly distributed imperfections can strongly affect the device
behaviour. Suitable field sweep directions are identified, which allow for a study of the switching from
a magnetic mono-domain state to a magnetic vortex state and from the vortex state to the opposite
mono-domain state. Although most of the changes in the magnetic switching occur due to Joule
heating, the spin transfer torque from the pure spin current also contributes to the switching, which is
detectable thanks to our optimized device geometry which allows for synchronous current pulses from
two injector electrodes.

The second part of the thesis tackles the fundamental properties of pure spin current transport across

metallic interfaces.
In a first work, Pt-Py-Cu multi terminal spin valves have been fabricated, which allow to compare
the temperature dependence of the spin current generated by two different spin current generation
and detection methods. As the first method, the conventional electric spin injection is exploited where
current injection and detection are based on two parallel ferromagnetic wires, bridged by a Cu conduit.
As a second method, a spin to charge interconversion is used and either spin currents are generated
by the spin Hall effect and detected by conventional non-local detection or spin currents are generated
by conventional spin current injection and detected by the inverse spin Hall effect. Differences in the
temperature dependences of these two detection methods are found, which means that the temperature
dependence of the signals is not only governed by the spin transport and spin injection as previously
claimed.

In a second work and motivated by previous results, again Pt-Py-Cu lateral spin valves, yet with
an optimized device geometry, are studied which allow for a comparison of the conventional non-local
signal, the spin absorption signal and the inverse spin Hall effect signal for varying temperatures.
Depending on the fabricated induced quality of the relevant interfaces for the different samples, sig-
nificant differences in the signals, i.e. either a very large spin absorption and a low spin Hall effect
signal or no significant absorption but a very large spin Hall effect signal are determined. These large
differences cannot be attributed to structural variations visible with conventional imaging and are also
not reflected in the very similar electrical charge transport properties of the devices. Rather details
of the interfaces are accessed via a special scanning electron microscope technique for buried interface
imaging, revealing important details of the interfaces which explain the spin transport results.

By additional measurements of CoFe-Cu lateral spin valves with varying fabrication methods for both
the CoFe wires and the Cu bridge, the reliability and reproducibility of the previous measurements are
confirmed in a different system. While samples with high quality interfaces are expected to show no
differences in the temperature behaviour of the conventional non-local and the spin absorption signal,
a significantly stronger decrease of the spin absorption signal with increasing temperatures for samples
with low quality interfaces is observed.

The last part of the thesis is about the fabrication of CosMnSi based lateral spin valves. Although
no spin signal has been seen for these samples, the fabrication for samples based on thin films has
been significantly improved and opens a route to potentially produce lateral spin valves with high spin
signals based on the findings and improvements.



Kurzfassung

Laterale Spinventile sind hervorragend geeignete Modellsysteme zur Untersuchung von Spinstrémen,
die durch Grenzflichen fliefen. Weiterhin bieten laterale Spinventile die Mdoglichkeit zur effizienten Ma-
nipulation magnetischer Zustdnde, zum Beispiel eines magnetischen Vortexzustands, dadurch dass sie
intrinsisch unerwiinschte Oersted-Feldern und Joulesche Warme dort reduzieren, wo die Magnetisierung
verdndert wird. Diese Eigenschaften machen laterale Spinventile interessant fiir kiinftige potentielle
Anwendungen wie zum Beispiel zur Datenspeicherung.

Der erste Teil der Arbeit beschiftigt sich mit dem strom- und feldinduzierten magnetischen Schalten
einer Scheibe. Durch geeignete Wahl der Ausrichtung des externen Magnetfeldes sowie Amplitude und
Polaritdt der angelegten Strompulse kann das magnetische Schaltverhalten der Scheibe als Funktion
des Spinstroms vermessen werden. Obwohl keine Anisotropie in der Scheibenebene erwartet wird,
ist das Schaltverhalten der Scheibe doch wesentlich durch kleine Abweichungen von der Form und
durch zufillig verteilte Storstellen bestimmt. Durch geschickte Wahl der Richtung des dufseren Feldes
lassen sich in der Probe zwei Schaltvorginge messen: Zunéchst das Schalten von einem Zustand ho-
mogener Magnetisierung zu einem Vortexzustand, anschliefsend von diesem Vortexzustand weiter zu
einem Zustand homogener Magnetisierung, der dem Anfangszustand entgegengerichtet ist. Obgleich
das Schaltverhalten wesentlich durch Joulesche Warme bestimmt wird, 1dsst sich auch das vom Spin-
strom tibertragene Drehmoment auf die Scheibe experimentell nachweisen, was ohne unsere optimierte
Geometrie nicht moglich gewesen wire.

Im zweiten Teil der Arbeit geht um die fundamentalen Eigenschaften von reinen Spinstrémen, die

durch metallische Grenzflichen fliefen.
Zuerst werden laterale Spinventile aus Pt-Py-Cu hergestellt. Diese erlauben einen Vergleich der Tem-
peraturabhingigkeit von Spinstromen, die auf zwei verschiedene Arten erzeugt und detektiert werden.
Bei der ersten Methode wird gewohnliche Spininjektion verwendet. Als zweite Methode dient der
Spin-Hall-Effekt. Entweder werden durch diesen Effekt Spinstrome erzeugt, die iiber gewohnliche
Spindetektion nachgewiesen werden, oder es werden Spinstrome mittels gewShnlicher Spininjektion
erzeugt und liber den inversen Spin-Hall-Effekt nachgewiesen. FEs zeigen sich deutliche Unterschiede
im Temperaturverhalten zwischen beiden Detektionsmethoden, womit klar ist, dass die Temperaturab-
héngigkeit solcher Signale nicht nur vom Spintransport und von der Injektionsmethode, sondern auch
von der Detektionsmethode abhingt.

Diese Ergebnisse motivieren eine zweite Arbeit, bei der erneut Pt-Py-Cu basierte Spinventile ver-
messen werden. Mittels dieser Proben lassen sich u.a. das Spinabsorptionssignal und der inverse Spin-
Hall-Effekt temperaturabhingig vermessen. Abhéngig von der Qualitit der Grenzflichen ergeben sich
zwei mogliche Szenarien: In diesen Proben misst man entweder einen grofen Spin-Hall-Effekt und ver-
nachléssighare Spinabsorption oder umgekehrt eine hohe Spinabsorption, aber dafiir nur einen geringen
Spin-Hall-Effekt. Diese beiden grundlegend verschiedenen Messergebnisse, die letztendlich auf unter-
schiedliche Fabrikationsmethoden zurilickzufiihren sind, lassen sich weder durch konventionelle Elektro-
nenmikroskopie beobachten noch auf die elektrischen Ladungstransporteigenschaften der Grenzflichen
zuriickfithren. Stattdessen kann man mithilfe einer speziellen, auf Rasterelektronenmikroskopie basieren-
den Methode die verdeckten Grenzflichen direkt analysieren. Diese Analyse zeigt die Strukturen der
Grenzflachen, die die gemessenen Spintransport-Ergebnisse erkléren.

Die Reproduzierbarkeit dieser Ergebnisse 14sst sich mithilfe zusétzlicher Messungen von auf CoFe-Cu
basierten Spinventilen bestitigen. In diesen Proben werden sowohl die CoFe-Nanodrihte als auch die
Kupferbriicke mithilfe verschiedener Fabrikationsmethoden hergestellt. Wéhrend Proben mit hoher
Grenzflachenqualitdt keine Unterschiede im Temperaturverhalten von gewohnlichem Spininjektions-
und Spinabsorptionssignal aufweisen, zeigen sich erhebliche Unterschiede zwischen beiden Signalen fiir
Proben mit geringer Grenzflichenqualitét.

Im letzten Teil der Arbeit geht um die Fabrikation von auf CooMnSi basierenden lateralen Spinven-
tilen. Es konnte zwar kein Spinsignal nachgewiesen werden, dennoch wurden erhebliche Fortschritte
in der Fabrikation von lateralen Spinventilen, die aus diinnen Filmen hergestellt werden, erzielt.
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Introduction

In the field of spintronics, coined after the words “spin” and “electronics”, researchers try to exploit the
spin degree of freedom of the electron to provide functionality such as manipulating magnetization.
One of the first and most important discoveries in the field of spintronics was the giant magneto-
resistance (GMR) effect by Albert Fert and Peter Griinberg in 1988, for which both were awarded
the novel prize in 2005 |1, 2]. As a result of the GMR effect, the electric resistance of a multi layer
system of alternating ferromagnetic and non-magnetic layers depends on the relative alignment of the
magnetization of the ferromagnetic layers, which can be explained by different scattering probabilities
of the conduction electrons at the nonmagnetic and ferromagnetic interfaces.

Over the next few years, Stuart Parkin, working at the IBM Almaden Research Center, built data
storage devices exploiting the GMR effect for magnetic read-heads and in the year 1997, IBM com-
mercialized a hard disk drive with 16.8 Gigabytes. This results in an increase of the data storage by
a factor of 1000 compared to previous commercialized data storage devices [3]. Nowadays, hard disk
drives (HDDs) with a storage of 3 Terrabytes are available, making things such as cloud computing
and high quality video streaming possible.

However, such devices also face challenges, in particular the relatively slow information reading and
writing times (which are typically of the order of a few milliseconds) and the relatively high energy
consumption of a few Watts per Gigabyte. Even more problematic is the low robustness of such devices
due to the mechanically moving parts, calling for new ideas and improvements. Motivated by this,
Stuart Parkin et al. came up with the idea to use the magnetization in a magnetic nanowire, which
depending on the orientation represents either a logic “1” or a logic “0” [1]. The information is separated
by magnetic domain walls (DWs), which can be shifted within the magnetic nanowire via spin polarized
currents and thus the magnetization is shifted to the position where it is read-out, making macroscopic
mechanically moving parts redundant.

For spin transfer torque driven DW motion, however, high critical current densities are required |5,

|- Recent research has investigated new methods of DW motion based on spin orbit torques, which

have the potential for much more efficient manipulation [7—9]. However, also in spin orbit torque based

devices, relatively large currents are required to switch a magnetic state, resulting in relatively large

Joule heating and Oersted fields which is disadvantageous - in particular they also lead to undesired
changes in the magnetic state of the device.

In addition to spin polarized currents, there is also the possibility to exploit pure spin currents to
manipulate magnetization, in particular in a lateral spin valve geometry. In the simplest case this
geometry is based on two ferromagnetic (FM) sub-micron electrodes, which are spatially separated
but connected via a nonmagnetic (NM) spin current conduit with low spin orbit coupling [10, 11].
A gspin polarized charge current with the spin current orientation depending on the magnetization of
FM; flows across the FM; /NM interface. Thus a spin accumulation is generated in the NM which is
transported towards FMs where it can be detected as a non-local voltage and can exploited to e.g.
switch a magnetic state [12] or displace a magnetic domain wall [13-15]. Since charge current injection
and voltage detection are spatially separated, accompanying effects such as Joule heating, Oersted
fields and capacitive effects are reduced in the manipulated magnetization region. One prominent
example for a non-local spin signal based logic device with built-in memory has been proposed in
2010 [16]. Additionally, the lateral spin valve geometry opens a route for e.g. new magnetic read-heads
for higher data storage devices [17, 18].
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The goal of this thesis is to study both the fundamental properties of pure spin current transport
across metallic interfaces in lateral spin valves and to check the suitability of the geometry for possible
applications, e.g. the efficient and reproducible manipulation of a magnetic state by pure spin currents.
In order to study the former, in particular different fabrication methods are used and their influence
on the resulting interfaces and the spin signals is investigated. For possible applications, the magnetic
switching of a very small disc via pure spin currents is investigated via a well-suited optimized geometry.
Also, routes to producing lateral spin valves with high spin-signals are investigated via the employment
of highly spin polarized materials in combination with promising spin conduit materials.

The thesis is divided into seven chapters as follows:

Chapter 1 provides the theoretical background for the understanding of magnetism on a nanometer
length scale and discusses, in particular, the different contributions to the Landau free energy such
as Heisenberg exchange energy, Zeeman energy, stray field energy and anisotropy energies. The
fundamental equation of motion, the Landau-Lifshitz-Gilbert equation is motivated and exploited
in order to describe the influence of external fields and spin currents on magnetic domain walls.
After this, contributions such as intrinsic band structure effects, spin skew scattering and side
jump contributions to the anomalous Hall effect and the spin Hall effect are presented and
explained, the latter playing a key role in the experimental work of the thesis. An introduction
to the lateral spin valve geometry and the non-local signal follows, the latter of which is based
on a shift in the chemical potential of the different interfaces for the different spin states. The
chapter ends with a derivation of the non-local signal based on a 1d-diffusion model and a study
of the spin transfer torque acting on non-collinear magnetization, which is intensively studied in
the experimental part of the thesis.

Chapter 2 concerns the fabrication of lateral spin valves including the employed methods such as
electron beam lithography, ultrahigh vacuum thin film deposition and ion beam etching. Fur-
thermore, experimental techniques such as atomic force microscopy, X-ray reflectivity and the
measurenient of the non-local voltage via lock-in amplification are presented and explained, to-
gether with a presentation of the used experimental setup.

Chapter 3 presents an optimized lateral spin valve geometry, which allows for the study of the pure
spin current assisted magnetic switching of a nanostructure. In particular the manipulation of the
magnetization of a 160 nm diameter Py disc is demonstrated, with the disc acting as the detector.
By a judicious choice of the applied external field direction and the amplitude and polarity of
the applied current pulses, the switching behaviour of the magnetic disc can be measured as a
function of the resulting absorbed spin current. Although a large portion of the changes of the
switching fields can be attributed to Joule heating, the spin transfer torque arising from the pure
spin current also contributes to the switching. Thanks to the optimized geometry which allows
for the synchronous application of current pulses from two injectors, it is possible to observe and
to determine the spin transfer torque contribution.

Chapter 4 describes the differences in the temperature dependence of the spin current generated by two
different spin current generation and detection methods. As the first method, both conventional
electric spin injection and detection are used, based on two ferromagnetic wires bridged by a
nonmagnetic spin current conduit. As the second method, a spin current is either generated
by the spin Hall effect and detected by conventional spin current detection or a spin current is
generated by conventional spin injection and detected by the inverse spin Hall effect. A pioneered
kinked geometry with the heavy metal electrode patterned perpendicular to the ferromagnetic
wire allows one to link the detected signals with the magnetization orientation of the probed
ferromagnetic wire. Differences in the temperature behaviour of the signals based on the different
detection methods are seen, indicating that the temperature dependence is not only governed by
the spin current transport and spin injection mechanism as previously claimed.
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Chapter 5 compares the conventional non-local signal, the spin absorption signal and the (inverse) spin
Hall effect signal in lateral spin valves based on different fabrication recipes for the patterning
of the spin current conduit. Depending on the used fabrication recipe, either a large (inverse)
spin Hall effect signal and low spin absorption is observed, or vice versa. Also the temperature
dependencies of the different signals for samples based on the different recipes differ considerably.
These large, counter-intuitive differences are not apparent from conventional imaging and are not
reflected in the very similar charge transport properties of the devices. Rather a special technique
for buried interface imaging is used, which provides a link between the transport results and the
fabrication method depended quality of the interfaces. The results are confirmed by additional
measurements in a different system which provide an estimation of the contribution of intrinsic
parameters to the spin absorption which can be compared to interface contributions such as spin
transparency and spin memory loss, which have been often disregarded in the literature.

Chapter 6 describes the fabrication of lateral spin valves from prior grown metallic films, which is
challenging compared to lift-off based samples but is required for the study of materials with
high intrinsic spin polarization such as Heusler materials due to the need for high temperature
annealing of the films. Although no spin signal has been detected, significant progress in the
fabrication procedure, in particular concerning the homogeneity of the etching and the removal
of the residual resist, is achieved.

Chapter 7 sums up the main experimental results and provides an outlook for further possible exper-
iments based on the lateral spin valve geometry.



Chapter 1

Theoretical Background

This part of the thesis covers the basic theory behind the experimental work in order to provide a
theoretical context for the experimental results.

Firstly, the appearance of magnetism is explained based on the quantum mechanical properties of
bound electrons in atoms. However, in solids, electrons form electronic bands and here a different
description is required. In the Stoner model the bands are shifted energetically for different spin
orientations, resulting in a net macroscopic magnetization.

The next step will be to describe the dynamics of magnetism, based on the Landau-Lifshitz-Gilbert-
equation (LLG). A semi-classical motivation will be used to deduce this fundamental equation of
motion. After the derivation of the LLG-equation, the different energy contributions are studied
to determine the effective magnetic fields which drive the magnetisation dynamics. One important
example of the application of the LLG-equation is to describe the time evolution of a magnetic domain
wall driven by effective fields, which will also play an important role in the experimental part of the
thesis.

Thirdly, the-LLG equation is extended to include the effect of spin polarized currents via the so-
called adiabatic and non-adiabatic spin transfer torque.

In the fourth part, the various Hall effects including the anomalous-Hall effect and the spin Hall effect
are described, which play a vital role in the experiments.

In the fifth part of this chapter, a theoretical description of the generation, transport and detection of
pure spin currents in (metallic) lateral spin valves is given, together with the derivation of the electric
non-local signal as a function of the electrode separation. Additionally, spin currents generated by heat
and the spin dependent Seebeck effect are shortly discussed.

The chapter ends with a discussion for a non-collinear magnetization orientations which gives rise to
the spin transfer torque. The spin transfer torque in a lateral spin valve will play a vital role in the
experimental results since it allows for an efficient manipulation of a magnetic state in such a device.
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1.1. Microscopic Origins Of Magnetism

Usually, magnetism is based on electrons; elementary particles which can be described by their electric
charge —e, by their mass m. and by their spin s. While the first two properties can be explained in
terms of classical mechanics and electrodynamics, the electron spin s is a purely quantum mechanical
property [19]. In a classical model of an atom, an electron moving around the atomic nucleus can be
understood as a circular current. Its magnetic moment [ is given by

—e -

L, (1.1)

H= 2me
with L as the angular momentum of the electron. The corresponding quantum mechanical descrip-
tion for the classical angular momentum vector is given by the following commutator relations and
quantization rules

[Li, Lj] = iheiji Ly,

[Li, L2 =0
L2|lmy > = K2(1+ 1)|Imy >
L.|lm > = himy|lmy >

[A,B] = A-B— B- Ais the commutator while A and B are operators. L? = L2 + i/%; + L2 is the
squared angular momentum operator. L, is the component of the angular momentum operator in the
z-direction, which is assumed to be the quantization axis. Since IL? and L, commutate, the operators
have a same basis and |lm; > are the eigenvectors of this basis. [ = 0,1,2,...,n — 1 is named the
azimuthal quantum number, n = 1,2,.. the principal quantum number and m; = —I, -l 4+ 1, ..., is
known as magnetic quantum number. i = h/27 =1.05-10734J /s is the reduced Plank constant.
Similar to the (orbital) angular momentum, the spin angular momentum of the electron can be
defined although it is emphasized here again that the spin angular momentum is a purely quantum

entity without any classical analogy [20, 21]. One can write [22]

&2 2 & . 1 1

S%s > =hs(s+1)|s >= |Sz|s >=ms - h WlthS=§ and mszii. (1.6)
Electrons with mgs = +1/2 are named spin-up, electrons with mgs = —1/2 are named spin-down

electrons. For a further description, the total magnetic moment operator fito is defined as follows
N A A —€ [z 4
Htot = fhorb T fspin = TW (L + geS> y (17)

with g, the Landé g-factor, which is close to 2 for electrons [19]. The interaction between these two
angular momenta is called the spin-orbit-interaction (SOT). In a simple picture it can be understood as
the interaction of the spin magnetic moment with the magnetic field in the rest frame of the electron,
which itself is generated by the orbital motion of the electron in the electric field of the atom arising
due to the positive charges of the nucleus. As a direct result of the SOI, the eigenvalues of neither L
nor S are conserved. Instead, the total angular momentum operator J is defined as

J=L+385. (1.8)

A schematic illustration of the two magnetic moments is shown in Figure 1.1.
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Fig. 1.1. Schematic illustration of a classical model of an atom with a nucleus and an electron orbiting around
the nucleus with the distance r. The electron has two different angular momenta. The classical
orbital angular momentum, which is antiparallel to the magnetic moment g1, and the pure quantum
mechanical spin S which is antiparallel to the spin magnetic moment jispin.

Up to now, only the spin orbit interaction in a single atom has been studied. However magnetism in
a solid arises not from a single atom, but rather is a many particle phenomenon. Compared to atoms,
where electrons occupy different atomic orbitals which are localized around the nucleus, electrons in
solids form electronic bands [23]. These electronic bands are generated as a result of the overlapping
of the atomic orbitals of the atoms within the solid [241]. This holds especially for electrons sitting in
outer shells, while electrons localized in inner-shells tend to be bound close to the nucleus. Electrons
occupy states up to the Fermi energy, which is for metallic systems located within one or more of the
electronic bands.

Electrons present in the bands at the Fermi energy are mobile and can be shared among several
atoms. Thus these electrons are called itinerant electrons and lead to an electric conductivity in
metals [23]. Hence these contributing electron bands are named conduction bands. In the case of
simple 3d itinerant ferromagnetic elements such as Fe, Co and Ni the conduction band originates from
the 3d and the 4s orbitals. As a consequence, the charge carriers in these metals are hybridized 3d-4s
electrons.

A model for the ferromagnetism of these materials has been proposed by Stoner, which is based on
a free-electron approximation [25]. In this model, the spin polarized bands of spin-up and spin-down
electrons are spontaneously shifted in energy and as a consequence, one spin polarisation is energetically
preferred for electrons in the vicinity of the Fermi energy. The split of the energy bands occurs if the
Stoner-criterion is fulfilled, which reads [20]

I-N+(Ep)>1 (1.9)

with I as the Stoner exchange parameter and N| +(Er) as the density of states per atom for each spin
state at the Fermi energy Fr. The density of states of a simple, itinerant ferromagnetic system with
two spin-polarized sub-bands with the energy gap AF is shown schematically in Figure 1.2. In the
situation as drawn, more spin-down electrons than spin-up electrons are present, resulting in a net
magnetization M , which is antiparallel to the spin-down electrons. Since in this example the majority
band is completely filled up, these ferromagnets are named strong ferromagnets (such as Ni or Co)
while ferromagnets with less filled majority bands such as Fe are named weak ferromagnets [27].
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Fig. 1.2. Schematic illustration of the simplified density of states of a strong 3d itinerant ferromagnetic system
such as Ni or Co. Since more spin-down than spin-up electrons are present, a net magnetization M
antiparallel to the spin-down electrons is found.

1.2. Landau-Lifshitz-Gilbert Equation

In the year 1935, L. D. Landau and E. M. Lifshitz published an equation which describes the time
evolution of an arbitrary magnetic solid [28], based on the Heisenberg model of ferromagnetism. In
this section, this equation is derived by the aid of the Heisenberg equation of motion in a semi-classical
continuum limit, following the derivation from [29].
The quantum mechanical Heisenberg equation of motion reads:

d . ioa .
If the operator Ag does not have an explicit time dependence in the Schrédinger picture, the second
term on the right hand side vanishes. If for the first consideration a single spin S'is chosen, one obtains:

dS; i sy i OH o o )
P ﬁ[fi S;] = 7 ( g ais,k[sk,sj] +O(h )) , (1.11)

where O(h?) denotes a function containing terms of the order h%. In the following, the Einstein
summation convention is used. By the aid of the fundamental commutation relation for the angular
momentum and therefore for the spin

1Sk, Sj] = —ihejnSy, (1.12)
one finds
as; 0H
_ o 1.1
i = g5, M5+ O (1.13)

for the j-th component of the spin S. Via a semi-classical approximation, the single spins S which
are discrete in amplitude and orientation, can be approximated by the continuous vector field of the
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magnetization M , providing the characteristic length scale over which the magnetization changes its
direction is large compared to the distance between the spins. Furthermore, in the limit A — 0, one
can write

dM S
—— = —yM X Heg, (1.14)
dt
where v = g - o - up/h denotes the gyromagnetic ratio and pg = 4 - 7 - 107" N/A? the vacuum
permeability. The effective field Heg can be determined by

- 1 /10H 1 dE
Hg=—(—F5g)=—"7=; (1.15)
v\ o OS po dmis
where F is the energy of the system and mg = —g,LLth the magnetic moment of the spin (which is

now treated as a simple vector). In the continuum limit, Equation 1.15 simplifies to

. 1 6F
__ - "= 1.1
eff 110 SM’ ( 6>
with § as the variational derivative defined as
» E[M ()] + e€,6° (7 — ) — E[M (7))
oE 1 - v
ML — vy L | 13 (7] + 26,0° (7 — ) — E[N(P) | (1.17)
; - Z
oM () E[M(7)] + e€.03(F — 7o) — E[M ()

Equation 1.14 describes a precessional motion of the magnetization M along the effective field ﬁeﬁ.
By a simple calculation

dE - .
== (fuoHeﬂ) : <77M x Heff> —0 (1.18)
one finds that there is no energy dissipation due to this motion and therefore, it is not possible for
the magnetization to reach the energy minimum, which is in the simplest case parallel to an external
field due to the Zeeman energy (see Section 1.3.1 for more details). To solve this problem, Gilbert |[30]
added a phenomenological damping term to Equation 1.14 proportional to M x dM /dt. This leads to
dM

a -
Ay il 1.1
M T (1.19)

dM L
G = (W x Heg) +

with o < 1 as the Gilbert damping constant and M, = |]\Zf] as the saturation magnetization.
As desired, Equation 1.19 keeps the saturation magnetization M, constant

d d - —»dM — - — o = dM
—M? = —|M|?=2M— =2M - | —vM x H, — M x — | =0. 1.20
aMs = g M| dt ( Y Hetr o g M dt) (1.20)

Equation 1.19 is written in an implicit form with dM /dt appearing on both sides. To transform it to
an explicit form, where the time derivative only appears at the left hand side, one uses the Grassmann

—.

identity @ x (bx & = (@-¢)-b— (@-b) - ¢ takes the vector product with M on both sides and gets

- dM S a ([ dM\ - - -dM
Mxﬁ_—fny(MxHefO—FMs (M-dt>-M—M~Mdt]. (1.21)
Since M - dM/dt =1/2 - d/dt(M2) =0 and M - M = |M|> = M2, one finds
- dM - o= dM
M x S = = <M x Heﬂ) —aM, - . (1.22)
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The right hand side of Equation 1.22 is inserted in Equation 1.19 and one obtains

dM o Q - - o o dM

e —(yM x Heg) + A [—’YM X (M x Heg) — Mdt] ) (1.23)
dM S o o oo dM

==y (47 x Flor) — N x (0 x He) = a2 (1.24)

The time derivative is moved from the right hand side to the left hand side, one factors out (1 + o?)
and one gains the explicit Landau-Lifshitz-equation:

dM

(14 0?) = —yM x He - yMﬂM X (M X ﬁeﬂ> (1.25)
S
dM - o - (e
— — = /M x Hep - 7’%M X (M X Heﬁ) : (1.26)
S

In the last step, an effective gyromagnetic ratio 4/ = /(14 a?) is introduced. Equation 1.26 consists of
two terms. The first term on the right hand side describes a precessional motion of the magnetization
M around the effective magnetic field H.q. The second term leads to a damped motion, which results
in the magnetization M being parallel with the effective field ﬁeﬂ. The last step to check is the energy
dissipation which is expected to be negative. Both sides of Equation 1.19 are multiplied with the cross
product of M. One obtains

- dM - .- a - - dM
M ox S5 = i (M i ) DN x [ Mx EE 1.27
X 7 ~YM x X Heg | + A X ( X o > ( )
with the help of the already former used Grassman identity, one finds as before in Equation 1.22
- dM . - . dM
Mx 2 :—7[(M-Heﬂ) -M—MS?HBH} —aM, 2= (1.28)
dt dt
If Equation 1.28 is solved for ﬁeg, one obtains
= 1 - dM o« dM 1 (- - -
Hop = —— M x &5 S+ < (M- He) - 0 1.29
of = aE  ar oA @ o eff (1.29)
by the aid of Equation 1.29, it is possible to calculate the energy dissipation:
dE SE dM
— = [ dV —— 1.30
dt / SM dt’ (1.30)
dE ~dM
- dV Heg - — 1.31
at — M / VHe 5 (1.31)

where Equation 1.16 has been used to exchange 6E/JM by the effective field Heg. By using the
expression determined in Equation 1.29, one obtains

dE 1 - dM o dM 1 /- = _\  dM
— = [ dV M x —— b (M- Heg) - M | - =~ 1.32
a " °/ <7M§ “ar T a T M§< eff) ) dt (1.32)

The first term o (M x dM /dt) - dM /dt vanishes due to the attributes of the vector product and the
scalar product. The last term oc M - dM /dt = 1/2 - d/dt(M?) vanishes since M is constant. This
yields

S\ 2
dE o dM
—_— == dv | — 0. 1.33
ait M, <dt> < (1.33)
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In the static case dM /dt vanishes and the energy minimum is reached, while in the dynamic case the
energy dissipation is always negative. If the total motion of the magnetization for the two scenarios is
sketched as calculated in Equation 1.14 and Equation 1.26, a picture as follows is found:

In Figure 1.3a) the precessional motion of the magnetization M around the effective magnetic field
ﬁeﬁ‘ without any damping is drawn. As a result of the lacking damping, M can never reach its energy
minimum being parallel to ﬁeg, in contrast for the situation drawn in Figure 1.3b). As a result of the
introduced dampmg term, the magnetization follows a splral curve, reaching the energy minimum once
the magnetization M is parallel to the effective field Heff

Hefr

Mx(MxH
( Xr%p’fn ff)

Hefr

trajectory

o -~

(MxHeff)
precesson

trajectory

..

(MxHeff)
precesson

a) b)

Fig. 1.3. Schematic time evolution of the magnetization M.
a) Without any damping, the magnetization M precesses around the the effective field Heﬁv, never
reaching its energy minimum.
b) With an included damping term, the magnetization M follows a spiral trajectory until it reaches

the energy minimum being parallel to the effective field Heg.

1.3. Contributions To The Landau Free Energy

To solve Equation 1.26 and to calculate the evolution of the magnetization M in time, a determination
of the effective field Heg is required. This effective field can be determined from different energy
contributions to the Landau free energy, as described in the following subsections.

Zeeman energy is the energy contribution to the Landau free energy due to the presence of an external
magnetic field Heyi. The magnetization M favours being aligned with this external field and therefore
the term is given by

Ey = —uo/dvﬁm .M (1.34)
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The corresponding effective field is simply

Hy = Hey (1.35)

The exchange energy favours a parallel alignment of spins and can only be explained using quantum
mechanics. For the calculation, an interaction between neighbouring spin is assumed and a Heisenberg

type of interaction [31] is used. One can write the exchange energy FEex as
Bex=-J Y §;-5 (1.36)
<ig>

with the sum being taken over all neighbouring spins and J being the exchange constant. The conven-
tion is used that each summand is only taken once. Equation 1.36 can be written as follows:

Fex = —JZ%S;S}VN = —J|§|2 Z% COS(ﬁbi,NN) (1'37>

NN are the nearest neighbours of the i-th spin and ¢; yn is the angle between the i-th spin and the
corresponding next neighbour. By introducing the magnetization M , one obtains

. L N\2
(M(Fi +7NN) — M(ﬁ)) = 2M7 — 2M cos ¢ NN (1.38)

with 7yny as the distance vector between neighbouring spins. Equation 1.38 is inserted into the
Heisenberg model Equation 1.37. The term 2M2 is neglected since it is constant and only energy
differences are considered. One obtains

2 -
Eox = ;A‘; ZZ UGERNE M(Fi))Q. (1.39)

In the continuum limit, the length scale of the magnetization changes is large compared to the distance
between two spins, leading to small angles between neighbouring spins. Therefore, the magnetisation
can be expanded in a Taylor expansion up to the first order which yields

i — 2M2 ZZ () (7)) (1.40)

In the case of a simple cubic lattice with lattice parameter a, each spin has six nearest neighbours with
the distance vectors 7y as follows: 7.1 = (a,0,0), 2 = (—a,0,0), rc3 = (0,a,0), 7.q4 = (0,—a,0),
7e5 = (0,0,a) and 76 = (0,0, —a).

For a body-centred cubic lattice, one finds for each spin eight neighbours with the following dis-
tance vectors: Thee1 = (a/2,a/2,a/2), Theco = (—a/2,a/2,a/2), Thees = (a/2,—a/2,a/2), Theca =
(a/2,a/2,—a/2), Thees = (—a/2,—a/2,a/2), Trees = (—a/2,a/2,—a/2) Theer = (a/2,—a/2,—a/2) and
7?bcc,S = (—Q/Qa —CL/2, —CL/2).

In the third case of a face-centred cubic lattice, each spin has twelve neighbours with the distance
vectors Tfee1 = (0,a/2,a/2), Treep = (0,—a/2,a/2), Ttees = (0,a/2,—a/2), Tfeea = (0,—a/2,—a/2),
Trees = (a/2,0,a/2), Trees = (—a/2,0,a/2),7tec,(a)2,0,—a/2), Ttees = (—a/2,0,—a/2), Tieco =
(a/2,a/2,0), Tfecio = (—a/2,a/2,0),7teei1 = (a/2,—a/2,0) and 7tee12 = (—a/2, —a/2,0).

For all three cubic lattice types, one finds for the exchange energy Fex

N S\ 2 -\ 2

JS oM oM oM
Fex = — 24> —— —_—— —_—— . 1.41
et (| (%) (%) +(F) o
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With the introduction of the spin density cs/a® with cs the number of spins per unit cell (1 for a simple
cubic lattice, 2 for a body centred cubic lattice and 4 for a face centred cubic lattice) one finds

SN\ 2 S\ 2 SN\ 2
JS Cs oM oM oM
Eoy = 2 /dV - (M) + <6y> + <82> (1.42)

which is simplified by the introduction of the exchange constant A = JS/a as follows:

S\ 2 -\ 2 -\ 2
A oM oM oM
mem e [ ((50) + (%) + (%2) ) 1)

The exchange field Hex(7) can now be determined and one finds

Ho(i) = — L 0P .
Fo 0 M (7)
Fo() = =24 [ g (MO8 —7) | OM(7) 98°(+ =) | OM(F) 05°(r" =) )
HoM, Oz oz’ 9y’ oy’ 0z 0z
(1.45)

—

By integration by parts, one determines Hex(7) to be

Hex (7) = 24 /dV’ (82M(F)63(F’—F)+82M(F)53(F’—F)+82M(F)53(F’—F)>, (1.46)

HOMSQ an/Q aQy/Q 82212
. 24 [8M(F)  82M(F)  92M(7)
Hex(7) = o M2 < o2 Oy? T ) (147)
S 24 oy
Hey (7) m Mgv M. (1.48)

The boundary terms in the integration by parts vanish due to the Dirac-0 function which is localized
at the position 7.

In contrast to the Zeeman energy Ez, which describes the energy of the magnetization in the presence of
an external magnetic field, the demagnetization or stray field energy deals with the energy contribution
of the long-distance dipolar interaction of the magnetic moments with each other.

Beginning with Ampére’s law [32] one can write:

(1.49)
with ;’ext as the current density and D as the electric displacement field. In the absence of any applied
currents and any external fields, Equation 1.49 simplifies to

6 X ﬁdip = 0, (150)

which means that ﬁdip is a conservative vector field and can be written by the aid of a scalar potential
®g4ip. Together with Gauss’s law for the magnetic flux density B this yields

Haip = —V (Daip) (1.51)
V-B=0and B = puo(H+ M) (1.52)
= Adgi, =V (ﬁ ((I)dip)> — -V ﬁdip) —V (M) . (1.53)
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®g4ip fulfils the Poisson equation for which the solution can be found in many textbooks on classical
field theory, e.g. [32] and one finds

L1 1 L T
Byip(7) = M/dv’ = (~9'01()) +47r/d5’ e V(). (1.54)

|7 — 7

The first integral integrates over the volume V' of the sample and is the solution of the Possion equation.
The second integral accounts for the boundaries, i.e. the surface of the sample S with S/ = S'i(7) as
the component normal to the surface. With Equation 1.53 it is possible able to determine the stray
field ﬁdip and one obtains

Haip(F) = - (jﬂ/dv' - 1#,| (-9 +4177/d§’ - 1 M(f)). (1.55)

=T =7

The stray field energy Ejyip, is given as the scalar product of M and Fldip. This yields
Egip = —% AV M (7) - Haip (),
with the factor 1/2 due to the double integration over the volume V

Eding;E/dVM(f‘)ﬁ(/dV’

By changing the integration order and reordering the two integrals, one obtains

e ((TUI) + [0S ). 0

Egip = g—i /dV’ (—ﬁ' (M(F’)) +ds’ M(F)) /dV M(7) (,F_{O . (1.57)

7

With the aid of the Gauss’s theorem, one can write
/ a5 - N = / Qv v <1 M(F)) (1.58)
7 = M0
/d§ L i = /dV 13 (M(F)) +/dV G < ! > (1.59)
/ |7:'_ ,,7/| |F— ’I?/| )
L .1 . 1 ==
— /dV MR <*“| > _ /dS = M) —/dV ,’ v (1) (1.60)

If Equation 1.60 is inserted in the last integral of Equation 1.57, one finds

Edip—g;)_/dv (—6 (M(m) +d§]\7[(F))/dV/ ! (-6 <M(F)> +d§M(F)). (1.61)

G

By introducing py (7) = —V (M(F)) as the volume charges and og(7) = M(F) - ii(7) as the surface
charges, Equation 1.61 can be written in its standard form which reads:

Egp = 2 </dV v (7) +/d§ US(F)> ((/dv' pv(F) +/d§/ US(F’)> |F_1F,|> (1.62)

By Gauss’s theorem, it is additionally possible to rewrite Equation 1.56

Eaip = ;ﬂ/dv M) ¥ (/dV’ o (-t +/d§' 1 M(r)) (1.63)

=7 =]
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which yields
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which is the energy of a field of magnetic dipoles with dipole density M (7) at position 7.

Up to now in this section, the Heisenberg model, introduced in Equation 1.36, has been used to describe
ferromagnetism. Since in the Heisenberg model the energy only depends on the relative orientation of
the spins and is therefore anisotropic, it is insufficient to describe real ferromagnetism in real crystals.
In real systems it is found that the energy of the system depends on the orientation of the spins with
respect to the crystallographic directions leading to so-called “easy” and “hard” magnetic axes [33].
This anisotropy is based on the interaction of the crystalline ordered electronic orbitals and the spin
moments, i.e. spin orbit coupling. Depending on the crystal symmetries, different symmetries are
found for the anisotropies and the anisotropy is larger, the lower the symmetry of the crystal [3, 35].
The calculation is started with the anisotropy energy and follows [36]. One can write

B — / Ve, (1.67)

with €ani as the anisotropy energy density. Compared to the large exchange energy, anisotropy energies
are small and allow for a series expansion. One obtains for €,p;

€ani = €0 T Z K; jaia; + Z K jkioiaopoq + ..+ . (1.68)
,J 1,7,k

The first term in the sum is neglected since only energy differences are relevant. The constants K; are
temperature dependent anisotropy constants and «; are the direction cosines to the z-axis. Due to the
time inversion symmetry of the magnetization, only even terms in the magnetization will occur. In the
simplest case of uniaxial anisotropy, for which the energy depends on the angle 6 to a single axis (e.g.
the stacking axis of the hexagonally closed packed planes for cobalt [37]) one finds
el = K sin? 0 + Ko sin*(0), (1.69)

with 6 as the angle between the stacking axis and the magnetization direction. Neglecting the forth
order for a moment and assuming K is positive, the uniaxial energy density becomes minimal for the
magnetization being parallel to the stacking axis, i.e. the z-axis. In the case of a negative K, the
hard axis is found to be parallel to the z-axis and therefore a preferred magnetization orientation in
the zy-plane.

In a cubic system such as iron or nickel, the cubic anisotropy can be determined up to the 6-th order
with the phenomenological ansatz as follows:
As for the case of uniaxial anisotropy, only even terms will occur due to the time reversal symmetry
of the magnetization and therefore the anisotropy will be a function of M2 My2 and M2. Due to the
90° rotation and the consequent four fold symmetry, the exchange of components, e.g. M2 with MyQ,
keeps the anisotropy constant. There are therefore up to the 6-th order six linearly independent terms:
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M2 M2 MsS, szMyQMZQ, MgMyz, M2M? and Mszz2 where the first three terms will be neglected
since they are constant. Ordering these terms according to their power in M; leads to

€oni = K1(MIM] + MZM + MZMZ2) + KoMZMIM? + ... + . (1.70)

ani

To give some numbers for the anisotropy constants, cubic Fe and cubic Ni have K7 equal to 4.8-10%J /m3
and —5.7 - 103J /m? respectively, while hexagonal Co has K; equal to 5.0 - 10°J/m3. In low symmetry
permanent magnets like NdoFeiyB and SmCos, K7 is determined to be 5 - 106J/m3 and 1.7 - 107J/m3
respectively [37].

After treating the relevant contributions to the Landau free energy, it is possible to solve the Landau
Lifshitz Gilbert Equation 1.26 in order to determine the time evolution of the magnetization.

1.4. Magnetic Domain Walls

In this section, magnetic domain walls will be discussed, important singularities which can dramatically
influence spin structure dynamics such as reversal modes of magnetic states in the magnetization field.
Weiss was the first to propose the idea that a ferromagnet contains small areas, termed domains, in
which the local magnetization reaches the saturation magnetization [38, 39].

These domains are separated by domain walls. By the introduction of the concepts of domains
and domain walls, Weiss could additionally explain why some magnetic samples require much lower
magnetic fields to be completely magnetized, than those what would be expected based on saturation
magnetization, but where the magnetization direction differ from one domain to the next, resulting in
a lower total magnetization for the system as a whole. In these samples, the magnetic moments within
the domains are ordered at room temperature, but without any applied field, the domains may not
be aligned. An external field shrinks the unfavoured domains that are not aligned with the field and
increases the size of the aligned domains.

If two neighbouring domains show opposite magnetization, one calls the domain wall between the
two domains a 180° domain wall, while for perpendicular magnetized domains, the domain wall is a
90° one. The size and form of a domain wall is mainly determined by the counter play of the exchange
energy and the stray field energy. The short range exchange energy favours a parallel alignment of the
spins and therefore wide walls are preferred while the long range dipolar stray field energy becomes
minimal for a flux closure magnetization pattern with narrow walls.

In a simple picture, the magnetization can be modelled as a one-dimensional spin chain. In such a
spin chain, there are two main ways to rotate the magnetization by 180°. In Figure 1.4, these two 180°
domain walls are shown schematically [10]. In a Bloch wall, which is the most common 180° domain
wall, the magnetization rotates in a plane parallel to the domain wall plane.

In a Néel wall, the magnetization rotates in a plane perpendicular to the domain wall plane, leading
to an out-of-plane component. Néel walls are preferred in very thin magnetic films.

117, = =<\
117, = > <~A\\
117, = =<\
17, = = <A\
17, = > <<\

0)

Fig. 1.4. Schematics of two 180° domain walls.
a) Bloch domain wall, in which the magnetization rotates parallel to the wall plane.
b) Néel domain wall with the magnetization rotating in a plane perpendicular to the wall plane.
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In the next step, the domain wall width for a one-dimensional spin chain is determined by finding
the energy minimum of exchange energy and anisotropy energy. One can write for the exchange energy
FEex

Eex = —2J - S?cos ¢. (1.71)

As before, small angles between two neighboured spins are assumed and the cos ¢ is developed in its
Taylor expansion which yields

Eoy = —2J - §? <1 — ¢22> . (1.72)

By neglecting the constant term —2.J - S? one obtains for the energy difference AEy
AE. = J- 5% (1.73)
Changing to a system with 2n spins and defining a macroscopic angle ¢, = n - ¢ yields
AEN =1-J-8%. ¢2 =n?.J.5%. ¢% (1.74)

Considering a simple cubic lattice with side length a, one finds for the exchange energy density Aeex
and for the anisotropy energy density Aeani

AFex 72 Jox S?

Aeex = 1 = (1.75)
AFai  Kna
Aeani = T = 3 (1.76)

where A is the area of the sample. Calculating the energy minimum of the total energy FEio; with
respect to n yields

!
=0

g Etot __7T2'J'Sz K-a
on\ A ) n? . q? 2
2 7@2
— n?a® = %. (1.77)

By defining the thickness A = n - a of the domain wall, one obtains

A \/g (1.78)

This result can be explained as follows. The exchange energy FEey, characterized by the exchange
constant J favours small angles between neighboured spins, resulting in wide domain walls. On the
other hand, the anisotropy energy Fani, represented by the anisotropy constant K, favours the mag-
netization being parallel to the easy axis. For the anisotropy, it is therefore energetically favoured to
quickly rotate the magnetization to reduce the contributions parallel to the hard axes, which results
in narrow domain walls being preferred.

Up to now, only simple Bloch and Néel walls have been considered, where the magnetization is
independent of the position along the wall. This is different when two-dimensional magnetic nanowires
are considered [!1]. In these model systems, which will play a vital role in understanding the exper-
imental results, the drive to reduce surface charges leads to the easy axis being parallel to the wire
axis. As before, two areas with opposite magnetization direction are separated by a domain wall. If
the magnetization in the neighbouring domains points towards each other, it is called a head-to-head
domain wall and otherwise it is named a tail-to-tail domain wall [12].

As before, there are two principal types of domain walls, the transverse wall and the vortex wall.
For two-dimensional systems the type of wall that is energetically favoured crucially depends on the
wire thickness ¢ and the wire width w, as well as on the anisotropy and material parameters [13—10].
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A simple, but useful model to describe which domain wall is favoured is presented in [13]. By
assuming that the difference in the stray field energy of the two different types of domain wall is
effectively the stray field of the transverse component of the transverse wall, the stray field energy
differences AFEy;, are calculated to be

1
AFEgip o —gquthw, (1.79)

with M, as the saturation magnetization, ¢ the thickness and w the width of the nanowire. For the
differences in the exchange energies, which are mainly given by the vortex core of the vortex domain
wall, the energy difference is approximated as:

AEey o 2rtJ In <Tm"> , (1.80)
Tmax

with J the exchange constant, rmax the outer radius of the vortex and 7y, as the inner radius of the

vortex. While the outer radius ry,x is assumed to be w/2 as the half width of the strip, the inner radius

Tmin 18 given by the vortex core radius. To determine which domain wall is favoured as a function of

thickness ¢ and width w, the sum of the two energy differences is set to be zero and one finds

AFEe + AEgi, =0 = w -t = const. (1.81)

The small logarithmic dependence, present in Equation 1.80, is here neglected which results in a
hyperbolic phase diagram as shown for the example of domain walls in Py (NiFe) rings in Figure 1.5.
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Fig. 1.5. Phase diagram for thicknesses and widths of Py rings. Reproduced from [45], with the permission

of AIP Publishing. The interplay between the exchange energy E.x and the stray field energy Eqip
leads to a hyperbolic phase boundary with the vortex wall energetically favoured for wide and thick
nanostructures and the transverse wall favoured for thin and narrow nanostructures.

Additionally both domain wall types can be realized in the same nanowire as either the local or
global energy minimum [17]. In Figure 1.6, the transverse (TDW) and the vortex wall (VDW) in case
of a head-to-head domain wall are shown with the two domains pointing towards each other.

TDW are energetically favoured for thin and narrow nanostructures [15]. In the case of the transverse
wall, the magnetization rotates in the plane of the nanowire.
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VDW are energetically preferred for wide and thick nanostructures. In the case of a vortex wall, the
magnetization curls around the vortex core which points out of the nanowire plane.
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Fig. 1.6. Schematics of the two domain walls appearing in magnetic nanowires. Reproduced from [11] with
the permission of IOP Publishing.
a) Schematic of a magnetic nanowire with the easy axis along the z-direction and the nanowire lying
in the zy-plane. The two shown domains are separated by a head-to-head domain wall.
b) Schematic of a transverse wall with the magnetization rotating in the zy-plane.
¢) Schematic of a vortex wall. The magnetization rotates around the vortex core which points out of
the nanowire plane along the z-direction.

It is possible to move magnetic domain walls by applying external magnetic fields. To understand the
effect of the precession and the damping term on the domain wall, the LLG-equation (Equation 1.19)
is considered:

dm

dt
A simple explanation is shown schematically in Figure 1.7. Two magnetic domains, pointing in either
the 4z-direction or —z-direction are separated by a head-to-head domain wall pointing in the +y-
direction. An external magnetic field is applied along the +z-direction. If this information is inserted
in the LLG-equation, one finds:

= ~oHe X 1+ arih X 1ih. (1.82)

dm = = o " -
E_'VO(Hext"‘Hsf) X Mo m X m. (1.83)
+z +y +y +z

The direction of 73 on the right hand side is given by the precession and the resulting out-of-plane
component along the +z-direction. The external field leads to a damping motion into the external field
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along the +x-direction and a precessional motion out-of-plane along the +z-direction. This precessional
motion causes a magnetic stray field pointing in the —z-direction, which leads to a damping torque
into the —z-direction to reduce this stray field. The precessional motion of the magnetization around
this stray field points in the +x-direction caused by the vector product rules. In equilibrium, the
precession due to the applied external field and the damping due to the stray field cancel out, leading
to an effective motion in the +z-direction. The domain wall therefore moves parallel to the applied
field and will be destroyed at the end of the nanowire, resulting in a homogeneously magnetized wire
aligned with the applied external field. It should be mentioned that this simple analysis is not the whole
picture but rather depends on the amplitude of the magnetic field and the type of domain wall [18].
However, this simple example shows that the direction of the domain wall motion is consistent with
our expectations, which is parallel to the applied field.
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Fig. 1.7. Schematic of a magnetic nanowire with two domains pointing in the +z-direction and —z-direction
which are separated by a head-to-head domain wall with magnetization pointing in the +y-direction.
An external magnetic field is applied along the +x-direction. The analysis based on the LLG-equation
leads to domain wall motion parallel to the applied external field.

Of particular interest in terms of the fundamental physics as well as possible employment for de-

vices [!] is to move and manipulate magnetic domain walls by electric currents instead of external
fields [19-54].
In terms of devices, field induced motion of such in-plane domain walls by in-plane fields would lead
to data storage loss since different domain wall types, e.g. head-to-head and tail-to-tail domain walls,
move in different directions and annihilate [55]. Secondly, field induced motion does not scale favourable
on downsizing. The required magnetic field to move a domain wall stays constant which means the
applied current in a strip line to generate the field increases with decreasing lateral dimensions [50].

In terms of fundamental physics, of interest is the microscopic origin of the current induced domain
wall motion as well as the new arising torques acting on the magnetization. The motivation for the
modified Landau-Lifshitz-Gilbert-equation, which includes the current induced domain wall motion
terms, is given in the next section.

1.5. Current-Induced Magnetization Dynamics: Spin Transfer Torque

In normal, nonmagnetic metals, the spins of the itinerant electrons are randomly distributed and
therefore the electric charge current is unpolarized. This is different for ferromagnetic materials,
since here the itinerant (4s-electrons in case of Ni, Fe, Co) with their spin being antiparallel to the
magnetization (3d-electrons) are scattered less than electrons that are parallel aligned with their spin
to the magnetization.

As a consequence of the lower scattering probability, the antiparallel oriented electrons contribute
more to the electric charge current, which results in a spin-polarized charge current.

In this section, which follows [57] the interaction of these spin polarized currents with a magnetic
domain wall is motivated under the assumptions as follows:
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e The dynamics of m, given by the itinerant 4s-electrons and described by the Bloch equation,
is much faster than the dynamics of M given by the 3d-electrons and described by the LLG-
equation. Due to the different time scales, one can treat m and M separately.

e A Heisenberg type magnetic exchange interaction exists between the itinerant 4s-electrons and
the 3d-electrons, which can be written as [58]:

—

Hyg=—Jow § S . (1.84)
~
4s 3d

As a result of the so-called sd-interaction, the magnetization M leads to a polarisation of m as previ-
ously explained. Reciprocally, the polarized 4s-electrons exert a torque onto the magnetization M due
to the sd-exchange interaction.
Starting with the continuity relation for § yields:

05 = 171,

SAVI= [S,Hsd} ~T,(3). (1.85)
I'5(8) represents a spin drain due to scattering and J is the current density tensor. The calculation of
the commutator [S, Hyy] yields

1 1 /. -
5 Ha =~ (m X M> (1.86)

with Tex = h/SJe, as the exchange time. By assuming m(7,t) =< § > and considering the continuity
equation again, one finds

om(r,t) = 1 -
T V= (7 x 8) = <T > 1.87

ot TezMs ( )
Equation 1.87 is called a semi-classical Bloch transport equation where < I' > is a time averaged spin
drain. The next step is to separate the spin density m into a part mg parallel to the magnetization M
and one part dm perpendicular to M. By doing this analogously for J, one finds

m(r,t) = mo(7,t) + 6m(7,t)
P _ M(7t
J(7.t) = Jo(7,t) + 6J(7,t) = —“i Je ® ]E; )

+OI(F ). (1.88)

mo(7,t) does not play any role for the dynamics due to the vector product and can be suppressed in
the further calculation.

fe ® M (7, t) describes the Cartesian product of the charge current density je and the magnetization
M (7, t) while P = (N4 — N)/(Ny + Ny) is the spin polarization of the 3d-electrons.

In order to solve Equation 1.87, only a linear response of 81 on j. and on OM /dt is considered
and possible time derivatives ddm /0t of ém are neglected. Additionally < I" > is substituted with
dmi(7,t) /s with 74 the average time between two spin flip events. By considering a semi-classical
Boltzmann equation for the current density tensor J, one obtains

83 = —DoV i (1.89)

with Dg as the diffusion constant. By introducing the assumptions in Equation 1.87, one finds

DoAdis =

(s ) — 2 ;‘;agf P59 i (1.90)

Tex Vs
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It is noticeable that §m depends on the time derivative as well as on the spatial derivative of M.
Assuming wide domain walls, §m will change slowly due to a slow variation of M. As before, second
order derivations of dm are neglected which yields

X x 8M - 6]\2 PTox (- = = P - =
om = Te [Te Ho _ Ho (M x ) + UBL Te (]€VM) + /1'22 M x (]eVM>
e

4 (;)2 Tof My Ot M2 ot eM, Ty 2
Tsf
(1.91)
The acting torques caused by dni on the magnetization M are calculated as follows
Sdex -
T= om x M. 1.92
nar, 0" (1.92)
By the use of the following simplification
. Pupyg - _Pup - m
= e R : = — 1.93
U 26MS (1 + 62) ]6 eMS ]8 [U] s Y ( )

with ¢ &= 2 and = 7e /T < 1 the modified Landau-Lifshitz-Gilbert-equation is found, which
describes both the field induced and the spin current induced dynamics of the magnetization M:
oM

. . - OM . - L
o = Yo X M+ ol x — = — (@- V)M + BM x [(@-V)M]. (1.94)

Two new terms are found, which describe the influence of spin currents on the magnetization M:

e The first term governs the impact of the conduction electrons with parallel spin to M and is
called the adiabatic spin transfer torque.

e The second term concerns the impact of the non equilibrium spin density and is the so called
nonadiabatic spin transfer torque.

Both terms depend on the effective velocity # which for typical materials and achievable current den-
sities can reach about 100m/s [53, 59]. The nonadiabatic spin transfer torque depends additionally on
B, where strongly varying numbers, depending on the material, growth mode, experimental technique
etc. are found [60-641]. Even for Py as the prototype of a ferromagnetic material, numbers between
0.01 and 4.07 are determined [65, 66], clearing demonstrating that [ is still under debate.

As a first example to demonstrate that multiple domain walls can be moved simultaneously by spin
currents, the situation depicted in Figure 1.8 is considered. In the initial configuration, a magnetic
nanowire with one head-to-head and one tail-to-tail domain wall is shown. A spin current is applied
in the +xz-direction as shown in Figure 1.8b) with the electron flow direction drawn in black and the
magnetic moment drawn in green, while the different domains are shown as red arrows and the domain
walls as blue lines.

For simplicity, any possible internal structure of the domain wall is neglected and the spin current
is assumed to be fully polarized. In Figure 1.8c), the spin transfer torque is applied on the first
domain wall which moves to the +z-direction and the spin of the conduction electron flips. Due to
the conversation of angular momentum, the localized electrons compensate the transfer of angular
momentum which results in a movement of the domain wall.

The maximum torque which can be applied on the domain wall is therefore 1-A per electron since the
conduction electron flips its spin from e.g. +1/2h to —1/2h. In Figure 1.8d), the conduction electron
flips its spin again and also the second domain wall moves to the positive z-direction, resulting in a
simultaneous motion of multiple domain walls as experimentally shown in [67].
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One drawback concerning the current induced domain wall motion, which is also a drawback for field
induced motion, is the strong sensitivity of the motion on pinning centres like grain boundaries or edge
roughness. As a result, the domain wall moves from pinning centres to pinning centres which results
in stochastic motion [53]. One possible solution is to pattern artificial notches in the nanowires which
act as pinning centres. The energy landscape of the domain wall is then modified and a deterministic
motion from one pinning side to the next is possible [68].

a) b)

Fig. 1.8. Schematic motion of multiple domain walls by the spin transfer torque.
a) A magnetic nanowire is magnetized with one head-to-head and one tail-to-tail domain wall.
b) A fully spin polarized current is flowing in the +x-direction.
¢) The conduction electron exerts the spin transfer torque on the head-to-head domain wall and its
spin flips from +1/24 to —1/2h. Due to angular conservation laws, the localized electrons compensate
the transfer of angular momentum which results in a motion of the domain wall.
d) The conduction electron exerts the spin transfer torque on the tail-to-tail domain wall and as
before its spin flips resulting in a domain wall movement. Both domain walls move simultaneously
in the same direction.

Another interesting method to move multiple domain walls is to exploit perpendicular field pulses as
shown in Figure 1.9 schematically, which was experimentally demonstrated in [69]. Here the chirality
¢ defines whether the magnetization rotates counter-clockwise (¢ = +1) or clockwise (¢ = —1) when
passing the domain wall from left to right.

The parameter p describes the orientation of the magnetization in the middle of the transverse wall
which is either parallel (p = +1) or antiparallel (p = —1) to the y-axis. It turns out that for a given
field pulse direction, which can be generated by a nonmagnetic strip line close to the magnetic wire,
the domain wall movement direction only depends on the chirality ¢, which is shown explicitly for field
pulses along the +z-direction in Figure 1.9b). Such pulses lead to a motion from right to left for a
transverse wall with ¢ = +1 and a motion from left to right for a wall with ¢ = —1.
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Fig. 1.9. Schematic illustration for a measurement scheme to move multiple domain walls by perpendicular
field pulses. Reproduced from [(69]. Depending on the chirality, the transverse wall moves for a
given field pulse direction out-of-plane to different directions along the wire, avoiding domain wall
annihilation provided homochiral domain walls are present.

As a simple example for domain wall motion based on both an applied external field and the adiabatic
spin transfer torque, the situation as drawn in Figure 1.10 is considered. A magnetic nanowire has
two magnetic domains which are aligned along the x-axis and which are separated by a head-to-head
transverse wall pointing in the +y-direction. The external field points along the +z-direction while
the applied spin current points in the —z-direction. The LLG-equation for this situation reads:

o . . -
8%” = ol X 1+ it x 7 — (@ - V)7 (1.95)

The different directions of the acting torques are summarized in Table 1.1 with H2d as the generated

dip
stray field and 52 as the acting spin current caused by the adiabatic spin transfer torque:

Terms Direct effect: torque/ stray field 9m/0t | damping dm/0t
Hexi (+2) +z +a
Hdip(—z) +Xx —Z
33 (—2) -z +z
Hg’j{f}9 (—2) +x —z

Tab. 1.1. Overview of the different directions of the various torques in the adiabatic case.

The applied spin current causes the magnetization to move in the —z-direction. This is evident due
to the negative slope of the term Vi = 0/0x(my) together with —u, as the spin current velocity and
the negative sign of the formula. The resulting damping term leads to an out-of-plane rotation in the
+z-direction due to the asymmetry of the vector product.

This out-of-plane component leads to surface charges producing a stray field pointing in the —z-
direction. The precession of the magnetization around this stray field is pointing in the +z-direction
while the damping term points in the —z-direction. As a result, no stable domain wall motion at
equilibrium is observed since all terms cancel out. Instead, by increasing the current density over a
certain threshold, the domain wall moves by changing its structure periodically [70-73].
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Fig. 1.10. Schematic example for the domain wall movement based on an external magnetic field and the
adiabatic spin transfer torque.

By adding the non-adiabatic spin transfer torque, the situation changes and an effective domain wall
motion parallel to the direction of the applied spin current is possible. To check this, the LLG-equation
including the non-adiabatic spin transfer torque is studied:

‘987;’: = ~oHer X 1 + il X 887;‘ — (@ - V) + B x [(@V)m). (1.96)
The different directions for the different acting torques are summarized in Table 1.2.

As before, the spin current velocity u, points in the —z-direction as well as Vi = 0/0x(my) due
to the negative slope. The last term in the LLG-equation as the cross product between m, and
—ug - 0/0x(my) results in a precession along the —z-direction. As a result of this precessional motion,
a stray field is generated pointing in the +z-direction to reduce surface charges. The damping torque
caused by this stray field leads to a motion in the —z-direction. The damping based on the non-
adiabatic spin transfer torque and the precession caused by the stray field are both pointing in the
—z-direction, resulting in an effective motion parallel to the applied spin current direction [64].

Terms | Direct effect: torque/ stray field om/0t | damping Om/0t
Heyi () +z +z
Hdlp( z) +x —Z

ad (_p) -z +z
H(?fi, (— ) +z —z

nad ( —z —x

Hg%d (+ ) -z +2z

Tab. 1.2. Overview of the different directions of the various torques in the non-adiabatic case.

1.6. Hall Effects

Up to now, effects like the adiabatic and the non-adiabatic spin transfer torque to manipulate the
magnetization of a micro- or a nanostructure are based on spin polarized currents. Next to these spin
polarized currents, where a flow of charges is connected with a flow of spins, it is also possible to
generate pure spin currents where a flow of spins is present without any net charge current flowing.
These two spin types of spin currents can be described as follows:

a) Spin polarized charge currents, described by I. # 0 and I # 0.
b) Pure spin currents with no net charge current flowing characterized by I. = 0 and I # 0.

The focus will be now on (pure) spin currents generated in nonmagnetic metals and use [71] as well
as [75] as a guideline for the following discussion. The most important methods to generate (pure) spin
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currents in non magnetic metals are discussed, e.g. electric and thermal spin injection in materials
with low spin orbit coupling as well as the spin Hall effect which allows the generation of spin currents
in heavy metals with large spin orbit coupling.

Before these effects are studied which allow for the creation of (pure) spin currents, the (conventional)
Hall effect as well as the anomalous Hall effect are presented. Especially the latter effect provides a
basis for a deeper understanding of the spin Hall effect due to its identical microscopic origins [76-78].

a) b)
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Fig. 1.11. Schematic illustration of a) a pure charge current and b) a pure spin current.
a) A pure charge current is flowing to the right represented as conduction electrons with equal
distributed spins flowing to the left. As a result a charge current j; # 0 is measured while the spin

current js = 0 vanishes.
b) A pure spin current with no net charge current is generated by the separation of electrons with
different spins flowing in different directions. In this case, the resulting net charge current j, = 0

vanishes while a pure spin current fs # 0 is obtained.

The (ordinary) Hall effect, discovered in 1879, describes the influence of an applied external magnetic
field acting on a current flowing perpendicular to the external field [79] as shown in Figure 1.12.
Electrons are flowing in the +y-direction in a wire with length L, width w and thickness ¢ with a drift
velocity v,. An external magnetic field Byt = B. is pointing in the +z-direction. As a result of the
Lorentz force Fy, acting on the electrons one finds:

ﬁL:q(E+ﬁx§>, (1.97)
Fy = —¢- vy X B, o< —F. (1.98)

Electrons are deflected in the —x-direction, which results in a Hall voltage Vg with electrons accumu-
lating at the left edge and holes accumulating at the right edge of the sample. In the steady state,
the Lorentz force caused by the external field and the generated electric field E_, caused by the Hall
voltage cancel out which reads

0=q(E + v, - B,), (1.99)
== FE, = —v,B.. (1.100)
The drift velocity v, can be written with the aid of the charge current density j, = —n - e - v, which
vields
_Jy
E,=*B,. (1.101)

ne
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The charged wire can be understood as a capacitor with E, = Vi /w. Additionally the charge current
I can be written as I = j, -t - w and one obtains

VH:Jy'sz:LBzzAHIBZ, (1.102)
n-e n-e-t t
B.

where Ay = 1/(n-e) defines the Hall-constant. In terms of devices, the Hall effect allows the measure-
ment of magnetic fields if the Hall-constant is known trough of a measurement of the Hall resistance
Rp. On the other hand, by measuring the Hall constant it is possible to determine the charge carrier
density n and by an additional measurement of the resistivity of the sample, the charge carrier mobility
73

Scientifically, Hall discovered two years later additionally the anomalous Hall effect (AHE) [30],
which could be firstly explained by Karplus and Luttinger in 1954 [76] by considering the influence
of spin orbit coupling. Subsequently, extrinsic mechanisms were proposed to explain the AHE as spin
skew scattering [77] and side jump scattering [78]. Nowadays, a large range of “Hall effects” are
known, e.g. the quantum Hall effect, proposed in 1975 by Ando [31]| and discovered in 1980 by von
Klitzing [32], the fractional quantum Hall effect discovered in 1982 by Tsui [33] and explained in 1983
by Laughin [81]. Many more are intensively studied and some effects are not completely understood
yet.

Here, the anomalous Hall effect is briefly presented to get a deeper understanding of the spin Hall
effect which is experimentally intensively studied in the subsequent section of this thesis.
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Fig. 1.12. Schematic illustration of the (ordinary) Hall effect. An external voltage Vi is applied and a charge
current I flows along the —y-direction in a metal or in a semiconductor wire while an external
magnetic field Bey; is applied along the +z-direction. As a result of the Lorentz force, electrons are
deflected to the left edge of the wire and an electric field E_, is generated. A Hall voltage Vi can
be measured between the left and the right edge of the wire which depends on the applied magnetic
field, the charge carrier density, the applied current and the thickness of the wire.

As mentioned before, the anomalous Hall effect was discovered in 1881 and firstly explained in 1954.
Hall found in 1881, that the “pressing” of the electrons to one side caused by the Lorentz force is one
order of magnitude larger for ferromagnetic conductors than for nonmagnetic conductors [80]. Addi-
tionally in 1893 Kundt found that the change of the Hall resistivity p., for ferromagnetic conductors
is only linear for small applied external fields, as it is to be expected as a consequence of the Lorentz
force [35]. Instead, for ferromagnetic conductors, a saturation of the Hall resistivity is seen which is
proportional to the saturation magnetization of the ferromagnet. In 1932, Pugh and Lippert [36, 87]
established the empirical relation

pey = Ro- H, + Ry - M., (1.104)

where the second term describes the anomalous Hall effect which holds for many magnetic materials.
While Ry mainly depends on the charge carrier density n as mentioned before, Rs; depends mainly on
the resistivity pgz, of the material.

The three mechanisms, intrinsic band structure effects, spin skew scattering and side jump scattering
which contribute to the anomalous Hall effect will be shown schematically and discussed, following the
structure of [75, 88].



Section 1.6. Hall Effects 31

a) Intrinsic Band Structure Effects:
Karplus and Luttinger demonstrated that by the application of an external electric field to a
solid, electrons feel an additional contribution to their group velocity. This anomalous velocity is
perpendicular to the applied external field but is independent of scattering effects and does not
cancel out in ferromagnetic conductors and only depends on the band structure. Furthermore, “it
can be related to changes in the phase of Bloch state wave packets when an electric field causes
them to evolve in crystal momentum space” [89, 90], as [38] mentions.

Nowadays, this transverse velocity is understood as a Berry curvature and is therefore an intrinsic
quantum-mechanical property of a perfect crystal [91] and links the anomalous Hall effect and
the topological nature of Hall currents, i.e. the quantum Hall effect. For such intrinsic effects, the
Hall resistivity psy is predicted to be proportional to the square of the resistivity of the material
pzz- By assuming an ideal lattice, the spin Hall conductivity o, can be directly calculated by
the aid of the Kubo formula [92] with the eigenvalues €, (k) and the eigenstates |n,k > for a
Bloch Hamiltonian:

3 . -
AH int _ €2h Z / (;l k k’)) f(En’(k/))}

n#n’

-~ 7 I ' ~ 7 7
Im << n,k|vz(kz)\n,f ><nlk\v](k)]n,k >> . (1.105)
[en (k) — € (K)]?
In this formula, the velocity operator ﬁ(E) is defined as
o(k) = —i [ﬁ,ﬁ(%)} = —ihV, [ﬁ(l%)} . (1.106)

The intrinsic contribution is directly linked to the topological properties of the Bloch states. In
particular, it is proportional to the integral of the Berry phases over cuts of the Fermi surface
segments [93]. This important result can be derived by identifying that

. . k|V e H (k) ', k
< n, B[Vl > S EVRHB)I, E (1.107)
en(k) — € (k)

Inserting this expression in Equation 1.105 yields
AH int _ 2 d k PRy
h— em,lz df en(k)OL (), (1.108)

with by, (k) = Vi xan (k) as the Berry curvature and ay (k) = i < n, k|Vi|n, k > as the Berry phase
connection. Detailed first principle calculations of the intrinsic contribution to the anomalous
Hall effect for body centred cubic iron, face centred cubic nickel and hexagonal closed packed
cobalt systems can be found in [94-96], while a schematic illustration is shown in Figure 1.13.
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Fig. 1.13. Schematic illustration of the intrinsic contribution to the anomalous Hall effect. By the application

of an external electric field, electrons feel a contribution to their group velocity which does not cancel
out for ferromagnetic conductors. The velocity depends on the band structure, but is independent of
scattering effects and leads to a quadratic relation between the Hall resistivity p,, and the resistivity
of the material p,, resulting in pg, < p2,.

b) Spin Skew Scattering:
Spin skew scattering is the contribution to the anomalous Hall effect being proportional to the
life time of Bloch transport states and therefore tends to dominate in nearly perfect crystals. Due
to spin orbit coupling, an effective magnetic field gradient occurs in the scattering plane which
results in a force towards or away from the scattering centre, depending on the spin orientation
and therefore the momentum of the spin becomes spin dependent by an inelastic scattering event.

When this contribution dominates, both the Hall conductivity o, and the conductivity 0., of
the material are proportional to the transport lifetime 7, resulting in a linear relationship between
the Hall resistivity p, and the resistivity of the material p,,. Skew scattering is the only one of
the three contributions which can be treated within the classical Boltzmann transport theory, in
which interband coherence effects are neglected. In terms of Fermi‘s golden rule, one can write

Whsm < | < n|V|m > 26 (E, — En), (1.109)

with W, as the transition probability from state n to state m, V the distortion potential and
E, and E,, the energy of the different states, respectively. In the presence of spin orbit coupling,
the transition probability W,,_,,, from state m to state n is different than from state m to state n.
By evaluating the transition rates perturbatively, at third order asymmetric chiral contributions
appear, which can be written in simple models as

1 - =
Ex K - M,, (1.110)

asym

n—m
Tasym

with k as the momentum in the initial state n and &’ as the momentum in the final state m. When
this asymmetry is inserted into the Boltzmann equation, it results in a current proportional to the
longitudinal current driven by E and being perpendicular to both E and M, [88]. A schematic
illustration of the skew scattering is shown in Figure 1.14.
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Fig. 1.14. Schematic illustration of spin skew scattering, a contribution to the anomalous Hall effect which
tends to be dominant in nearly perfect crystals and leads to a linear relation ship between the Hall
resistivity pg, and the resistivity of the material p,,. As a result of spin orbit coupling, an effective
magnetic field gradient occurs in the scattering plane which results in a force towards or away from
the scattering centre depending on the spin orientation of the electron. Since the wave vector k is
not conserved, skew scattering is an inelastic process.

¢) Side Jump Contribution:
Since the intrinsic contribution as well as the side skew scattering contribution to the anomalous
Hall effect are precisely defined, the side jump contribution can be defined as the difference
between the full Hall-conductivity O‘xAyH and the two other contributions:

g = 0.

AH __ _AH-int AH-skew AH-sj
o oy Lt oy + oy Y (1.111)

In a semi-classical picture, the basic argument for the side jump contribution is straight forward:
As a result of scattering of a Gaussian wave packet on a spherical impurity with spin orbit
coupling, the system can be described by a Hamiltonian as follows:

1 10V
HSOC == §m202 <1"67‘) SZLZ'

This wave packet with incoming wave vector k gets disturbed by a displacement transverse to
k equal to 1/6|k|/(m2c?) [97] following an elastic scattering event. This mechanism cannot be
explained in terms of classical Boltzmann transport theory, since within this theory only the
transition probabilities between Bloch states can be calculated and not the microscopic details
of the scattering process itself.

As for the intrinsic contribution, the side jump contribution is found to be independent of the
transport lifetime 7 and therefore follows the same power law as the intrinsic contribution in terms
of the scattering rate. As reviewed in [98], side jump contributions and intrinsic contributions
can be distinguished by their different dependence on specific system parameters, especially in
systems with complex band structures.

Theories based on simple band structure models, e.g. the conduction band in a semi-conductor,
demonstrated that the intrinsic and side jump contribution can be of same size but different sign
and therefore cancel out [99]. However it turned out that such cancellations are unlikely, except
in the mentioned simple band structure models which are e.g. classified by a constant Berry
curvature [100].

This means that only by a comparison between fully microscopic linear response theoretical
calculations, based on e.g. the Keldysh [101] or the Kubo [92] formalism and the developed semi-
classical theory, a proper distinction between the intrinsic and the side jump contribution can be
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possible. As a result, a practical approach is to firstly calculate the intrinsic contribution for a
given material where the Hall conductivity o is expected to independent of the conductivity
oz Of the material and to compare it with the experimental results. If the agreement between
theory and experiment is sufficient, we can assume that the intrinsic contribution dominates.

A schematic illustration of the side jump contribution is shown in Figure 1.15.

/)

L

Fig. 1.15. Schematic illustration of the side jump contribution to the anomalous Hall effect. Electrons with
different spins are deflected elastically in different directions by the opposite experienced electric field
upon arriving and leaving an impurity. As for the intrinsic contribution, the side jump contribution
is independent of the spin transport life time 7 of the Bloch states which results it being difficult to
distinguish the two effects.

The spin Hall effect, observed first 2004 in semiconductors [102], describes the phenomenon whereby
the application of a charge current in a nonmagnetic material can result in a spin current perpendicular
to this charge current. The spin Hall effect in metals, which plays an eminent role within this thesis,
can either be measured in materials with large spin orbit coupling as Pt [103, 104], W [8, 105] or Ta [7]
or in heavy metal alloys such as CuBi [106, 107], Culr [108] or AuTa [109].

As in the anomalous Hall effect case, the intrinsic, the skew scattering and the side jump contri-
bution are the three mechanisms to explain the spin Hall effect which directly demonstrates the close
relationship between both phenomena. To give some examples, in Pt as the standard spin Hall ma-
terial, the intrinsic contribution is found to be independent of the resistivity of the Pt and therefore
dominates in the moderately dirty regime, while skew scattering becomes dominant for very clean
crystals [104]. The large size of the spin Hall effect in CuBi can be explained due to the large skew
scattering contribution at the Bi impurities [100, , | while in AuTa side jump scattering at the
Ta impurities increases the spin Hall effect compared to the intrinsic contribution in pure Au [109].
In pure Au, the spin Hall effect has been shown to drastically depend on the thickness [112-114]. In
these experiments, quasiballistic effects which arise in a Hall-bar type geometry, can surpass the spin
Hall effect and needs to be suppressed for a proper determination of the spin Hall angle [111].

Historically, Dyakonov and Perel were the first who described phenomenologically the coupling be-
tween spin and charge currents in 1971 [115]. In 1999, Hirsch could directly show that in a paramagnet
the flow of a charge current leads to a perpendicular spin current [116]. This derivation follows the
structure of [75] and [117]. Starting with the diffusion equation for the charge current [118], one finds

o [Sg

= unE + DV(n), (1.112)

with p as the electron mobility, E the electric field, D as the electron diffusion constant and n as the
electron density. In a similar way, the diffusion of the spin current tensor j7; can be defined in terms
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of the j-th component of the spin polarization P flowing in the i-th direction and one obtains [119]

Ji _
7T —pnE;P; + D

OF; (1.113)
xj

Due to spin orbit coupling, spin and charge currents are coupled and for materials with inversion
symmetry, the coupling can be written as

e
I — yinE + DV (n) + 0y p(E x P) + 0y D (v X P) : (1.114)
e

.718] GP]

E = _MnEsz + D? — €ijk (GSH uNFEj, + Osg D) . (1115)
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The third term in Equation 1.115 describes the direct spin Hall effect, where a spin current is generated
by an applied electric field. The third term in Equation 1.114 describes the anomalous Hall effect in
the presence of a net spin polarization P while the fourth term describes the inverse spin Hall effect
as the generation of a charge current caused by a gradient of the spin polarization, i.e. the flow of a
spin current. By writing the charge conductivity of the material ¢ = nep and the Hall conductivity
Oy = nhubsy, the spin Hall angle fsy can be defined as
O = 22 C (1.116)
o h
which means that fgg can be understood as a dimensionless material parameter describing the spin
current to charge current conversation. 6y is roughly proportional to Z4, with Z as the atomic
number [120]. Additionally, different materials show different signs of the spin Hall angle with Pt
showing a positive spin Hall angle while W and Ta have a negative spin Hall angle, which can attributed
to the 5d-shell configuration [121]. Concerning quantitative numbers for the spin Hall angle, even in the
case of Pt, the most widely studied spin Hall material, the quoted values differ significantly between 1 %
and 20 % [103, 121-123] and additionally depend significantly on the growth methods. For different
growth methods, differences in the resistivity of the material occur and one finds for very clean films
skew scattering being dominant while for moderately dirty films the intrinsic contribution tends to be
dominant [104].
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Fig. 1.16. Schematic illustration of the spin Hall effect a) and the inverse spin Hall effect b).
a) Spin Hall effect. The flow of an electric charge current I. in a material with large spin orbit
coupling but a lack of magnetic order and therefore an unpolarized charge current leads to a pure
spin current I perpendicular to this charge current.
b) Inverse spin Hall effect. In this situation, a spin current flowing in a material with large spin
orbit coupling generates a charge current perpendicular to the spin current.
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1.7. Spin-Orbit-Coupling In Materials Lacking Inversion Symmetry

In contrast to the already discussed spin Hall effect, which arises by a flowing current in a nonmagnetic
material with large spin orbit coupling and can be understood as a bulk effect, the Rashba-Edelstein
effect is an interface effect that also allows for the generation of a spin current in a nonmagnetic
material [124]. To shine light on this effect, we first study the spin-orbit-coupling in materials lacking
inversion symmetry.

In general, time inversion symmetry and inversion symmetry in a crystal structure, mean that the

eigenvalues of the electron states must fulfil the following relationship [9, |
ET,M?:ELT,E’ (1.117)

which is the usual spin degeneracy of single electron states in the absence of any external or internal
magnetic fields. However, when the system lacks inversion symmetry only

E

T7‘L7E - JMT?iE <1'118>

needs to be satisfied, which leads to a E—dependent band splitting [126] and allows for a net spin
polarisation in a nonmagnetic material in the presence of an electric current. Dresselhaus has shown
in 1955 that bulk inversion asymmetry in noncentrosymmetric crystals with the zinc blende structure
leads to spin splitting for the conduction bands which is both linear and cubic in ]E| Furthermore
Rashba could show in 1960 that a spin splitting linear in ]E| arises also in a crystal with a single
high-symmetry axis and an invariant vector oriented along this axis [127]. This situation is realized
in wurtzite-type crystals [127, | and in layered heterostructures [129, | where the structure
inversion symmetry is present along the surface normal. In total there are three possible planes where
the electrons are confined ((100), (110) and (111)) and the corresponding Hamilton operators are given

by [131]

(100) layers : T30 — o (kyoy — kpoy) + 7 (kpoy — kyoy,) (1.119)
(110) layers : T = akyo, + Bkeoy + Nego, (1.120)
(111) layers : T3 = (a0 + ) (kyow — kzoy), (1.121)

@, 3,y and A are material dependent constants characterizing the spin orbit interaction while 6=(0,,0y,
0,) are the Pauli-spin matrices. In the case of metal surfaces [132, | and metal layers deposited
between asymmetric cubic and amorphous interfaces [134], only the Rashba interaction survives (3, v
and A vanish) and the Hamilton operator for the Rashba interaction can be written as

Hso = a (1%' x e;) 3, (1.122)

where €, is a unitary vector perpendicular to the surface normal. Equation 1.119, Equation 1.120 and
Equation 1.121 correspond to the influence of an effective k-dependent magnetic field which can be
seen by writing

Hso = —1i - Bso = pp - & - Bso. (1.123)

The orientation of Bso for three particular cases is shown schematically in Figure 1.17 and inspired
from [125]. In the presence of external magnetic fields [135] or exchange splitting [136], both the
time-reversal and the structural inversion symmetry might be broken, which leads to a more complex
relationship between k and spin, depending on the relative strength of the spin orbit coupling compared
to the exchange splitting.
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Fig. 1.17. Orientation of the spin orbit induced magnetic fields (arrows) as a function of the current direction
(solid lines).
a) Rashba field originating from the Hamilton Operator given in Equation 1.119, assuming vy = 0.
b) Linear Dresselhaus field originating from the Hamilton operator given in Equation 1.119, assum-
ing a = 0.
c) Coexisting Rashba and Dresselhaus field originating from the Hamilton operator given in Equa-
tion 1.119, assuming o = 7.

Either bulk or structure inversion symmetry result in a magnetic field-like interaction if the motion
of electrons in an asymmetric crystal field potential V' is considered. At non-relativistic speed ¥, the
net electric field originating from such a potential is given by

E=-V(V), (1.124)
which leads to a magnetic field as follows
= Tx E
B=-—3 (1.125)

in the rest frame of the electron. Transforming back to the laboratory’s reference frame, the magnetic
induction field experienced by the electron is corrected by a factor of 2, resulting in

TxE  hkxV(V)
22 2mec®

Bgo = — (1.126)

The Hamilton operator Hgo is then given by
Hso = —m - Bso. (1.127)

If structure inversion asymmetry is present, the conduction electrons feel at the same time the electro-
static potential of the nuclear charge Vi as well as the macroscopic interface potential Vipy [126]. The
electron wave function can be decomposed into quickly oscillating lattice-periodic Bloch waves and an
envelope function which describes the electric field generated by the atomic nuclei together with the
structure inversion asymmetry environment. Together, Hamilton operator Hso can be written as the
sum of two terms [137]

eh? -

pr [k XV (Ve + Vint)| - (1.128)

ﬁSO =

By the use of a tight-binding-model, one finds that the effective Rashba constant « is proportional to the
product of the atomic spin orbit parameter multiplied with the hopping matrix element between orbitals
with in-plane and out-of-plane asymmetry which represents the interface potential gradient [13%]. In
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contrast, for bulk inversion asymmetry only the nuclear term is relevant which is given in the central
field approximation as

Ze

Vawe ® ——
nuc 47T€()"F|’

(1.129)

with Z as the atomic number and r as the distance between the electron and the nucleus. By deter-
mining the gradient V(Vpyc) this yields

- Ze T
VViue) = ——— ==, 1.130
( HUC) 47T€O |7;»|3 ( )
which results in the spin-orbit Hamiltonian similar to the well known Hamilton operator as in atomic
physics
- Ze’h? 7 - o -
= . | = — -1 1.131
SO 87T€0m202|77|3 92 £<T) ) ( )

In contrast to the spin Hall effect, which generates a non-uniform spin accumulation at the edges
of a conductor with large spin-orbit-coupling, the inverse spin galvanic effect generates a homoge-
neous net spin polarisation by passing an electric current in a magnetic conductor lacking inversion
symmetry [124, |- This spin accumulation is due to the uneven occupation of k and —Fk in the
presence of a charge current which generates an average effective field acting on the spin density of
the conduction electrons [125]. To understand the spin galvanic effect, first found in strained bulk
semiconductors [140] and in heterogeneous quantum well structures [111], a simple model presented
by Silsbee [142] is considered.
Starting with the Hamilton operator for a two-dimensional-electron gas with a Rashba type spin-
orbit-interaction present, one can write
21712
IQI:%Jra(Ex e;) 3 (1.132)

with m} as the effective electron mass. The eigenvalues are given as

REP
€1f = 27|n’|k + alk| (1.133)

e

while the eigenvectors are determined to be

—
—

ik-T

1
Vip = \e/ﬁ (:Feig.k) ; (1.134)

with k = E(cos&,sin&,0) and A as the area of the layer. For the spin expectation value < & >4 one
obtains

1 +k, +siné
<G >qp=< 1/’:I:k‘(7’¢:tk >= E Fk. | = | Fcos | . (1.135)
0 0

As a result, the energy dispersion is no longer a paraboloid as in the free electron gas but the quadratic
surface is generated by the rotation of the two branches €4 p~o and e_ ;>0 around the energy axis
intersecting the I'-point as shown in Figure 1.18. The radius of the two Fermi discs can be found by
considering that the total electron density is the same as in the free-electron gas case, which means

€ fp— = €4 kpt = €F (1.136)
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for kp4. In the first order of o one obtains

*
mgo

h2

kpy ~ kp T (1.137)

Although the total spin polarization in each branch cancels out, the direction of k and the spin
orientation are related to each other. Together with the fact that kg, # kp_, this means that an
applied charge current leads to a net spin polarisation which its orientation being transverse to the
average electron momentum.

The combined action of present spin-orbit-coupling and exchange interaction in a single ferromagnetic
layer with either structural inversion or bulk inversion asymmetry is described by a Hamilton operator
as follows:

K2 ‘ ]‘f" 2
2ms*

e

H= + Hso — JMy - &, (1.138)
where J is the exchange coupling constant and My =M /M s is the normalized magnetization. In the
case of a pure Rashba type interaction, Equation 1.138 can be diagonalized for an arbitrary direction of

My = (sin 0 cos ¢, sin @ sin ¢, cos #) and electric current j: j(cos&,sing, 0) confined to the azimuthal
plane, yielding

2|k
2m,

2

€x) = | + \/ﬂ + a2|k|? — 2alk|J sin @ sin (€ — ¢) (1.139)
e
As evident for the energy eigenvalues e j from Equation 1.138, the resulting band structure depends on
the relative strength of exchange and spin orbit coupling induced spin splitting, i.e. J/a. The situation
is drawn for the nonmagnetic case (Figure 1.18a), J = 0) and for weak exchange (Figure 1.18b), J/a =
0.1). The corresponding resulting Fermi contours and spin quantizations are shown in Figure 1.18¢c)
and Figure 1.18d), respectively.
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o

Fig. 1.18. Two dimensional energy dispersion ey , for the nonmagnetic case (J = 0) in a) and for a weak
exchange interaction (J/a = 0.1) in b). The resulting Fermi contours and spin polarization for the
two cases are plotted in ¢) and d), respectively. Reproduced from [125], with the permission of
Royal Society.

1.8. The Lateral Spin Valve Geometry

Next to the spin Hall effect and the inverse spin galvanic effect which both allow to generate spin
currents in materials with large spin orbit coupling, there is as a different approach electric spin
current injection. Electric spin current injection is particular well suited to generate spin currents
in nonmagnetic materials with low spin orbit coupling. A particular geometry to realize such spin
currents is the lateral spin valve geometry. This geometry has been pioneered by Johnson and Silsbee
in 1985 who employed a bulk Al stripe with NiFe stripes on top [10]. They explained the physics in
detail in 1988 [143]. The first realisation in a nanostructure has been achieved by Jedema in 2001 [11].
In such a lateral spin valve geometry, a pure, diffusive, spin current (as introduced in section 1.6) is
generated in a material with low spin orbit coupling such as Cu [144, 145], Ag [146], ALl [147, 148] or
graphene [119]. This pure spin current can then be used to efficiently manipulate the magnetization
of a ferromagnetic electrode, i.e. a domain wall [14, 15] or switch the magnetization state of a small
disc [12].

Typically, a lateral spin valve consists of two ferromagnetic electrodes with different widths, separated
by a distance d of a few hundreds of nm and which are connected by the nonmagnetic bridge with
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low spin orbit coupling, as shown in Figure 1.19. In literature, this nonmagnetic bridge is also termed
spin current conduit (SCC). A spin polarized charge current I flows from the first ferromagnet FMy
through the FM;/SCC interface and a spin accumulation is generated in the nonmagnetic bridge as
drawn in Figure 1.19. The formerly spin independent chemical potential of the SCC becomes spin
dependent. This spin accumulation, drawn as green arrows, will diffuse towards the left where it is
accompanied by the charge current as well towards the right as a pure spin current.

During the spin transport in the spin current conduit, the spin accumulation is reduced due to
scattering events. To minimize this loss, materials for the spin current conduit with low spin orbit
coupling are suitable. Since no net charge current is flowing within the central position of nonmagnetic
bridge, this spin accumulation is a pure spin current. Once it enters the interface of the SCC and the
second ferromagnetic electrode SCC/FMy, also named detector, the spin current gets absorbed in the
second ferromagnet.

As mentioned before, the pure spin current can be exploited to manipulate the magnetic state of the
detector. As a result of the lack of a net charge current, Joule heating and generated Oersted fields
are reduced in the manipulated region. The non-local voltage Vni, measured between the detector
and the second end of the nonmagnetic bridge, is directly proportional to the spin accumulation at the
SCC/FMy interface and scales linearly with the applied charge current I.. The non-local resistance
Ry, is therefore defined by

Rni, = VI{VCL. (1.140)
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Fig. 1.19. Schematic illustration of a lateral spin valve device, which consists of two spatially separated fer-
romagnetic electrodes which are connected by a nonmagnetic channel, which is named the spin
current conduit (SCC). A charge current is flowing from from the first ferromagnet FM; through
the FM; /SCC interface. A spin accumulation is then generated at the interface. As a result, the
formerly independent density of states of the channel becomes spin dependent. This spin accu-
mulation in the channel diffuses in all directions and is absorbed at the SCC/FM; interface. The
measured non-local voltage is directly proportional to the spin accumulation at this interface and
can be detected as the relative alignment between spin current orientation and detector magneti-
zation orientation. For a parallel alignment, a large spin signal is found while for an antiparallel
alignment, a low spin signal is observed.
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To understand in more detail the origin of the non-local signal, the simplified density of states [150]
as shown in Figure 1.20 is considered. In Figure 1.20a) the density of states for FM;y, the SCC and
FMy with an assumed parallel magnetization alignment of the two ferromagnetic electrodes is shown.
By the application of a voltage Vj, which drives the current in FMy, the highest occupied state is
shifted from the Fermi energy Er to Er +e-Vj. Once the spin current enters the FM; /SCC interface
(we assume perfect metallic interfaces without any spin flip events), the formerly spin independent
density of state becomes spin dependent due to the shift in the chemical potential for spin-down and
spin-up electrons and we find a spin accumulation in the SCC with the filling of the density of states
for the spin-up electrons of FM; and the SCC being on the same level. During the transport in the
SCC, there will be some spin flip events, which means that the filling of the density of states for
spin-down electrons will increase and for the spin-up electrons will decrease. However, if there is still
an imbalance of the density of states of the SCC at the SCC/FMy interface (which we assume to be
perfectly metallic again), the level of the highest filled state for spin up electrons for the SCC and
FMj needs to be aligned. The detected non-local voltage is directly proportional to this shift of the
chemical potential of FMs. On the other hand, for an antiparallel alignment of the spin current and
the FMy magnetization, the level of the highest filled state for spin-down electrons for the SCC and
FMs needs to be aligned at the SCC/FMj interface.
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Fig. 1.20. Simplified energy dependent density of states for a lateral spin valve structure with a) parallel and
b) antiparallel magnetization alignment of the two ferromagnetic electrodes. We assume both the
FM; /SCC and the SCC/FM; interface to be perfectly metallic.

a) Due to the applied voltage Vj driving the current in FM, the density of states for spin-up electrons
get shifted and the highest occupied state is found for Er + e - V5. At the FM; /SCC interface the
chemical potential for spin-up electrons of FM; and the SCC are aligned due to continuity relations,
resulting in a shift of the chemical potential of the SCC and a net spin accumulation in the SCC.
During the transport, the shift in the chemical potential and the spin accumulation gets reduced due
to spin flip events, impurity scattering etc. If there is a net spin accumulation left at the SCC/FMy
interface, the chemical potential for spin up electrons of the SCC and FM,, are aligned, resulting in
an increase in the chemical potential of FM;. The measured non-local voltage Vi1, is proportional
to the shift in the chemical potential.

b) Situation for an antiparallel magnetization alignment of the two ferromagnetic electrodes. Here,
the chemical potential for spin down electrons for the SCC and FMy are aligned at the SCC/FMy
interface.

In this subsection, the non-local signal as a function of the electrode separation is determined by the
1D spin model, following [151]. Starting with the current density jy, driven by an electric field E and
by the gradient of the charge carrier density deviation dny one can write

jn =on - E —edyVény. (1.141)

on is the conductivity and dy the diffusion constant of the nonmagnetic, low spin orbit coupling
material. Equation 1.141 can be simplified by introducing the density of states in the spin sub-band
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Ny and by the shift of the chemical potential dey from the equilibrium value. This yields

(5?1]\[ = NN(SeN,
on = ¢ NyDy, (1.142)

and one obtains for the current density fN
-2 ON &

In Equation 1.143, uy = en + e¢ is introduced as the electrochemical potential. By the continuity
equation for charge and spin in the steady state, one can write

V(i +4,) =0, (1.144)
5 oS on on

V-(r—7) = —e—L +e—, (1.145)
™ ™

where 7,/ is the average scattering time of an electron from spin state o to spin state ¢’. By the aid
of the continuity equation, a Laplace equation for the electrochemical potential p is found which yields

Alorpy +oypy) =0,

Pt — 1
A = py) = =5 (1.146)

AN = \/Dn - 75y is introduced as the spin diffusion length of the nonmagnetic material. Furthermore
7'5_fl =1/ 2(7}11 +7'¢_Tl) is defined as the reciprocal average time between spin flip events and the inverse
diffusion constant as D' = (NTDll + NiDT_l)/(NT + Ny).

To simplify the following calculation, a uniform distribution of the interface spin current is assumed
over the contact area S; = wg - wy. wpg is the width of the injector and wy the width of the spin
current conduit. This assumption is valid since the spin diffusion length Ay is in the order of a few
hundred nm, while wy and wp are typically around 100-200nm. Furthermore, a continuous drop of
the electrochemical potential at the interface of each junction is supposed with the interface resistance
R;. The interface current I}V across the interface (z = 0) is given by

g

G

where G; = GZT + G% = Ri_1 is the interface conductance. For transparent contacts (G; — oo) the
electrochemical potentials are continuous at the interfaces while for tunnel junctions the discontinuity
is much larger than the spin splitting. If the typical situation of a charge current flowing from FM; to
the left side of the spin current conduit is assumed and no charge current is flowing in the FMy/SCC
junction, the solution for Equation 1.146 can be determined as follows:

In the spin current conduit, the chemical potential u(x) = fin + o - d0pn (v = (el/on) - x for
x < 0and iy = 0 for z > 0) varies only in the z-direction as a result of the large spin diffusion length
compared to the thickness of the spin current conduit and the contact dimensions. One finds for duy

— —d
0N = aj exp (J;:) + a9 exp <— ‘x/\N |) (1.148)

The a; term describes the shift in the electrochemical potential due to spin injection at x = 0 and the
ag term considers the feedback shift due to the presence of the second ferromagnet at the end of the
conduit x = d.

The situation is different in the case of the two ferromagnetic electrodes. In this case, the contact
dimensions of each electrode are large compared to the spin diffusion length Ap since the spin diffusion
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lengths in FM are typically only a few nm [152-154|. Therefore the spin splitting of u% decays quickly
along the z-direction and the solution has the following form near the interface (0 < z < A\p)

_ oF z
i) = e b (25 ) en (15 ) (1.149
with i1 = (el/opAy) - z+ e - Vi as the chemical potential for the first ferromagnetic electrode and
2 = e - Vo as the chemical potential for the second ferromagnetic electrode. Vi and Vg are the
voltage drops at the interfaces of junction one and two, respectively. Due to the continuity of the spin
currents at the interfaces one finds

Ils:aFI—2<UFSJ) by (1.150)

eNp

5= 2 (7E5), (1.151)
eAR

with ap as the spin polarization of the ferromagnetic material. The constants a1, a2, b1, bs, V1 and Vs
can be calculated by the continuity condition for the charge and spin currents at the interface. The spin
dependent voltage drop at the interface of the spin current conduit SCC and the second ferromagnet
FMj is given by

R; Rs.r 2 9_Ri Rs.p

2
Va —d & Rs YRen Rs, N 2RSN d
— =+2R — : : . 1 ! : —2—
i N,Sexp<)\N>£[l 1—Pj2+1—a? E +1—Pj2+1—a2 exp

(1.152)

The +-sign in Equation 1.152 is for a parallel magnetization alignment and the —-sign for an antiparallel
magnetization alignment of the two ferromagnetic electrodes. Rgn = pnAn/Sy and R = prpAp/Sy
are the spin resistances of the SCC and the ferromagnetic materials with cross sections Sy and S;.

Py = (|Gj—Gﬂ)/Gl is the interface current polarization and py and pp are the electrical resistivities
of the nonmagnetic and ferromagnetic material. The spin accumulation signal is then detected as the
voltage difference between the parallel and antiparallel state Vi = (Vyf — ViAP).

If typical values pr/pn ~ 10, Ap/An ~ 0.01 and Sn /Sy =~ 0.1 are assumed, this yields Rg p/Rs n ~
0.01 and three limiting cases can be distinguished:

a) When both junctions are transparent (R,Rs < Rg r), one finds

d
402 R 2 exp|—xy
Ryi(d) = a—a?e -Rs N < S’F> ; <( QN)d ) (1.153)
—exp | =23

b) When one junction is a tunnel barrier and the second one a transparent interface,
(i.e. R < Rgr < Rgn < R3) one obtains

20 Py Rsrp —d
Ryi(d)=— - R — — . 1.154
NL(d) o2 fisn (RSN>exp (Nv) ( )

)

c) When both interfaces are tunnel junctions ( Ry,R2 > Rg ), one gets
2 —d
RxL(d) = PjRg y exp ) (1.155)
d

As can be seen in the three cases, the resistance mismatch Rgp/Rgn depends on the number of
tunnel junctions, resulting in the maximum spin signal for a full tunnel junction based device [155].
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However, for such a device it is difficult to drive high currents across such a tunnel barrier, hence metallic
transport interfaces can be more appropriate for magnetic state manipulation depending on the device.
For a uniform current distribution across the junction and transparent interfaces, the distance d would
be the centre-to-centre distance between the two ferromagnetic electrodes. In our experiments, we
often observe that the signal is largely determined by hot-spots of conduction at the interfaces, which
can be confirmed by absorption measurements as explained later in detail. The different interfaces
which play a crucial role for the non-local signal are shown schematically in Figure 1.21.
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Fig. 1.21. Schematic illustration of a lateral spin device with the relevant interfaces drawn in red and green.

1.9. Thermal Spin Currents In Lateral Spin Valves

In addition to the already discussed electrically generated spin currents in lateral spin valves, there is
also the possibility to study thermally generated spin currents, which arise due to the spin dependent
Seebeck effect [156-158]. In this section, the explanation given in [156] is followed which has been
the first report of the spin dependent Seebeck effect in a lateral spin valve. In a metallic lateral
spin valve, the magnetic components typically have a much larger resistivity than the nonmagnetic
bridge. In general, a heat gradient applied across a conductor leads to the (ordinary) Seebeck effect
which generates an electric field. In a ferromagnet, the transport parameters for spin up and spin
down electrons are different, leading to a spin dependent conductivity o | and spin dependent Seebeck
coefficients Sy |. In order to understand what happens when a heat current () is sent through the
FM/NM interface, one starts with the spin dependent currents J4 | and can write

1
Jry = —ony <6V(lm) - SNV(T)> : (1.156)
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with (44 )) as the spin dependent chemical potential. As a result of the heat current Q = —krpyVTrFuM,
a spin current Jg = Jy — J| is generated which can be written as
(1-P?
Js=Jp — J¢JFTSSV(T). (L.157)
Ss = Sy — S| is the spin dependent Seebeck coefficient which drives the spin current, P is the spin
polarization of the ferromagnet and or the conductivity of the ferromagnet. By solving the Valet-Fert
equation as in [159], the spin accumulation at the interface is given as

Hs

——— = eApSsRmis. 1.158

Ruis = Ry/(Ry + Rp/(1 — P?)) is a conductivity mismatch factor with R; = \;/o; being the spin
resistances of the ferromagnetic and the nonmagnetic material, which depend on the spin relaxation
lengths A; and the conductivities o; [160]. In metallic systems, the conductivity mismatch factor is
typically close to 1. The induced spin accumulation only depends on the spin dependent Seebeck
coefficient Sg and the spin relaxation length of the ferromagnet Ap. Its direction depends on the
spin dependent Seebeck coefficient Sg which changes sign when the magnetization orientation of the
ferromagnet is reversed. The conceptual diagram together with the spin dependent chemical potentials
at the FM/NM interface are shown schematically in Figure 1.22.

Fig. 1.22. a) Conceptual diagram of the spin dependent Seebeck effect in a lateral spin valve. A charge current

Jeo is sent through the first ferromagnet FM;, which causes large Joule heating due to the large
resistivity of FM1. The nonmagnetic, yellow contacts have a high thermal conductivity and act as
heat sinks. The generated heat current @) through the FM; /NM interface generates a spin current
which depends on the magnetization orientation of FM;. This spin current can be detected in a
second harmonic scheme as a voltage at the NM/FM, interface. Reproduced from [156] with the
permission of Springer Nature.
b) Spin dependent chemical potential at the FM/NM interface when a heat current @ crosses the
interface. The heat current is continuous across the interface which leads to a discontinuity of
VT. Although no charge current can leave the ferromagnet, a spin current proportional to the spin
dependent Seebeck coefficient is generated which becomes depolarized in the bulk of the NM. As a
result, a spin imbalance A, u = puy — p is generated, which relaxes on both the FM and the NM
side of the interface on the typical length scales Ap and Ay, respectively. Reproduced from [156]
with the permission of Springer Nature.
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1.10. Non-Collinear Magnetization Orientation: Spin Transfer Torque

Up to now, only collinear magnetization orientations in a lateral spin valve structure have been dis-
cussed although of course in reality, there is always a small tilting of the two magnetization orientations
at finite temperatures. However, the situation becomes more interesting when there is an angle between
the spin current orientation and detector magnetization, yielding a spin transfer torque on the magne-
tization [6]. As mentioned before, this spin transfer torque can be exploited to efficiently manipulate
the magnetization of the detector [14, 15].

For the analysis, [0] is followed and the pure spin current flowing in the spin current conduit is
divided into one component parallel and one component perpendicular to the detector magnetization.
Since, according to the assumptions, the parallel component of the spin current is absorbed in the
detector without any further effect, the focus is on the perpendicular spin current component which is
also named the transverse spin current.

This transverse spin current is not an eigenstate of the ferromagnetic system which consists of spin-
up ET and spin-down states k 1, but rather a linear combination of these eigenstates. As a result, the
coefficients of the spin-up and spin-down states will oscillate as a function of position and we observe

- — — -

a cos ([kz,T — /Cz,¢] . z) behaviour. <kz,1‘ — kz,¢) is named the spin dependent Fermi wave vector. To

calculate the overall transverse spin current at the position z in the detector, one integrates all possible
wave vectors over the Fermi surface. Since the integrand is strongly oscillating, only short distances
along the z-direction do not cancel out and as a result, the spin current gets absorbed close to the
NM/FM; interface and the penetration depth, also named the magnetic coherence length, reads [51]

™

|kz,T - kz7¢|

C

As a result of angular momentum conservation, the absorption of the transverse spin current is con-
nected to a torque acting on the local magnetization of the detector within the magnetic coherence
length. This torque is named the spin transfer torque, which is given by [161]

Fo_ (Mx[s xM), (1.160)

with M as the local magnetization of the detector and I, as the spin current orientation. As a direct
result of Equation 1.160, we notice that angles close to 90° between spin current orientation and
detector magnetization lead to large spin transfer torques.

Since this formula is of vital importance to understand the experimental results, [161] is used in order
to derive it. It is however mentioned that the pioneer work concerning non-collinear magnetization
orientation and the resulting spin transfer torque is based on Slonczewski [162] while Brataas et al.
studied in depth non-collinear magnetoelectronics [163].

The derivation starts with the electrochemical potential ug(z), which is given as

uo(x) = ueh(x) — ep(x), (1.161)

with uey (z) the chemical and ¢(x) the electric potential. In order to describe a spin polarized system,
ts(x) is introduced. The direction of us(z) denotes the direction of spin accumulation while the
magnitude of |ts(z)| gives the energy splitting of the two spins in the local coordinate system. In a

ferromagnetic system, @! () is given as

il (z) = mfuf () — uf (z)], (1.162)
where m is an unit vector along the magnetization in the FM and uf( 0 (x) is the electrochemical

potential of the majority (minority) in the local coordinate system with the quantization axis being
parallel to the magnetization.
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Since the magnetic coherence length in a conventional ferromagnetic is in the order of the lattice

constant [164], only components which are parallel or antiparallel to m can survive which leads to
IF(x)——iF(FV r v ul 1.163
IF () — — f F,F(N_ . F - 4
s ()= . Ve (07 ug (z) — oyu] () m (1.164)

for the charge current I'(z) and for the spin current IF (). The transport is assumed to be along
the z-axis, ST is the area of the cross section in the FM and Uf(i) is the conductivity of the majority
(minority) spin channel. Analogously to the conservation of electric currents, the continuity equations
of the spin currents are given as [105]

s* ™ it
VoIl (@) uf (2) — uf () uf (z) — uf (2)

with &)y the density of states per unit volume at the Fermi level for one spin orientation while 74|
and 7)1+ are the spin flip scattering times for majority and minority spins. With detailed balance
(&/m = & /T14), one finds for the conjugated diffusions equations

Vauf (z) (1.167)

- Dymyy Dymyy’

Dyt Dymip

Vaul (z) (1.168)

where Dy is the diffusion constant for the majority (minority) spin which is related to of( 0 via the
Einstein relation

714 = €& Drw) (1.169)

Solving the diffusion equations yields

@)Y _ Ay oy (V) + g (1) 4 peet (01 (1.170)
up(z)) AV ¢ —af‘l ¢ —Jf_l ’ '

with /1, B , C and D as constants which need to determined by the boundary conditions and A the
spin diffusion length in the ferromagnet.

The transport in the NM is studied next, for which the electrical current I(])V (x) and the spin current
are given as

O'N
I (x) = —7SNquéV(x) (1.171)
PN o
IN(z) = 2—estxa’gV(ac), (1.172)

where SV is the cross section of the NM and o¥ is the conductivity. Conservation of electric current
requires VI () = 0, which yields

Viull(z) =0 (1.173)
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while the spin current continuity conditions is given as

l o v ¢Maf (x)

where ¢V is the total density of states per unit volume at the Fermi level in the NM. Tﬁ is the spin
relaxation time in the NM. With the electric current condition and the spin current continuity equation,

the diffusion equation for @Y (x) is given as

>N
V2 (z) = “SA ](f), (1.175)

with AV the spin diffusion length in the NM. The solution of Equation 1.175 can be written in the
form

aN(z) = Be®/" 4 Feo/MY (1.176)

with E and F as constant vectors depending on the boundary conditions. Next, the electrical and the
spin current across the FM/NM contact can be written in the linear response regime (assuming the
absence of interfacial spin-flip scattering events) as follows:

eIl = (G + G (u) (7)) =l (a])) + % (G- 6f) (m-a@p) wl@)) )

- . _ 1
e[ = il(Gf = G) (ug'(o7) — g (+])) = 5 (G + G ul(af)  (1.178)
1 o LN, — . _ I -
—5 (2Re(G{¢) - G% - Gi) - (x7)] + Re(Gﬁ) @ () — Im(Gﬁ) o< @ (x7)),
where ul (z]) = ( f(x?)—i—uf(xﬁ)/Q The index [ refers to the interface contact and x;r(_) denotes the
position in the vicinity of the interface at the FM (NM) side. G'4(}) is the conductance of the FM/NM
interface for the majority (minority) spin while G4 is the spin mixing conductance, describing the
non-collinear transport [166]. In a metallic system, the imaginary part of G4 is on the order of two
magnitudes smaller than the real part and therefore neglected.

Since, in the steady state, the charge accumulation across the FM/NM interface is invariant, one
finds

R(e)=1," =I5 («f), (1.179)

while the conservation of the collinear component of the spin accumulation across the interface can be
written as

m(m-fsN(x;)) :m(m.ﬁNlF) = IF(a}). (1.180)

In the adiabatic approximation, the suppression of the non-collinear part of the spin current results in
a transfer of angular momentum into the local magnetization of the second FM. This torque, generated
by the spin current, is given as

h
P 5 INF (- IV (1.181)

In order to consider the non-local signal defined as Rnt,(0)=Vx1,(0)/Iy with 0 as the angle between
spin current and local magnetization of FMjy, the voltage across the NM/FMs interface needs to be
calculated. For FM2, the local electrochemical potential far away from the NM/FMs interface is the
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experimentally measured non-local voltage Vi, = up(o0)/ — e. Thus the angular dependence of the
non-local signal can be obtained analytically as

2
_ N
RnL(0) = |2Rye L/x cos@H (ani[ + ozfnip)
i=1
.2 L2 19 -1
e 2T H (277{ +2nF + 1) + sin? @ [1 — LA H(pr +1) H(Qm-] + 20t — 2p])
i=1 i=1 i=1

(1.182)

where the subindex ¢ = 1(2) denotes FM;(2) and the corresponding FM;(2)/NM interface. The
introduced dimensionless parameters are defined as

I RI

TS =) BY) (1159)
F RF

U T A (1.184)
g RRAG)) (1.185)

RN

with the interfacial resistance R! = (G% + Gi)_1 and the resistances RN = Ay /(cVSV) and RF =
Ap/(cFSF). Pl = (G%—Gi)/(G{—i—Gi) is the spin polarization across the interface while of" = Jf—l—af
and of = ( f— af)/(af + Uf) are the conductivity and the spin polarization of the FM. The angular
dependence of the non-local signal is introduced by the cosine function of the numerator and the term
depending on sin? 6 in the denominator. While the cosine function describes the configuration between
the two ferromagnetic electrodes, the term proportional to sin 6 describes the non-collinear transport
across the NM /FMy interface. For any type of contact, the spin transfer torque acting on FMs can be
formally determined as

- h I\ - LN — -

7= 72—62R6(GN) My X U (T7,) X 12 (1.186)
with 79 as the magnetization direction of FMy and @2 (xI;) as the spin accumulation at the NM side
of the NM/FM; interface. Equation 1.186 can be rewritten as

T = —(5(9)]0 (Tﬁg X T?ll X 77_’22) (1.187)
where §(6) can be understood as an effective spin torque, which scales the critical current of magneti-
zation switching [167]. The analytic expression is given as

h Rn1.(0)
0(0) =T —Re(G 1.188
() =T Re(Gry) —_ =5 (1.188)
with T' = 2pi®/Q where ® is defined as
2 2
N N
O =1+ T @of +1)(@0] +2071) — e 27 T (20] + 1D (20] + 20f + 1), (1.189)
i=1 i#j
while 2 is given as
N 2 N
Q= 1= T]@o]) + 1| - (Pfnb + o n) - [1 = (208 + 1)(20f + 1)e2 (1.190)
i=1
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The angular dependence of 4(f) depends on Ryy,/cosf. Since the numerator of Ryy, also depends on
cos, the angular dependence of §(6) only depends on sin. As a result, 6(0°) = §(180°) which is
different than the angular dependence found in conventional local spin valves, e.g. the giant magne-
toresistance effect [168].

With the theory provided in this chapter, it is now possible to discuss how lateral spin valves are
fabricated and which are the most important important parameters in order to fabricate high quality
devices. This will be part of the next chapter.



Chapter 11

Sample Fabrication And Experimental
Methods

In this chapter, in depth explanations concerning the patterning and fabrication process of lateral
spin valves are provided. To fabricate these nanostructures, there are in general two stages. First
the nanostructures need to be patterned by electron-beam lithography and second the metal layers
need to be deposited by either ultrahigh vacuum (UHV) thermal evaporation or by sputter deposition.
Alternatively if the thin film has been grown as the first step, ion beam etching is performed to
fabricate nanostructures out of the thin film. To measure the thickness and roughness of thin films,
X-ray reflectivity measurements are a simple and easy method. This technique has been intensively
employed especially to determine and optimize the etching rates of the in-situ argon sputter gun of
the UHV thermal evaporation chamber. To determine the thickness of fabricated nanowires, atomic
force microscope has been used. All methods are explained in some detail, together with examples and
measurements of important results for these fabrication methods and analysis techniques. In the last
part of the chapter, the lock-in amplification technique is introduced as a powerful tool to measure
small signals in the nV range for the electrical characterization of the devices. Finally the used bath
cryostat measurement system is presented, which can apply in-plane magnetic fields in order to switch
the magnetic state of the devices and is employed to measure the non-local signal as a function of the
applied field and sample temperature.
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2.1. Scanning Electron Microscopy (SEM)

In order to pattern high quality lateral spin valves with lateral dimensions down to 50 nm, the commer-
cial electron beam lithography system “Pioneer” by Raith has been used [169]. This system combines a
scanning electron microscope together with an electron beam lithography system. The scanning elec-
tron microscope is based on the “Gemini” electron column by Zeiss [170], the fundamental construction
of which is shown in Figure 2.1. Additional, in depth information concerning scanning electron mi-
croscopy can be found in the literature [171, 172].

In the system, electrons are generated by a thermal field emission tip which is also known as a
Schottky emitter. The construction of the filament is shown in Figure 2.3a). The most important
aspect for determining the electron energy spread and beam quality is the tip which consists of finely
etched <100> tungsten with a sintered reservoir of zirconium oxide in the shank, as shown in Figure 2.2.
The tip is heated up to around 1800 K by the bake-out filament current of 2.3 A. The use of ZrO has
three main advantages:

a) If an electric field is generated by the extractor voltage (in the used system Uex = 3.75kV), ZrO
will diffuse to the cathode tip, forming an effective tip.

b) The thermal energy of the electrons is reduced from 4.6 €V to 2.8 eV and the spread of the electron
energy is reduced.

¢) The electron emission is restricted along the tip axis.

The only voltage which can be chosen by the user is the electron high tension voltage (EHT) which
accelerates the electrons on their way to the specimen and which plays a key role for the beam properties
and the required dose for the electron beam lithography. The EHT is chosen for the patterning to
be between 10-30kV, depending on the different layers and materials and will be specified for each
patterned structure. Indeed, the chosen EHT plays a crucial role for the performance of the lateral
spin valve samples, as investigated in the subsequent chapters.

After passing one of the six possible apertures (7.5, 10, 15, 20, 30, 60 and 120 pum), as drawn in
Figure 2.3b), the beam passes the condenser lens which controls the initial spot size of the beam.

Next, if the EHT has been chosen within the range of 0.1-20kV, the electrons are accelerated inside
the electron optics by 8 kV by the beam booster. This additional acceleration (which is reversed by the
final electrostatic lens which decelerates the electrons by 8kV) reduces the sensitivity of the electron
beam to magnetic stray fields within the column. Additionally, the generated secondary electrons,
which are measured by the in-lens secondary electron SE-detector get accelerated by 8kV by the
electro static lens which dramatically increases the number of electrons reaching the in-lens detector,
even for low EHT voltages. As a result, the in-lens detector does not work properly for EHT voltages
higher than 20kV, since hardly any electrons reach the detector due to the lack of the accelerating
voltage of the electrostatic lens. After passing the beam booster, the beam is focussed by the user via
the magnetic focus lens by way of the “aperture alignment” and “astigmatism” correction.

For aperture alignment, correction voltages in the vertical and horizontal direction are applied such
that the beam passes centrally through the electron optics, which can be checked by applying the
so-called focus wobble feature. For a well aligned beam, the image blurs symmetrically around the
centre and the centre does not move. For a misaligned beam, the image blurs asymmetrically and
the centre moves along the misaligned direction. To optimize the aperture alignment further, the user
applies a very low focus wobble and very high magnification and checks if no movement of the image
is observed. In the final step, the focus is varied and for a perfect aperture alignment, no movement
of the image at all must be detected during the variation of the focus.

If instead of having not one common focus point for the horizontal and vertical direction the beam has
two focus points, the electromagnetic lens is elongated and this phenomenon is known as astigmatism
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in electron microscopy. As a result of astigmatism, round objects appear elliptical with perpendicular
elongation when the image is over- or under-focused while when in focus, the image remains blurred.
To correct for this, the image is over- and under-focussed and the stigmator is adjusted in both
directions until the elongation vanishes. An example of an image with astigmatism and the resulting
perpendicular elongation direction for the under- and over-focus conditions is shown in Figure 2.4, with
the image taken from [173]. The image with corrected astigmatism is shown in Figure 2.5. The beam
is finally scanned across the sample by deflection coils.

As drawn in Figure 2.1, there is a second electron detector mounted in the setup, the Everhart-
Thornley SE2 detector [174]. The working principle of both detectors as well as their advantages and
disadvantages will be explained in the next subsection. Furthermore, the different types of generated
electrons when the beam hits the specimen will be studied.

Schottky emitter W/ZrO

Electromagnetic
aperture changer

= EHT
Condenser/Field Lens

In-lens SE-Detector I

Beam Booster I
Magnetic

Focus Lens | '
Scan/Deflection Coils |

4
Everhart-Thornley A¢

SE2 Detector /

Electrostatic Lens

*
I—e

Specimen

Fig. 2.1. Schematic drawing of the commercial Zeiss Gemini electron beam column which is mounted in the
Raith Pioneer as part of the electron beam lithography system. A direct current of 2.3 A flows in a
ZrO/W filament which heats up to around 1800 K. By the applied extractor voltage Uey of 3.75kV,
electrons are emitted which are accelerated by the electron high tension voltage EHT which is chosen
between 10kV and 30kV, depending on the used resist, the materials which are to be deposited
etc. The beam next passes the electromagnetic aperture system. In total six different apertures are
possible and for 10kV EHT, the beam current varies between 10pA (7.5 pm aperture) and 3000 pA
(120 um aperture). The beam passes in the next step the condenser lens which mainly determines
the spot size and cannot be adjusted by the user. In the next step, if the EHT has been chosen to
be between 0.1kV and 20kV, the electrons are additionally accelerated by 8 kV by the beam booster,
which reduces the sensitivity of the beam to any magnetic stray fields in the column. The beam is
finally focused and corrected for astigmatism by the magnetic focus lens before it is decelerated by
electrostatic lenses by 8 kV and finally hits the specimen. By scan coils, the beam is deflected and
the beam scans over all points on the specimen surface. By scanning over the specimen surface, an
individual number of electrons is generated for each pixel which can be count and analysed by the
two detectors.
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Fig. 2.2. Photograph of the thermal field emission tip which consists of <100> tungsten with a sintered

reservoir of zirconium-oxide (ZrO) in the shank. As a result of the electric field generated by the
extractor voltage, ZrO diffuses to the cathode tip and forms a nice tip. By the surrounding suppressor
electrode, electrons which are emitted by the tungsten filament and therefore not aligned with the
tip axis are efficiently suppressed. Image shown with permission from Raith GmbH [175].
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Fig. 2.3. a) Schematic illustration of the W/ZrO filament together with the suppressor electrode, extractor

electrode, anode and the beam booster. A direct current of 2.3 A flows through the filament and
heats it up to 1800 K. Electrons are emitted by the filament as well as by the W/ZrO oxide tip.
By the surrounding suppressor electrode, electrons which are emitted by the filament and therefore
not aligned with the tip axis are suppressed and do not affect the beam quality. By the extractor
electrode, an electric field is generated which causes the ZrO to diffuse to the cathode tip to form
a nice tip. The beam is accelerated by the EHT towards the anode and additionally, if the EHT is
below 20kV, the beam is accelerated by 8kV by the beam booster.

b) Schematic illustration of the multi-hole aperture system which allows by way of electromagnetic
beam alignment coils an electrical switching between the six aperture holes.
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Fig. 2.4. Over- and under-focussed SEM images of bubbles with astigmatism present. As clearly visible, the
circular bubbles appear to be elliptical with the elongated direction varying with over- and under-
focusing the image. Image taken from [173].

Fig. 2.5. SEM images with corrected astigmatism. Here, by over- and under-focusing the image the bubbles
are blurred but not elongated. Image taken from [173].

2.1.2. Generated electrons and detector working principles

If the electron beam hits the specimen with energies between 10-30kV, as the typically chosen EHT for
an electron beam lithography process, many different effects take place and many different categories
of electrons and photons are generated, as schematically drawn in Figure 2.6.

a) Secondary Electrons:

In total, three different types of secondary electrons are defined, depending on the mode of
origin and where they leave the specimen surface. Secondary electrons are low energy electrons
(<50eV) which are generated by inelastic scattering of the primary electrons on the atomic core
or on the electrons of the atomic shell of the specimen material. Both the in-lens detector and the
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Everhart-Thornley detector mostly detect secondary electrons which are only generated in the
upper part of the interaction region and therefore carry all surface information of the specimen.

b) Backscattered Electrons:

All electrons with energies higher than 50 €V are known as backscattered electrons (BSE). These
electrons are generated by elastic scattering in a much deeper interaction range and therefore
carry depth information. Since the backscatter coefficient crucially depends on the atomic number
of the specimen, backscattered electrons provide material dependent contrast. In some SEM
systems, an additional BSE-detector is mounted either in the column above the in-lens detector
as an energy selective backscattered detector (ESBD) or at the side of the vacuum chamber. In
the used electron beam lithography system, no BSE-detector is mounted.

¢) Auger Electrons:

These electrons are ejected from an inner shell of the specimen by the energy released when an
ionized atom returns to the ground state [170, |. The detection of Auger electrons, which
have specific energies depending on the material of the specimen, allows for a material sensitive
analysis of the surface of the specimen. The Auger yield is very high for materials with low
atomic numbers.

d) Characteristic X-Rays:

Depending on the energy of the primary beam, characteristic X-rays are generated in the whole
depth of the specimen. These characteristic X-rays originate from the inner-shell ionization
process. In this process a primary electron from the initial beam interacts with the tightly bound
inner-shell electrons and an atomic electron is emitted, leaving a vacancy in that shell. The atom
then relaxes to its ground state through a limited set of transitions of outer-shell electrons to fill
the inner-shell vacancy. The energies of the electrons in the shells are sharply defined, with values
characteristic of the binding energies of the electrons. The characteristic X-rays are elemental
specific which can be detected by energy-dispersive X-ray spectroscopy (EDX) [178]. EDX is a
powerful tool which allows the determination of the material composition of the whole specimen.

e) Cathodoluminescence:

Photons in the visible spectrum are generated by the primary beam. In some systems, these
photons are collected by an elliptical mirror, transferred out of the vacuum chamber by an optical
fibre, split up by wavelength via a monochromator and finally analysed by a photomultiplier tube.
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Fig. 2.6. Schematic illustration of the different generated electrons and photons when a primary electron beam
with an energy of severalkeV hits a specimen. In the used system, both the in-lens detector and
the SE2 Everhart-Thornley detector are optimized to detect secondary electrons. These secondary
electrons are generated in the top fewnm of the specimen and mostly provide surface information.

Next the different types of secondary electrons are discussed, as shown schematically in Figure 2.7.

SE1: These electrons are generated directly at the surface of the specimen with a high angle and carry
most of the surface information.

SE2: This type of secondary electrons is generated by backscattered electrons after multiple scattering
events. They leave the surface of the specimen at a much larger distance from the initial spot.
SE2 carry less surface but more topographic information.

SE3: SE3 are generated by backscattered electrons far away from the spot size and typically do not
contribute to the signal.

Depending on the energy of the primary beam, the ratio of the SE1 and SE2 electrons can be estimated
as follows [179, |: The total number of detected secondary electrons ¢ is given by the sum of SE1
01 and SE2 69

0 =01+ 02 (2.1)
As mentioned, SE2 are generated by backscattered electrons. This yields for &9
b2 = Bndy (22)

with 7 as the backscatter coefficient, which crucially depends on the atomic number and 5 as a factor
which is typically lower than one for primary energies Fy <1keV and higher than one for higher
energies. By the use of a low energy primary beam, it is possible to increase the number of SE1
electrons and therefore gain more surface information.
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Final Lens

Fig. 2.7. Schematic illustration of the different generated secondary (SE) and backscattered electrons (BSE).

In the used system, in both detectors mostly SE1 and SE2 are detected. SE1 electrons are directly
generated by the primary beam and carry most of the surface information. SE2 electrons are generated
by backscattered electrons and carry less surface but more topographic information. The ratio of SE1
and SE2 depends on the energy of the primary beam and the backscatter coefficient, which crucially
depends on the atomic number of the specimen.

Finally the working principles of the two detectors are shortly explained. Furthermore SEM images
taken by the different detector are presented to demonstrate their advantages and disadvantages:

In-Lens Detector:

As mentioned before, the in-lens detector only works properly for an EHT below 20kV because
for higher voltages, the beam booster is turned off and hardly any secondary electrons reach the
detector due to their low energy and the lack of acceleration by the electrostatic lens. Electrons
reaching the in-lens detector hit a scintillator and flash light is generated. The flash light is guided
out of the beam path and is transferred to a photomultiplier tube. In the photomultiplier tube,
photons hit the photocathode and electrons are ejected by the photoeffect. These electrons are
focussed by a focussing electrode and accelerated towards a number of electrodes with different,
increasing positive potential, termed dynodes. By secondary electron emission, out of a few
electrons typically 100 million electrons can be generated and the generated signal is read out
electrically. The contrast crucially depends on the electric field generated by the electrostatic
field, which exponentially decays as a function of the working distance. However, in our system,
only very high working distances of 8 mm and more are possible, leading to low contrast for low
energy primary beams below an EHT of 5keV. A major advantage of the in-lens detector is the
easy detection of polystyrene beads, as shown in Figure 2.8a). By the use of these beads, a high
quality SEM image with a magnification of better than 200k can be relatively easy generated.
Secondly, the in-lens detector is perfectly suited to detect carbon contamination spots, which
enables to check and improve the beam quality further, as shown in Figure 2.8b). By the in-lens
detector, nearly only SE1 are detected.

Everhart-Thornley Detector:

This detector is mounted on the wall chamber and views the specimen laterally. Since it allows
to detect both SE2 and (a low amount of) backscattered electrons, the detected signal provides
much more topographic and material dependent information compared to the in-lens detector.
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As for the in-lens detector, electrons hit a scintillator, photons are generated which are guided
to a photomultiplier and an electric signal is generated. As explained later in detail, to perform
a high quality overlay-control, 20-30 nm thin metallic crosses have to be detected, which works
much better with the Everhart-Thornley detector than with the in-lens detector due to the
topographic information and the material dependent contrast and the high working distance.
Another major advantage of the Everhart-Thornley detector is the possibility to vary the collector
voltage between —250 V and 4400 V. While a high collector voltage increases the contrast even for
thin metals with low atomic numbers, the use of a high negative collector voltage allows efficient
filtering of electrons which are generated e.g. in the photoresist when a very large aperture is
used to pattern contact pads. As shown in Figure 2.8c), where 20kV EHT has been used together
with a 120 um aperture, for very high collector voltages (+400 V) the image is completely over-
exposed and the metallic cross is not visible. For a collector voltage of —250V, most of the
electrons generated in the resist environment are filtered and the cross can be detected, as shown
in Figure 2.8d).
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Fig. 2.8. Different SEM images demonstrating the advantages of the two detectors mounted in the electron
beam lithography system.
a) High quality SEM image of polystyrene beads, which can be used to check and optimize the beam
quality to magnifications of 200k and better and which are easily detected by the in-lens detector.
b) Burnt carbon contamination spot, which can also be used to check and optimize the beam quality.
These spots are usually just visible by the in-lens detector.
c), d) SEM images of a metallic cross taken with a very large aperture. By a suitable choice of the
collector voltage of the Everhart-Thornley detector, electrons generated in the resist environment can
be filtered and the cross is much more readily detectable.

After this introduction to the basic principles of scanning electron microscopy and the different
types of secondary electrons and the advantages of the two detectors, electron beam lithography will
be presented. In particular, the overlay-control, i.e. the alignment of a nanostructure on an already
existing one, will be explained in detail.

2.2. Electron Beam Lithography And Overlay-Control

Since high precision overlay-control plays a crucial role for the fabrication of lateral spin valve struc-
tures, large effort has been spent in order to optimize this procedure. Together with Stefan Kauschke,
a standard procedure has been established in our working group which will be explained in detail in
the following.

First of all, after choosing a suitable beam aperture, EHT and working distance and aligning the beam
properly, the origin correction and the angle correction needs to be performed. By these corrections
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the U and V coordinates, which are the coordinates of the GDSII-layout, are matched to the X and
Y coordinates of the laser stage. In the next step, a write field alignment is performed. Each working
area, which is the user-defined area of the sample, is split up into write fields. The size of these write
fields is typically 100-100 um? for a magnification of 1000 and small structures such as nanowires and
1000-100 em? for a magnification of 100 and large structures such as contact pads. By the writefield
alignment, the deflection of the beam is matched with the physical movement of the laser stage. When
a layer is patterned within one writefield, the stage is physically moved to the centre of the writefield
and all positions within the particular writefield can be reached by the deflection of the beam in the
X- and Y-direction.

An SEM image such as the one shown in Figure 2.9a) is taken and a magnification of 1000 is chosen.
The system saves the SEM image, moves the laser stage for a chosen distance, e.g. 10 um in the X-
direction, deflects the beam by —10 um in the X-direction, takes a second SEM image and calculates
the cross-correlation of both images. By the calculated cross-correlation, the correct deflection voltage
for a given laser stage displacement for a given working distance can be determined.

The standard values for this procedure are a relative maximum deflection of 0.92 in both the X- and
the Y-direction for a working distance of 10 mm. This means that for a proper write field alignment
and a working distance of 10 mm, 92 % of the maximum deflection voltage in both directions is required
to reach each point within the write field. If, as done here, the working distance is reduced to around
8.5mm, about 97 % of the maximum deflection voltage is required. This means there is a convenient
trade-off between a better quality of the SEM images and a better possible quality of the beam and
the risk to overextend the deflection voltages.

To demonstrate the effect of the chosen working distance on the write field alignment, the result
of the first write field alignment procedure is shown in Figure 2.9b). As clearly visible, the system
uses correction values of the zoom in both the U- and the V-direction of 1.05 in order to increase
the zoom factors from 0.92 to roughly 0.97. The zoom factor is a measure of the expected maximum
deflection voltage compared to the real required one, which depends on the magnification, writefield
size and working distance. The second important parameter, the shift, can be understood as the lateral
difference in the expected origin of a particular writefield compared to the measured one.
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General information

Procedure: 100 um WF - Manual ALWF 5 um marks (PLS:

Comment C:\PIONEER\User\Pfeiffer\Data\ScanPLS\Align005.PLS)

Writefield size 100 pm
Magpnification: 1000x
Working distance: 8.519 mm
Acceleration voltage: 20.000 kV
Successfully scanned marks 4
Unsuccessfully scanned marks: 0

Required marks: 3

Status limit check: OFF
Coordinates

Stage X, Y, Z in mm: (-0.247174, -0.521189, 22.876500)
Global U, V, Win mm:  (1.313440, 1.026122, 8.500223) — used
Local U, V in mm: (1.313440, 1.026122)
Old values

Zoom U: 0.92000

Zoom V: 0.92000

Shift U 0.000 pm

Shift V: 0.000 pm

Rotation U: 0.000°

Rotation V: 0.000°

New values

Zoom U 0.97034

Zoom V: 0.97010

Shift U: 0.324 pm

Shift V: 0.001 pm

Rotation U 1.580°

Rotation V: 2.001°

Correction values
Factor zoom U:  1.05472
Factor zoom V- 1.05446

AShift U: 0.324 pm
AShift V: 0.001 pm
ARotation U: 1.580°

ARotation V: 2.001°

a) b)

Fig. 2.9. a) SEM image of a dirt particle on the substrate, which is used to perform the first write field
alignment. In such a write field alignment, an SEM image is taken, followed by a physical movement
of the laser stage by e.g. 10 um along the X-direction. Subsequently, a deflection voltage is applied,
which is expected to deflect the beam by —10 um along the X-direction and the cross-correlation
between both images is calculated. As a result, a perfect correlation means that for a given working
distance, the physical displacement of the laser stage and the deflection of the beam are equivalent.
b) Results for a write field alignment for a writefield of 100-100 um? in size and a working distance
of 8.5mm. The system expects for a standard working distance of 10mm a relative maximum
deflection voltage of 0.92. If, as here, smaller working distances are used, the relative maximum
deflection voltages increase. All following screen shots of the “Raith Pioneer” software are shown
with permission from Raith GmbH [175].

After explaining the write field procedure in general, the overlay-control, which means a precise
alignment of one or more layers on an existing layer, is introduced. In Figure 2.10a), a 3-layer GDSII-
layout is shown which consists of one Pt nanowire (purple) and Pt alignment crosses (light green),
three Py wires (red) and a Cu bridge, together with small contacts (green). The idea is to pattern the
Pt nanowire in the first step together with the crosses. Since both layers are patterned in the same
step and in one write field (the dashed square), the shift between the Pt nanowire and the crosses is
minimal, because within one write field only the beam is deflected but the laser stage is not moved.

As shown in Figure 2.10b), the automatic mark scan (Layer 61 in the software) is placed on two
branches of each cross. Each of these automatic mark scans is one scan in either the U- or the V-
direction. For each layer, four X- and four Y-scans are performed which means that for a 3-layer
structure, eight crosses, four for the second and four for the third layer, are required. As shown in
Figure 2.10b), different scanning parameters, i.e. the “Scan Points”, “Average Points” and “Average”’
can be chosen in order to optimize the signal-to-noise ratio of the scan, as shown in Figure 2.10b).
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Fig. 2.10. a) 3-layer GDSII-layout which is used to pattern a lateral spin valve structure. A Pt stripe (purple)

is patterned together with eight Pt alignment crosses (light green). In the next step, three Py wires
(red) are patterned, which are aligned with respect to the deposited Pt crosses. Since both the Pt
stripe and the Pt crosses are patterned together in one write field, no shift between the structures
is present. As a result, a precise alignment of the Py wires with respect to the Pt stripe is possible.
In the last step, the Cu bridge and the small contacts (both in green) are patterned onto the Pt
stripe and onto the Py wires.
b) Two automatic mark scans (dark green) which are placed onto an alignment cross. By a suitable
choice of the scanning parameters, i.e. the “Scan Points”, the “Average Points” and “Average”’ a
sufficient signal-to-noise ratio can be achieved even for materials with low secondary electron yield
and for a small aperture and a high EHT.

An automatic mark scan performed along the X-direction is presented in Figure 2.11a). At the
position of the alignment cross, a higher number of secondary electrons is emitted compared to the
resist covered substrate. By the automatic mark scan, the centre of the alignment cross in the X-
direction can be determined. These scans are performed eight times, four times for both the X- and
the Y-direction in order to calculate the centre of the write field, which allows for a precise overlay-
control. As shown in Figure 2.11b), performing the automatic write field alignment several times leads
to shifts below 20 nm and to zoom factors close to 1.0000.

In particular the reduction of the shift plays a vital role because if the shift would not be corrected,
the shift would increase for devices with increasing distance. If the shift becomes too large, the system
is not able to detect the alignment crosses any longer and the patterning will stop. Since the Pt stripe
and the Pt crosses are patterned in the same write field, scanning the crosses several times results in
lateral shifts between the Pt stripe and the Py wires below 20 nm.
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Fig. 2.11. a) Successful X-direction line scan across a metallic alignment cross. Since the cross emits more

secondary electrons than the resist covered substrate, the contrast from the cross is evident, which
allows the calculation of the centre of the cross for the X-direction. For each write field alignment,
eight line scans, four for both the X- and Y-direction are performed to determine the centre of all
four alignment crosses and to finally determine the centre of the write field.
b) Results for the different write field alignments. The first scan shows a shift of 0.475 pum for U and
0.171 ym for V. Additionally, a zoom factor for U of 0.99969 and a zoom factor for V' of 1.00027
is calculated. As a result, the deflection voltages and the beam shift for this particular write field
need to be slightly optimized. After eight write field alignments, zoom factors very close to 1.00000
are determined and a shift both in the U- and V-direction below 20 nm is achieved.

After the explanation concerning the electron beam lithography and the overlay-control, the devel-
opment step and the lift-off procedure are presented.

2.3. Development And Lift-Off Procedure

For sample fabrication by etching one starts with a thin film grown on a substrate. In the example
shown in Figure 2.12, we have MgO as the substrate (shown in blue), 30 nm CoaMnSi (shown in grey),
20nm Cu (shown in orange) and 2nm Ta and 4nm Pt as the capping layer (shown in green and red).
In the first step, a negative resist, in this case AR-N 7520.073 [181] is spin coated onto the sample
at 3000 rotations per minute, resulting in a 130 nm thick photoresist which is drawn as a black layer.
After spin coating, the photoresist is baked for 60 seconds in order to evaporate parts of the solvent of
the photoresist.

In the next step, the EBL is performed which is depicted via the orange arrows in Figure 2.12b).
For a negative resist as used here, by the EBL process, the photoresist becomes less soluble in the
developer, while the unexposed parts are easily removed. In the present situation, the developer is
four parts of AR 300.47 diluted in one part of HyO and the sample is developed for 23 seconds. In
Figure 2.13a), nanowires of 100nm and 200 nm width are shown after the development step. A big
advantage of this recipe is the relatively large insensitivity of the wire width on the applied electron
dose. For this recipe, varying the dose between 280 uC/cm? and 360 4C/cm? changes the width of the
nanowires by less than 10 %.

In the next step, ion beam etching (IBE) is performed with changing angles of incidence to achieve
flat and homogeneous edges, as shown in Figure 2.13b) and Figure 2.13c). The optimization of this
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procedure is one of the most important tasks for proper etched nanowires. As drawn in Figure 2.12d),
also the photoresist becomes thinner by the ion beam etching. However, since its etching rate is much
lower than the etching rate of the whole stack, approximately 90 nm of the photoresist layer remains on
top of the nanostructures after the milling. The etching rates of the different materials, together with
the used etching parameters, can be found in Appendix A.2. In the last step, the residual photoresist
is removed by organic solvents, ultrasound cleaning and oxygen plasma treatment.

Spin Coating EBL Development Ion Milling Remove

B s Al ==
I I I
a)

I I
b) c) d) e)

Fig. 2.12. Schematic procedure for the ion beam etching of nanostructures by a negative resist.
a) A negative resist, in this case AR-N 7520.073, is spin coated on the MgO/Co;MnSi/Cu/Ta/Pt
thin film.
b) The EBL is performed. The exposed parts of the photoresist become less soluble in the developer.
c) By the development, the unexposed parts of the photoresist are removed while the exposed parts
remain.
d) Ton beam etching is performed until the metal thin film is completely etched away. Due to the
low milling rate, the photoresist becomes slighter thinner but is not completely removed.
e) By the removal step, the residual photoresist is removed by organic solvents, hot temperatures,
some minutes in the ultrasonic bath and oxygen plasma treatment.
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Fig. 2.13. SEM images of two nanowires of 100 nm and 200 nm width.
a) SEM image after the development.
b) SEM image of the metallic nanowires after the etching procedure and the removal of the residual
resist with a tilting angle of 0°.
c) SEM image of the same nanowires with a tilting angle of 52 °, which is the maximum titling angle
of the SEM used.

If nanostructures need to be patterned on either a plain substrate or aligned on already existing
structures as required for the fabrication of lateral spin valves, lift-off processing can be used, as shown
schematically in Figure 2.14. By this technique, the photoresist, in this case poly(methyl methacrylate)
(PMMA) 950K is used as a positive resist. After the exposure, the resist becomes more soluble in the
developer and after the development, the exposed parts of the resist are removed while the unexposed
parts remain, as shown in Figure 2.14¢). In the next step, the metallic thin film is deposited by either
UHV thermal evaporation or sputter deposition. As a result, parts of the substrate (the exposed ones)
are covered with the thin film, while on the unexposed parts, the metallic thin film has been deposited
on the residual resist, as shown in Figure 2.14d). This residual resist is removed together with the metal
thin film on top by an organic solvent, as shown in Figure 2.14e). It is emphasized that the quality of
the lift-off process, i.e. the edge roughness of the nanowires, crucially depends on the thickness of the
resist, the thickness of the deposited film and the deposition method.
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Fig. 2.14. Schematic illustration of the lift-off procedure to fabricate nanowires by a positive photoresist.
a), b) The photoresist is spin coated onto the substrate and the exposure is performed. By the
exposure, the photoresist becomes more soluble in the developer.
c) After the development, the exposed parts are removed while the unexposed parts remain.
d) The thin film is deposited both onto the substrate and onto the residual resist.
e) Together with the residual photoresist, the parts of the thin film on top of the resist are removed
by an organic solvent.

Both methods, ion beam etching (IBE) and the lift-off processing, which are used to fabricate
nanowires, have several advantages and disadvantages as follows:

IBE has the advantage that thin films which need to be annealed at several hundreds °C,
e.g. CooMnSi [182], can be processed. With a lift-off process, the residual resist would heat
above its glass transition temperature due to this annealing process and the lift-off could not be
performed. For such materials, only ion beam etching is possible.

IBE has the second advantage that the patterning for a whole chip of 10- 10 mm? size, which consists
of nanowires and alignment crosses (which takes about 99% of the complete exposure time) is
less time consuming due to the higher sensitivity of the resist and the lower required exposure
dose.

IBE By the etching of the photoresist with argon atoms/ions, the resist becomes heavily cross-linked
which significantly increases the difficulty to remove the residual resist.

IBE requires an individual sequence of incidence angles for the different materials in order to minimize
the edge and the surface roughness.

Lift-off is required for the patterning and the deposition of the nonmagnetic bridge for a lateral spin
valve structure.

Lift-off is much more standardized for the first layer since the patterning is material independent and just
depends on the substrate and the EHT. The material dependent stage is for subsequent layers
on top of other layers, where the required exposure dose depends on the material underneath.

Lift-off allows for an easier patterning of small, defined structures as notches and kinks with a structure
size below 50 nm.

A direct comparison of nanowires patterned by ion beam etching and by a lift-off procedure is shown
in Figure 2.15. In Figure 2.15a) the left wire is a Pt wire fabricated by ion beam etching. Although
some time have been spent on optimizing the etching procedure for Pt, the edges are not as flat as
the edges of the right Py wire which has been fabricated by a lift-off procedure. In Figure 2.15b)
and Figure 2.15¢), the same kind of structure is shown, this time with both the Pt and the Py wires
fabricated by a lift-off procedure. In this case the Pt wire shows less edge and surface roughness
compared to the two Py wires on the right. Clearly visible, in particular in Figure 2.15¢), is the
relatively poor edge and surface roughness of the Cu bridge on top of the other wires. Nevertheless,
as later shown in detail, the obtained non-local signals are quite high compared to other literature
reports which indicates that for the lateral spin valve performance, the interfaces between the different
materials and not the Cu surface and edges play a dominant role.
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b)

Fig. 2.15. Comparison of Pt and Py nanowires, patterned either via ion beam etching or by a lift-off procedure.
a) SEM image of one Pt wire (left) fabricated by ion beam etching and one Py wire (right) fabricated
by a lift-off procedure. The SEM image has been taken with a sample tilting angle of 52 °. Although
quite some time have been spent on the Pt etching, edge and surface roughness are worse than the
edge and surface roughness of the Py wire, fabricated by a lift-off process.

b) SEM image of one Pt wire (left), two Py wires (right) and a Cu bridge on top of the three wires.
In this case all wires have been fabricated in a lift-off process, resulting in a better surface and edge
roughness quality of the Pt wire compared to the Py wires.

c) Same sample as b) with the SEM image taken from a 52° tilting angle of the sample. The Cu
bridge shows large edge and surface roughness.

To sum it up, if possible a lift-off process will be used in order to fabricate the samples. If it is
required, as in the case of the CooMnSi structures, ion beam etching will be exploited to pattern the
nanostructures.

After this in-depth discussion concerning electron beam lithography, overlay-control and the devel-
opment and removal step, there will be a discussion in the next sections of ion beam etching, sputter
deposition and UHV thermal evaporation.

2.4. lon Beam Etching (IBE)

In order to etch thin films which have been patterned with a negative-resist, the commercial (reactive)
ion beam etching system “TonSys500” from “Meyer Burger” has been used [183].
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In the system, a plasma is generated via a microwave excitation of 330 W with argon as a process
gas in the large discharge chamber, as drawn in Figure 2.16a). Stable plasma conditions are found
for an argon flow of the ion beam source (IBS) of 5sccm, while the argon flow of the plasma bridge
neutralizer (PBN) is chosen to be 4sccm. In order to cool the sample during the process, the helium
pressure of the helium back side cooling (HBSC) is chosen to be 2mbar, which leads to a total working
pressure of 3-10~*mbar.

In total, three Mo grids with different electric potentials are mounted close to the large discharge
chamber to extract the ions. The first grid closest to the microwave excitation, also known as the
screen grid S [184, |, is at the plasma potential. This potential is mainly given by the beam voltage
VB=+300V with respect to ground which is applied to the anode. However, the plasma potential
might differ from the beam potential by typically 10 V. The next grid, known as the accelerator grid A,
is biased with the accelerator voltage Vaee of —200V with respect to ground. Positive ions in the large
discharge chamber that drift close to the electric field generated by V.. are accelerated. The third
grid, the decelerator grid D, is on ground potential. As a result, the accelerated ions are decelerated
again, resulting in a constant velocity of the ions. The different potentials and positions of the grids
are shown in Figure 2.16b). As shown, the ion energy is only given by the applied beam voltage Vp.
The acceleration voltage Ve increases only the number of extracted ions, but not their energy.

After the beam has been accelerated and decelerated, the PBN is used to to de-ionize the ion beam
back to an atomic beam. If the PBN is not used or does not work properly, insulating substrates
such as AlsO3 or MgO might gain a floating potential, leading to large surface charges. These surface
charges are a repulsive potential for the ions and reduce the ion current. Additionally the large surface
charges may damage the substrate and the resist. A second problem is that the beam profile suffers,
since the positive ions repel each other, leading to a widening and divergence of the beam. To use the
PBN, a direct current of around 7 A flows through a tungsten filament which is mounted in the small
second discharge chamber. The emitted electrons provide a charge balance for the ions. In the system,
a neutralizer current of 100 mA is used while the total beam current is typically between 50 mA and
54 mA.

By the aid of the shutter, the rotating sample can be protected from the ion-beam, while with the
endpoint detection (EPD), it is possible to detect the different ions from the etched thin film during
the etching process by secondary ion mass spectrometry (SIMS). The EPD is especially useful if thin
films are etched where it is required to stop the etching process after a certain layer in order not to
etch the whole film.
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Fig. 2.16. a) Schematic illustration of the commercial TonSys 500 ion beam etching system. Argon flows into

the large discharge chamber where by a microwave excitation, a plasma is generated. The argon
ions are accelerated and decelerated by the different grids. The argon ions are de-ionized by the
aid of the plasma bridge neutralizer, forming an atomic argon beam. The argon beam hits the
rotating sample and the metallic thin films are etched with a typical rate between 10nm/min and
30nm/min. To cool the sample during the etching, helium back side cooling is used while with the
endpoint detection, the etched materials can be detected by secondary ion mass spectrometry.
b) Overview of the different applied potentials of the three Mo grids as a function of the position
within the system. The argon atoms are ionized and a plasma is generated in the discharge chamber.
Here it is assumed that the plasma potential is the same as the potential provided by the beam
voltage Vpg.

One important issue concerning the ion beam etching is the angle of incidence of the argon ions/atoms
with respect to the sample. As previously mentioned, each material stack needs its own optimization
since the mass ratio between the argon atoms and the atoms of the thin film is crucial. Within the
framework of this thesis, a sequence of different etching angles was developed together with Stefan
Kauschke to perform a Pt etching with the desired conditions.

A second, different etching procedure has been developed for a CoFeB/Cu/Ta/Pt thin film (which
acts as a dummy sample for the studied CooMnSi/Cu/Ta/Pt thin films) by myself. The results of both
of these different etch sequences are shown in Figure 2.17. In Figure 2.17a), a resulting nanowire based
on a 25nm thick Pt film etched with an angle of incidence of only 90 ° is shown. Large side-deposition
from the surrounding, resist free Pt, has stuck to the nanowire, resulting in a nanostructure of several
hundred nm thickness. In Figure 2.17b), the optimized wire with varying angles of incidence between
0° and 90° is shown. A thinner and more homogeneous wire is achieved.

Figure 2.17¢) shows the same etching recipe which worked well for Pt, applied to a CoFeB/Cu/Ta /Pt
thin film. As compared to Figure 2.17d), the wires are narrower after the etching than originally
patterned and additionally parts of the narrow wire are etched away. In this case, it helped to decrease
the etching time under low angle of incidence, as shown in Figure 2.17d), where the resist pattern is
well reproduced after the ion beam etching and the removal of the residual resist.
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a)

Fig. 2.17. a) SEM image of a Pt wire patterned from a 25 nm thick Pt film. As a result of the etching with an
angle of incidence of only 90 ° with respect to the sample, large side deposition appeared, resulting
in a several hundred nm thick wire.

b) SEM image of a patterned Pt wire with varying angles of incidence, resulting in thinner and
more homogeneous nanowires.

c) Etching of a CoFeB/Cu/Ta/Pt thin film. Etching for too long under small angles of incidence
leads to narrow, inhomogeneous and even completely removed wires.

d) Etching of a CoFeB/Cu/Ta/Pt thin film with an improved etching sequence. As a result, more
homogeneous wires and a high quality reproduction of the resist pattern is achieved.

2.5. Sputter Deposition

Sputter deposition is a widely used technique to fabricate metallic thin films with very high quality, i.e.
low surface roughness and epitaxial growth [182, 186, 187]. In the framework of this thesis, materials
such as Pt and Ta, which are difficult to deposit via UHV thermal evaporation due to their high melting
point, have been deposited by sputter deposition by colleagues. In this thesis, only the basic principle
of sputter deposition is explained. For a much deeper insight into sputter deposition, the reader is
referred to the common literature, e.g. [188, 139].

The basic principle is schematically shown in Figure 2.18, with the schematic illustration inspired
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by [190]. An UHV chamber with a base pressure of typically 1-10~8 mbar or lower is filled with a process
gas, usually Ar, typically up to a pressure of 1-10~! mbar. Some single Ar atoms are randomly ionized
by e.g. cosmic radiation. Since the sputter cathode is at a strong negative potential, the Ar*-ions
are accelerated by the electric field towards the cathode. Once the ions reach the cathode, secondary
electrons are expelled which are accelerated towards the black shield and the substrate holder and
as a result, more Ar-atoms are ionized and a chain reaction starts and finally, a plasma ignites. By
applying a magnetic field, the electrons are forced to follow a spiral motion, resulting in a significantly
longer path towards the black shield and thus, a higher sputter rate is achieved with the same working
pressure compared to sputtering without an applied magnetic field. The sputter process itself is a
ballistic process, since the ArT-ions collide with the surface of the target material, which results in an
erosion of the target. The target atoms condensate on the substrate and the metallic thin film grows.

Substrate holder

<~—Substrate

Thin film .
?\Electric field
Plasma

Anode potential

.': °
. O

neg. voltage Dark shield

(200-800 V)

Target atoms

Fig. 2.18. Schematic illustration of the basic principle of sputter deposition. An ultrahigh vacuum chamber is
filled with a process gas, typically Ar. Some of the Ar atoms are ionized by e.g. cosmic radiation
and these ArT-ions are accelerated towards the cathode. By collisions with the cathode, secondary
electrons are emitted, which ionize more Ar-atoms, resulting in a chain reaction and a plasma starts
to ignite. By collisions with the target, the surface of the target is removed and the target atoms
condensate on the substrate, forming a thin film. By the application of a magnetic field, electrons
are forced to travel on a spiral path, which leads to increased argon ionisation and as a result a
higher sputter rate.
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2.6. Ultrahigh Vacuum Thermal Evaporation

The second method to deposit high quality metallic thin films, which has been extensively performed
by myself is UHV thermal evaporation, which is explained in depth in [191].

In Figure 2.19, a picture of the custom made UHV thermal evaporation system is shown. The general
working principle is shown schematically in Figure 2.20a), while a photograph of the relevant parts of
the evaporator is shown in Figure 2.20b). A direct current of approximately 2.1 A flows through the
polished thorium doped tungsten filament under ultra high vacuum conditions of about 1-10~% mbar.

As a result, electrons are emitted from the filament and are accelerated by the applied high voltage
of about 800V towards the source. As a result, the source, which is electrically isolated, is heated
and materials such as Py or CoFe directly sublimate and condense on the substrate. The rate can be
chosen in a wide range by varying the applied high voltage, the current flowing through the filament
and the distance between sample and source. Compared with sputter deposition, the deposition rates
are significantly lower. Typical deposition rates are around 15nm/h for materials like CoFe and Py
and rates up to 70nm/h for Cu and Ag in the system used. The most important process parameter
is the distance between source and substrate. During the deposition, the rate and the thickness are
measured by a quartz-crystal micro balance [192], which allows for a precise control of the rate over
several hours.

An advantage of UHV thermal evaporation compared to sputter deposition is the low working
pressure, which is usually below 5-10~8 mbar during the deposition. The mean free path of the particles
is therefore in the range of 10km [193]. As a result, a well defined, oriented particle beam is present,
which allows for a much easier lift-off process compared to sputter deposition.

To perform lift-off processing, it is necessary to achieve an undercut profile of the resist, as shown in
Figure 2.21a). Due to the undercut profile, the organic solvent can reach the resist during the lift-off
and the solvent is able to remove it. For UHV thermal evaporation, the undercut is still free and
the organic solvent can easily reach the resist, as drawn in Figure 2.21b). For sputter deposition a
randomized beam is present which easily closes the undercut, as drawn in Figure 2.21c). When the
undercut is closed, the organic solvent can not reach the area beneath the resist and therefore cannot
remove it. As an example, Cu nanostructures of more than 130 nm thickness can be lifted with a single
300nm thick PMMA-layer relatively easily by UHV thermal evaporation, which is difficult when the
same material has been deposited via sputter deposition.
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Fig. 2.19. Photograph of the custom made UHV thermal evaporation system.
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Fig. 2.20. a) Schematic illustration of the working principle of UHV thermal evaporation. A high current
flows through a polished tungsten filament. Electrons are emitted which are accelerated by a high
voltage of about 800V towards the source, which is electrically isolated. As a result, the source, e.g.
a CoFe rod is heated up and sublimates. Once the sublimated material reaches the substrate and
condensates, layer by layer of the desired material is deposited and the rate of the deposition can be
chosen in a wide range by the applied high voltage, the filament current and the distance between
source and sample. The monitoring of the rate and the thickness is performed by a quartz-crystal
micro balance.
b) Photograph of a prepared filament together with a CoFe rod.
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Fig. 2.21. a) Undercut profile after performing PMMA development and thin film deposition. Due to the
undercut profile, the organic solvent is able to reach the residual resist after the deposition and can
remove it.

b) Schematic profile when the deposition has been performed via UHV thermal evaporation. Very
sharp edges are present which allow for an easy lift-off process and lead to sharp edges of the
nanostructures.
c¢) Schematic profile when the deposition has been performed via sputter deposition. Wide edges are
present and the organic solvent can not reach the region beneath the resist, resulting in a difficult
lift-off process.

organic solvent

Prior to the deposition of the nonmagnetic bridge in the UHV thermal evaporation chamber, an
in-situ argon milling step is required to remove the first few nm of the surface, which can be oxidized.
To achieve this, a commercial “IQE 11/35” ion sputter gun from “SPECS Surface Nano Analysis” is



78 Chapter 2. Sample Fabrication And Experimental Methods

mounted within the chamber [194]. An important stage of the work for this thesis has been optimiz-
ing the in-situ etching conditions to achieve of a large spot size of at least 10-10mm?, as shown in
Figure 2.22 and the best possible homogeneity of the etching. Since this homogeneity check has been
performed via X-ray-reflectivity (XRR) measurements where the thickness and roughness of 10- mm?
thin-films has been determined before and after the etching, the next section will be an introduction
to this technique.

Fig. 2.22. Photograph of the size of the in-situ etch spot after optimizing the distance of the argon-gun and
the sample, the fabrication of a new, larger sample holder and choosing the correct high voltage of
the gun. The quality of the etching spot has been checked by X-ray-reflectivity measurements of
the thin films before and after the etching. Details of the mounting of the samples are shown in
Appendix A.1, together with the relevant parameters for the etching.

2.7. X-Ray-Reflectivity (XRR)

X-ray-reflectivity measurements have been intensively performed within this thesis to optimize growth
and etching conditions by determining the thickness together with the surface and interface roughness of
thin films. The basic principle of our commercial “Bruker D8 Discover” system is shown in Figure 2.23.
The device operates in the Bragg-Bretano geometry, which means that the X-ray source and the
detector are placed on a circle with the sample mounted in the centre of the circle [195]. For the X-ray
source, a copper cathode with the wavelength of Cu-Kg; =1.5406 A and Cu-Koo =1.5444 A is used.
The next optical element is a parabolic shaped Gobel mirror which brings the beam to a parallel state
by diffraction of the incoming X-rays. By action of the Gébel mirror, the X-ray beam not only becomes
parallel, but additionally more brilliant.

The next optical elements are a slit and optionally a monochromator, the latter suppressing the Cu-
Kae2 line by selected diffraction, resulting in a better resolution which might be required for materials
with similar lattice constants. For a XRR-measurement, the X-ray beam hits the sample under a
grazing incidence angle, which leads to a partial reflection of the X-rays at the interface of film and
substrate and at the surface of the film [195]. As a result, the minima of these oscillations can be
related to the thickness of the film, while the decay of the intensity can be connected to the roughness
of the interface between substrate and film, as well as the surface of the film itself. The critical angle
observed for small angles of typically below 1.0°, contains information concerning the density of the
sample material.

For the determination of the thickness and the roughness of the film “LEPTOS 7”7, a commercial
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software based on the Parratt-algorithm [196], has been used. To indicate the high quality of the in-situ
etching process, the XRR-measurement of a 45nm thick Py film is shown in Figure 2.24a). The XRR
measurement, after a 150 minutes in-situ etching procedure is performed, is shown in Figure 2.24b). The
oscillations in Figure 2.24b) are less dense compared to Figure 2.24a), indicating a reduced thickness.
Additionally oscillations up to 260 =4° are found, which indicate a better film quality than the grown
thin film. For the as grown thin film, oscillations up to only 260 = 3° are observed.
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Fig. 2.23. Schematic illustration of the basic principle of a XRR measurement in the Bragg-Bretano geometry.
X-rays are emitted by a copper cathode and made parallel by a Gobel mirror due to diffraction of
the initial beam. Due to its parabolic shape, the initial beam becomes additionally more brilliant,
since the preferred wavelengths are corrected from a divergent to a parallel beam. The beam goes
through a slit, an optional monochromator and hits the sample under a grazing incidence angle. As
a result, partial reflection of the X-rays occurs at the interface of the film and the substrate and at
the surface of the film.
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Fig. 2.24. Comparison of the XRR-measurement of a Py thin film grown by UHV thermal evaporation before
and after the in-situ etching process in the UHV thermal evaporation chamber.
a) As grown thin film with a thickness of 45nm and oscillations up 260 =3° are observed. From a
fit, the roughness is determined to be 1nm.
b) Same thin film after a 150 minutes long in-situ etch process. The thickness is reduced to 36 nm

and oscillations are found up to an angle of 20 =4°. From a fit, the surface roughness is determined
to be 0.8 nm.

2.8. Atomic Force Microscopy (AFM)

As mentioned in the section concerning the different etching sequences, side wall deposition, leading
to an increase in the total thickness, occurs when nanowires are etched out of a given thin film. To
determine the total thickness and to estimate the thickness increase of the different materials, AFM
has been used with the schematic working principle shown in Figure 2.25. For an in-depth introduction
into AFM, the reader is referred to the common literature, e.g. [197].

AFM allows to directly probe soft and solid surfaces with nanometer resolution without any UHV
conditions. The sample is probed by a cantilever which consists of a spring and a sharp tip at the end
of the cantilever, being in contact with the surface. A laser beam is focussed on the cantilever and
the reflected light can be measured as a function of the position via a photo detector. Depending on
the height of the surface, the deflection of the cantilever leads to a deflection of the laser light which
results in a change of the photo detector output. The output of the photo detector is fed back into the
system and induces a movement of the piezoelectric element, together with the cantilever along the
z-direction. By a line by line scan, a three-dimensional image of the sample can be gained.

When the tip is brought close to the sample surface, atoms of the tip (which are in this thesis
“SNL-10” probes made by Bruker [198]), and atoms of the surface of the sample feel a Lennard-Jones
potential [199] V/(r), which consists of an attractive term o< r~% due to the van der Waals interaction
and a repulsive term oc 12 for very short distances between tip and sample due to the Pauli repulsion.
In the used AFM system, three possible modes are possible:

Contact mode: This mode operates in the repulsive mode of the Lennard-Jones potential very close
to the surface. The reflected beam signal of the cantilever enters the feedback loop and retracts
the tip such that the acting force remains constant during the scan of the surface. The force is
calculated by the deflection of the cantilever according to Hooke's-law.

In this thesis, all AFM measurements are performed in the contact mode.

Non-contact mode: The cantilever is forced to oscillate at its resonance frequency in the attractive
interaction regime of the Lennard-Jones potential. Variations of the resonance frequency of the
cantilever are caused by van der Waals forces, leading to different amplitudes. A modulation of
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the amplitude is used in the feedback loop to maintain the tip in a constant height above the
surface.

Tapping mode: In this mode, the cantilever oscillates at its or very close to its resonance frequency
with the amplitude kept constant. Changes in the amplitude results to an adjustment of the
cantilever height by the feedback loop. In the tapping mode, the tip touches the surface of the
sample at its lower turning point and therefore probes the interacting forces acting on the tip.

The analysis of the AFM data has been done via “Gwyddion”, an open source software for scanning
probe microscopy data [200].

In Figure 2.26a), an overview AFM image of four nanowires is shown, while in Figure 2.26b) a
scan across one of the nanowires is shown. While the original stack had a total thickness of 56 nm, the
resulting nanowires are approximately 95 nm thick. By varying the different thicknesses of the different
metals of the stack and comparing the resulting thicknesses, it is impossible to determine the influence
of the different metals. As an example, increasing the Pt thickness from 4nm (as the thickness of the
original stack) to 16 nm leads to a total thickness of the nanowires of 120nm. This means that each
nm of Pt of the thin film increases the thickness of the nanowires by 2nm.

Feedback
control

photo ¢
detector

Piezo
element

Cantilever
and tip

Fig. 2.25. Schematic illustration of the working principle of AFM. A cantilever, consisting of a spring and a
sharp tip are brought close to the surface of the sample. Changes in the height of the sample change
the reflected laser light which is measured by a photo detector. The output of the photo detector
is fed into a feedback control which changes the height of the cantilever via a piezo element. Image
taken from [201] with permission from L. Schnitzspan.
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Fig. 2.26. a) AFM image of four patterned nanowires based on a 56 nm thick film, leading to approximately
95 nm thick nanowires.
b) Line scan across one of the nanowires.
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With this section, the part of the chapter concerning the fabrication and the characterization of the
fabricated nanostructures ends. In the second to last section, lock-in amplification is shortly explained
which allows one to measure very small signals, e.g. the non-local voltage. Finally the experimental
setup is presented.

2.9. Non-Local Voltage Measurement Via Lock-In Amplification

In lateral spin valves, the detected voltages are typically very small in the uV or even nV range,
calling for amplification of the signals. In all the measurements, the commercial “7225 Dual Phase
DSP Lock-In Amplifier” from Signal Recovery [202] has been used. An example demonstrates, that
lock-in amplification is a powerful tool in order to measure very small voltages.

As described in [203], in the following it is assumed that the experimental response signal is a 10nV
small AC signal with a frequency of 10 kHz. The further assumptions are that the amplifier has a gain
factor of 1000, a bandwidth of 100 kHz and an input noise of 5nV/v/Hz. The signal is then expected
to be

10 nV - 1000 = 10 puV (2.3)
while for the noise one expects
onV
-v/100 kHz - 1000 = 1600 pV, (2.4)

VHz

so without any filtering, the signal can not be detected. Assuming a narrow bandpass filter with
@ = 100, any signal in a 100 Hz bandwidth will be detected and one obtains for the noise

5V
vVHz

-V/100 Hz - 1000 = 50 uV, (2.5)
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which is still much larger than the signal. Now, the lock-in amplification with a very narrow bandwidth
of just 0.01 Hz comes into play and the noise is determined to be

5nV
-v0.01 Hz-1000 = 0.5 uV, 2.6
="V p (2.6)

which results in a signal to noise ratio of 20. A lock-in amplifier can be understood as a very narrow
bandpass filter. Its basic principles, based on [203], are explained in the following.

A lock-in amplifier uses a technique known as phase sensitive detection to single out the component
of the signal at a specific reference frequency and phase, leading to the possibility to detect signals in
the nV regime even when the signal is obscured by noise sources many thousand times larger.

Each lock-in measurement requires an external reference source w,, which can be e.g. the sync
output of a function generator. The response of the sample by a sine wave excitation with the same
frequency w, will be of the form Vi, sin(w,t + 6sig) with V4iz as the signal amplitude. On the other
side the lock-in amplifier generates its own sine wave which can be written as Vg sin(wpt + 6ref). The
idea is to amplify the signal and to multiply it by the lock-in reference. The output is therefore the
product of two sine waves and one finds

Vi)sd = VsigVL sin(wrt + esig) . sin(wL + Qref), (27)
Vi)sd = 1/2 . VsigVL (COS([WT — wL} . t) + (Hsig — Oref) — cos([wr + wL] . t) + (Hsig + Gref)) ,

which means two AC signals at the two frequencies (w, + wy) and (w, — wyr) are determined. If these
signals pass a narrow low pass filter, the sum of both frequencies will be filtered, and the overall output
will vanish if w, # wy. If both frequencies are equal this yields

Vpsd = 1/2 . V:q,igVL COS(QSig — Gref), (29)
Vpsd = 1/2 : VsigVL COS(Q), (2.10)

which is a DC signal proportional to the signal amplitude. Adding a second phase sensitive detector
which multiplies the signal with the reference oscillator shifted by 90°, one obtains for the second
output

Vosdz = 1/2 - VgV sin(0). (2.11)
Defining X and Y as follows, the vector representation of the signal can be written as

X = Vg cos(6) Y = Viigsin(6), (2.12)
R?=X?1+Y? 6 = arctan(Y/X). (2.13)

In the performed measurements, only the X-component of the signal is relevant and therefore the
lowest possible sensitivity is used. Usually, the Y-component is much larger (but is independent of the
external field) and goes into overload. The lock-in amplifier shows overload if the signal is three times
larger than the sensitivity.

After this introduction and explanation of the lock-in technique, the last section of this chapter will
be presented, which is an introduction into the experimental setup.

2.10. Sample Holder And Cryostat

For all measurements which will be presented in this thesis, the bath cryostat shown in Figure 2.27
has been used. In this system, possible stable sample temperatures are 4.2 K as the temperature of
liquid helium and room temperature. Variable temperatures are achieved during the warming-up of
the system once the liquid helium is evaporated, which takes approximately ten hours assuming the
cryostat has been completely filled. Two in-plane external fields of 265 mT as the z-field and 125mT
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magnitude as the y-field can be applied to the sample. These magnetic fields are generated by a
Helmbholtz split coil (large, outer pairs of coils for the y-field) and an inner solenoid-coil for the z-field.
An overview drawing of the magnet system is shown in Figure 2.28¢). The outer pairs of coils has a
total resistance of 1.74 Q and is driven by a “BSMPS BIP 200/60 4Q” power supply from Bruker, which
provides a maximum current of 60 A by a voltage of 200V. In all measurements, never any problems
concerning the relatively large resistance mismatch between power supply and coil occurred. However,
the maximum current, guaranteed from “Oswald” [204] as the manufacturer of the coil-system, is 33.5 A
while the field to current ratio is given by 3.73mT/A.

The resistance of the inner solenoid-coil is 1.02€2 and the coil is driven by by a “BOP 36-28MG”
from Kepco [205] which provides a maximum current of 28 A by a voltage of 36 V. For this coil, the
maximum current is 27 A while the field to current ratio is given by 9.839mT/A.

A photograph of the sample holder, together with a sample is shown in Figure 2.28b). The sample
holder consists of twelve DC-contacts and four AC-contacts with a maximum frequency of 18 GHz.
Additionally, a “Cernox” temperature sensor is mounted close to the sample to read out the sample
temperature [206].

The sample holder is mounted on the sample rod which is placed inside the cryostat. Electrical
devices such as a pulse generator or a lock-in amplifier can be connected to the sample as shown in
Figure 2.28a). In this particular measurement an alternating current of 1 mA amplitude and 2221 Hz
frequency is applied from contact 7 to contact 11 and the non-local voltage is detected simultaneously
with two lock-in amplifiers between contact 3 and contact 1 and between contact 4 and contact 1,
respectively.
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Fig. 2.27. Photograph of the bath cryostat used. In total, the sample can be connected with 16 contacts (twelve
DC and four AC contacts) and stable temperatures of 4.2 K and room temperature are possible. The
temperature dependent measurements are performed by warming up the system, once the liquid
helium is evaporated. Two in-plane magnetic fields of 265mT and 125 mT magnitude can be used
to change the magnetic state of the samples.
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Fig. 2.28. a) Photograph of the sample rod with the twelve DC contacts. In this particular measurement,
an alternating current of 1mA amplitude and 2221 Hz frequency is applied between contact 7 and
contact 11. The non-local voltage is read out by two lock-in amplifiers (between contact 3 and
contact 1 and between contact 4 and contact 1) simultaneously.

b) Photograph of the sample holder with the twelve DC and the four AC contacts together with
the “Cernox” temperature sensor and the orientations of the in-plane magnetic fields.

¢) Overview drawing of the magnet system which allows to generate in-plane magnetic fields to
switch the magnetic state of a sample.
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Spin Current Assisted Magnetization
Switching

In this chapter, pure spin current assisted switching of the magnetic state of a nanostructure is
studied and discussed. In particular we demonstrate the manipulation of the magnetization of a small,
160 nm diameter Py disc in a lateral spin valve geometry, with the disc acting as the detector electrode.
Spin current pulses are simultaneously generated in two CoFe wires and injected into a nonmagnetic
Cu bridge, where they are subsequently transported to the disc. By a judicious choice of the applied
field angle and the amplitude and polarity of the applied current pulses, the switching behaviour of
the magnetic disc can be measured as a function of the resulting absorbed spin current.

We present results demonstrating that although the Py disc is nominally round and therefore no
shape anisotropy is expected, small variations in the shape and randomly distributed imperfections
can lead to significant changes in the device behaviour. Suitable field sweep directions are identified
for which the magnetic switching takes place from a magnetic mono-domain state to a vortex state and
from the vortex state to the opposite mono-domain state. Our results show that although most of the
changes in the magnetic switching behaviour occur due to Joule heating, the spin transfer torque also
contributes to the switching which can be detected thanks to our optimized geometry which allows for
the synchronous application of current pulses from two injectors.

While the patterning of the samples in this chapter has been performed in Grenoble in the group
of Laurent Vila and Jean-Philippe Attané, the measurements of the devices and the analysis of the
results have been done in Mainz.
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3.1. Motivation

The magnetic vortex state, found first in sub-micron magnetic discs [207, |, enables possible efficient
data storage with fast data manipulation due to the unique vortex properties. In this state, the
magnetization curls in-plane around a central core region which is pointing out-of-plane. The sense of
rotation is termed the chirality ¢, with ¢ being defined as ¢ = 41 for clockwise and ¢ = —1 for counter-
clockwise curling. The out-of-plane orientation (polarity) of the vortex core is defined as p = +1 for
up and p = —1 for down.

Due to the alignment of the magnetic moments with the edges of the structure, the resulting stray
field is low, which is of great importance to increase the storage density in a device and to minimize
data loss due to interactions of the different bits [209]. In terms of fundamental physics, the study of
vortex core dynamics by magnetic field pulses [210-212], electric current |[213-215], spin waves [216] or
by optical excitation [217] allows for the measurement of the stability of the vortex core as well as its
velocity, along with other dynamic properties. For example, the S-parameter, which plays a vital role
for current induced dynamics as described by the LLG-equation, can be robustly determined by the
study of current driven vortex core dynamics. In these experiments, § can be determined independently
from any assumptions concerning other important parameters such as the Gilbert damping «, or the
spin polarization P [65, 218-221].

However, the magnetic vortex state, which is stable for a large geometrical parameter space in mag-
netic discs, also presents some challenges in certain applications. Due to its complex spin structure
with many magnetization orientations present, the acting effective torques, induced by e.g. the spin
transfer torque, Joule heating and Oersted fields on this state are complex to understand and addi-
tionally difficult to optimize. In the work presented in this chapter of the thesis, we aim to manipulate
the magnetic state of very small and very thin Py discs via the application of pure spin current pulses.
In these systems, not only the vortex state but also a quasi mono-domain state can be (meta)-stable
at zero external field [222, 223].

These quasi-uniform states are particular well-suited for manipulation by the spin transfer torque
since in this situation, the magnetization orientation of the detector electrode as well as the orientation
of the manipulating spin current is well-defined. To study the spin current assisted magnetization
switching in confined geometries such as discs or wires, lateral spin valves are a powerful tool due to
the geometry based reduction of associated Joule heating and Oersted fields at the position where the
spin current acts on the magnetization [12—15]. Furthermore, due to the low voltage-offsets present in
the non-local signal, the signal is sensitive to very small magnetization changes in the probed area.

By designing a dual-injector device with a disc of Py as the detector and different materials with
higher coercivity for the electrodes, we are able to control the magnetic state of the detector inde-
pendently from the injector magnetization. We set the direction of the spin current relative to the
absorbing magnetization. In this manner we investigate the efficiency of manipulating the magnetic
states found in our discs by spin currents in order to understand the angular dependence of the torques,
as well as assess the suitability of such non-local geometries for manipulating the mono-domain state
and the vortex state in devices.

3.2. Sample Fabrication and Experimental Setup

Lateral spin valve devices have been fabricated consisting of two 30nm thick and 70nm wide CoFe
injector wires, and a 10 nm thick and 160 nm diameter Py disc as the detector. 80 nm thick and 70 nm
wide nonmagnetic Cu has been used as electrodes to contact the disc and as the spin current conduit,
as shown in Figure 3.1. The structures have been produced in a three step electron beam lithography
process and the materials have been deposited by UHV thin film deposition and by standard lift-off
processes. The dual CoFe electrode geometry allows for the application of current pulses from either
orientation of the electrode or alternatively synchronous application from both injectors. We note here
that the right CoFe wire has a slightly higher resistance (130 Q at 4.2 K) than the left CoFe wire (100 ©
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at 4.2K).

By using Pick-Off-T’s, we are able to disentangle the low frequency and low amplitude lock-in

excitation from the high frequency and high amplitude current pulses. Furthermore, any significant
current pulse reflections up to the sample are suppressed. All connections marked “Osci” are connected
to an oscilloscope with a 50 ) input impedance, which allows for the measurement of the resulting
charge current density for verification of the different applied pulse amplitudes.

Since the CoFe wires are magnetically hard and do not switch for the low external magnetic fields
used in this measurement, all changes in the non-local signal are connected to the magnetic behaviour
of the Py disc. The orientation of the different in-plane field angles is shown in the top left corner of

Figure 3.1.
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Fig. 3.1.

Scanning electron microscope image of the measured sample together with a schematic of the used
setup. By the synchronous application of current pulses in the injectors (contact 1 and contact 5)
via the Pulse Generators (P. Gen.), spin currents are generated and injected into the nonmagnetic
Cu bridge. Here they diffuse in all directions including in the direction of the disc, where the spin
currents are absorbed at the Cu/Py interface. Once the spin currents are absorbed, the spin transfer
torque acts on the local magnetization of the disc at the interface, which manipulates the magnetic
state of the disc. These changes of the magnetic state can be detected via changes in the non-local
signal by the lock-in amplifier. The injected pulses are checked with an oscilloscope (Osci.), which
allows to determine the charge current density of the certain pulses. The measurement design is
based on ideas from Hermann Stoll [224].

While the field dependent measurements without any applied assisting currents are standard non-
local measurements, as described in section 1.8, the measurement with applied current pulses are
performed as follows:

a) For a given applied field angle, the external field is increased by an increment of e.g. 1mT.

b) After setting and reading the field, the measurement program triggers Pulse Generator 1, which
applies a pulse from contact 1 to contact 2 from the left CoFe injector to the conduit (positive
pulses) or vice versa for negative pulses. On being triggered, Pulse Generator 1 in turn triggers
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Pulse Generator 2. By a suitable choice of delay times and cable lengths, the two Pulse Generators
are synchronized.

c) The Pulse Generators are turned off so that the non-local signal is not affected by the current
pulses.

d) The non-local signal is read out by the lock-in amplifier to see if the magnetic state has been
changed by the current pulses.

e) Steps a) - d) are repeated until the measurement is finished.

To determine the resulting charge current density for a given pulse amplitude, we measure the voltage
after the pulse with the oscilloscope and divide it by 50 Q as the input impedance of the device. As a
result of the higher resistance of the right CoFe wire, the measured voltage for a given pulse amplitude
is lower. In Figure 3.2, we show the resulting voltage pulses after the two injectors for an applied
output voltage of 270 mV of the given Pulse Generator. In the same figure, we show the resulting
charge current density as a function of the applied output voltage of the two Pulse Generators. The
lock-in current is, if not explicitly stated, for all measurements 85 yA and the lock-in current is flowing
between contact 1 and contact 2, as drawn in Figure 3.1. All results shown in the following sections of
this chapter are measured at a temperature of 4.2 K.

a) V[mV] b)j[‘IO;;A/mz]
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Fig. 3.2. Dependence of the charge current density on the applied initial output pulse voltage (P) of the Pulse
Generator after the 23 db reduction for the two CoFe wires.
a) Measured voltage drop across the left CoFe wire with an applied pulse amplitude of 270 mV.
b) Determined charge current density in the left CoFe wire for applied pulses between 50 mV and
270mV. a) Measured voltage drop across the right CoFe wire with an applied pulse amplitude of
270mV.
b) Determined charge current density in the right CoFe wire for applied pulses between 50mV and
270 mV.
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3.3. Study Of The Magnetic Switching Behaviour Of The Py Disc

In order to characterize the magnetic switching behaviour of the Py disc, we perform external field
sweeps for different field angles without any assisting current pulses. To this end, we measure the
magnetic behaviour of the Py disc for different field angles in steps of 15°.

Before these characterization measurements are performed, we determine the magnetization orienta-
tion of the two CoFe wires through a measurement of the non-local voltage at the disc, during injection
from the particular electrode as a function of the applied field angle. A field amplitude of 120mT is
used in these measurements and the measurement scheme together with the used contacts is shown in
Figure 3.3. Since the two CoFe wires have slightly different resistances (100 for the left CoFe wire
and 130 for the right CoFe wire at 4.2K), a 10k pre-resistor is used in order to apply the same
effective current for both measurements.

For the left CoFe wire acting as injector (Figure 3.3a)), we find the maximum of the non-local signal
at 135°. For the measurement with the right CoFe wire as injector (Figure 3.3b)), we observe the
maximum non-local signal at an angle of 45°. This reveals that the magnetization of the left CoFe
wire is pointing along the 135 °-direction while the magnetization of the right CoFe wire is oriented
along the 45 °-direction, since the soft magnetic Py disc is aligned with the external field and the
maximum non-local is found for a parallel magnetization alignment of injector and detector [225].

Furthermore, we notice that the spin signal generated with the right CoFe wire is lower than the
signal with the left CoFe wire, which can be explained as arising from different qualities of the left
CoFe/Cu interface and the right CoFe/Cu interface [220]. Nevertheless, the measured non-local signal
with the right CoFe wire acting as injector is relatively large compared to experiments with pure Py
based injectors [13—15], which can be attributed to the high spin polarization of CoFe [227], making
CoFe an attractive injector material. Together with the selection of Py as a soft magnetic material for
the disc, which provides low switching fields even for small dimension structures, our geometry allows
both for a potential large spin torque effect and a simplified analysis procedure since all changes in the
non-local signal can be attributed to the magnetization changes of the detector.



92 Chapter 3. Spin Current Assisted Magnetization Switching

d ) Rnc[mQ] b)

10

5

0 ¢[deg]

/ 50 100 150 200\250 300 350
-5

-10

C) d)

Rni[mQ]
2

1

50 100 150 200 250 300 350 PL4€d]
1
2

Fig. 3.3. Measured non-local signals with an applied field amplitude of 120mT as a function of the applied
field angle. The magnetization directions of the two CoFe injectors can be directly determined from
the angle where the maximum non-local signal is obtained.

a) Measured spin signal with the left CoFe wire acting as the injector. We find the maximum spin
signal at an angle of 135°.

b) Current injection and voltage detection scheme for the measurement shown in a).

¢) Measured non-local signal with the right CoFe wire acting as the injector. In this case, we find
the maximum spin signal for an applied field angle of 45°.

d) Current injection and voltage detection scheme for the measurement shown in c).

Before we show the results for the different field angles in detail, we show some representative curves
in Figure 3.4 to demonstrate that depending on the applied field angle, the hysteresis loops are very
different concerning their general shape, as well as the number of the observed jumps and their heights.
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Fig. 3.4. Measured hysteresis loops for different external field angles. Expect for b), where hardly any hysteresis
and no jumps are observed, we expect for the other three curves the magnetization of the disc to
be aligned with the external field for high fields above +125mT in order to minimize the Zeeman
energy.

a) Sweep along the 0/180° external field direction. Starting with positive fields, no change of the
non-local signal is found, which indicates the magnetization of the disc is pointing along 0°. At
—18mT a large jump and at —86mT a small jump of the non-local signal are found. For fields
between —87mT and OmT no changes of the non-local signal are found, indicating that the disc
is magnetized along 180°. By returning to positive fields, small jumps of the signal are found at
+22/462/4100 mT. Between the jumps, we find a continuous reduction of the signal. At +123mT
a large jump is found. The magnetization of the disc is now aligned along 0 ° again.

b) Sweep along the 15/195° external field direction. Hardly any change of the magnetization of the
disc is found and no abrupt jumps of the signal are observed.

c) Sweep along the 90/270 ° external field direction. Two large jumps, one for each field direction, are
found at —54mT and at +65mT. Since no further changes of the signal are found and the switching
fields for the two field directions are similar, we assume these states to be mono-domain states being
aligned with the external field.

d) Sweep along the 165/345° external field direction. Here we find four clear jumps, two for each
field sweep direction. We determine a continuous reduction of the signal by 270nV in the field range
between +0mT and —71mT. At —72mT, an abrupt reduction of the signal of 100nV is found. We
find a further reduction of the non-local by 150 nV before the large jump occurs at a field of —84mT.
We find this mono-domain state pointing along the 345 °-direction being stable up to an applied field
of +46 mT where the non-local signal changes abruptly by 200nV followed by a continuous increase
of the signal in the field range between +47mT and +70mT. The full switching to the mono-domain
state pointing along the 165 °-direction is found at +72mT.
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We emphasize here that different switching pathways for nominally identical conditions, i.e. the
same field angle (and in later measurements the same amplitude of the applied current pulses) are
possible [228]. However all the curves presented in this section are representative since the general
behaviour and the shape of the hysteresis curves for the different field angles is robustly reproducible
for a large proportion of the measurements. As an example, field sweeps along 90/270° (Figure 3.4c))
have reproducibly shown low or even no field dependent changes, except for the two large jumps of the
signal. Field sweeps along 165/345° (Figure 3.4d)) have shown four or more jumps of the signal with
the small jumps observed for lower fields. Field sweeps along 15/195° (Figure 3.4b)) have shown no
detectable switching events and hardly any hysteresis.

Due to the Zeeman energy, which is minimal for the magnetization orientation of the disc being
parallel to the external field and since Py is a soft magnetic material, we expect for large fields a
mono-domain state where the magnetization is saturated along the external field. This is supported by
the cases where abrupt one step switching occurs to the saturation level. While in these measurements
transitions from one mono-domain state to the opposite one are found, we find for other measurement
two or more significant jumps in the non-local signal for one external field sweep direction. These jumps
can be attributed to vortex core nucleation and annihilation events [207, |. We can understand
these curves by a simple model with the assumptions as follows:

a) Field dependent continuous changes of the signal, which are for some applied field angles found,
are neglected.

b) Since the magnetization is time reversal invariant, we expect, assuming no impurities acting as
nucleation centres for the vortex core, the nucleation and switching fields to be symmetric.

c) We assume the vortex core to be in the centre of the disc.

d) For sufficiently high fields, we assume the magnetization of the disc to be parallel with the
external field in order to minimize the Zeeman energy.

e) All changes in the non-local signal are only caused by the change of the magnetization in the
disc. Any possible small changes of the injector magnetization orientation are neglected.

We explicitly show schematically the four possible pathways of the mono-domain state to mono-domain
state switching via the vortex nucleation/annihilation in Figure 3.5. In our simple example we assume
the vortex core to be in the centre of the disc and assume the magnetic field to be swept along 90,/270 °.
The shown hysteresis curves are not real data, but just hypothetical curves in order to explain the
principle of how to connect the size of the jump with the chirality of the vortex core. To this issue, we
study the situation shown in Figure 3.5a) in detail.

In state I the full disc is magnetized along 90° in order to minimize the Zeeman energy and we
assume this state to be stable at 0 mT. Then, at —10mT we assume a small jump in the signal, which
means only a few of the magnetic moments below the contact have changed their orientation and so
the chirality must be clockwise, as drawn in II. For a negative applied field of —80mT we assume to
find the large jump and now the disc is fully magnetized along the 270 °-direction, as plotted in state
IIT and again we assume this state to be stable on reducing the field back to 0mT. For +10mT we
assume a second small jump and now the chirality of the vortex core is counter-clockwise in order
to explain the small detected magnetization changes below the contact, which is drawn as state IV.
Analogously, we are able to determine the different chirality for all combinations and conclude:

a) If two small jumps at low fields are measured as shown in Figure 3.5a), the chirality of the vortex
is for state 11 clockwise (¢ = +1) and for state IV counter-clockwise (¢ = —1).

b) If two large jumps are found at both low negative and positive fields as shown in Figure 3.5b),
the chirality of the vortex is for state II counter-clockwise (¢ = —1) and for state IV clockwise
(c=+1).
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c¢) If the large jump is found for low negative fields and the small jump is found for small positive
fields as shown in Figure 3.5¢), the chirality of the vortex is counter-clockwise (¢ = —1) for both
states Il and IV.

d) If the small jump is found for low negative fields and the large jump is found for small positive
fields as shown in Figure 3.5d), the chirality of the vortex is clockwise (¢ = +1) for both states
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Fig. 3.5. Simplified model to explain the size of the measured jumps in the non-local signal based on vortex
nucleation and annihilation events. Based on whether the small or the large jump is found for small
or high external magnetic fields, the chirality of the vortex can be determined. The applied field
angle is assumed to be 90° for positive fields and 270 ° for negative fields.

a) Situation when the two small jumps are found for low external fields. In this situation the chirality
of the nucleated vortex is clockwise (¢ = +1) for state IT and counter-clockwise (¢ = —1) for state TV.
b) Situation when the two large jumps are found for low external fields. We determine the chirality
of the vortex to be counter-clockwise (¢ = —1) for state I and clockwise (¢ = +1) for state IV.

c) Situation when for negative fields the large jump is measured first while for positive fields, the
small jump is measured first. In this scheme, we determine the chirality of the vortex to be counter-
clockwise (¢ = —1) for both states II and IV.

d) Situation when for negative fields the small jump and for positive fields the large jump is measured
first. Here the vortex chirality is for both states IT and I'V clockwise (¢ = +1).

While the model as shown in Figure 3.5 is based on many assumptions and does not treat real measured
data, we now show and explain in detail first order reversal curves for which the conceptual switching
shown here helps. By this measurement scheme, we are able to understand the switching of the disc
for any arbitrary field angle in much more detail and are additionally able to connect the nucleation
point of the vortex with the size of the signal.

To identify the different switching events as either a transition from the mono-domain state to the
opposing mono-domain state or as a transition from the mono-domain state to a vortex state and vice
versa we use first order reversal curves [229, 230]. In such measurements (Figure 3.6), the external
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magnetic field is applied under a certain angle up to a large positive field in order to establish the mono-
domain state. In the second step, the external field is swept to negative values until an abrupt change
in the non-local signal is measured, indicating a change in the magnetic state. Thirdly, the magnetic
field is reduced back to 0 mT and the non-local voltage measured at this zero-crossing is compared
to the non-local level measured at the zero-crossing after the initialization of the mono-domain state.
In Figure 3.6a) we show firstly the complete hysteresis curve for an external field angle of 351° for
positive field values and 171 ° for negative field values.

These measurements are performed with positive current pulses in the left injector with a current
density of 7.6-10'* A/m?2. As shown, we observe in total four main types of transition which are in-
dependently probed by the FORC measurements presented in Figure 3.6b) and Figure 3.6¢). The
corresponding states are labelled as I, II/IIa, III and IV /IVa. The direction of the injector magne-
tization Mjy;j is drawn in green and the orientation of the applied external field B is drawn in purple.
We show both these directions, as well as the magnetization direction M of the disc below the contact
(drawn in blue) in Figure 3.6d) and Figure 3.6e). The edge of the probed region of the contact is
marked in black and the magnetization of the full disc is represented as blue arrows.

As mentioned before, the magnetization direction of the left injector is fixed along 135° due to the
strong shape anisotropy, the choice of CoFe as a magnetic hard material and the relatively small applied
external fields. This is valid for the field dependent measurements as well as the spin current assisted
measurements. This magnetization direction of the injector Mjy; defines the orientation of the relative
angle between spin current and detector magnetization which is probed by the non-local signal. This
spin current direction must not be mixed up with the orientation of the spin current pulses, which are
either along 135° for positive pulses or along 315° for negative pulses and do not contribute to the
non-local signal. For clarification, the probed area of the disc is enlarged in the schematic illustration.
In the real sample, due to the small size of the Py discs stabilizing the mono-domain state [231], only
the very upper edge of the disc is probed.

As described above, state I represents the mono-domain state formed at saturation where the mag-
netization of the disc is aligned parallel to the external field pointing in the 351 °-direction to minimize
the Zeeman energy. We find for the average angle 01 between spin current and magnetization [225],
calculated from Vi o cos(6), a value of f;=144+1°. As the field is reduced to zero there is likely
to be some small canting of the magnetization at the edge of the disc [222, —231]. However, the
magnetization for the main part of the disc remains quasi-uniform with little change to the integrated
signal under the contact. As a result, for simplicity, we will continue to refer to this state as the
mono-domain state while bearing in mind the small changes in the edge magnetization that will occur
with applied field.

In state ITa, a vortex core is nucleated with the core position being expected to be at the edge of
the disc, perpendicular to the external field [207, , , |. In state ITa some components of
the average magnetization are more parallel to the direction of the spin current. As a consequence,
the measured non-local voltage increases up to —600nV, before we find the abrupt switching to the
mono-domain state with the magnetization aligned in the 171 °-direction, as plotted in Figure 3.6c¢).
As shown in Figure 3.6b), after the vortex nucleation, on reducing the external field back to 0 mT, the
measured non-local voltage is —800nV and therefore 100 nV larger than the mono-domain state and we
name this state II. This confirms an irreversible switching and demonstrates that both configurations
are metastable at zero field. We note here that the state drawn in Figure 3.6d) schematically indicates
the magnetization orientation of state II with the vortex core in the centre of the disc by reducing
the external field to 0mT. The state Ila with the vortex core at the edge directly after the nucleation
is shown in Figure 3.6e). The determined difference in signal for the two states I and II at zero
field of 100nV allows us to calculate the average angle between spin current and magnetization to be
011=133+£1° for state IT with the vortex state present and the vortex core centred in the disc.

This is a very important result since it allows us to compare the calculated angle with the expected
one based on our simple model shown before and drawn in Figure 3.5. From our simple model,
which leads to a magnetization direction below the contact pointing along 270 ° for a counter-clockwise
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vortex, we would have expected an theoretical angle Hflheo of 135 ° which fits our determined angle for
of 0;1=133+1°. We can therefore expect, that by vortex nucleation and relaxing the external field to
0mT, the magnetization of the probed area is relatively homogeneously magnetized along 270° for a
counter-clockwise vortex.

As presented in Figure 3.6¢), the complete switching to the mono-domain state, now with the average
magnetization of the probed disc pointing in the 171 °-direction, appears at an external field of —42mT
and we indicate this configuration as state I1I.

For state III, we determine the average angle between probed magnetization of the disc and spin
current to be O;=36+1°. Finally for state IV /IVa, where the vortex core has been nucleated for
an applied external field of +8 mT, we find the measured non-local signal to be 100nV lower than
for the mono-domain state III, resulting in Oy =47+1°, which is again very close to the theoretical
angle for 9}{}80 of 45°. So for a clockwise vortex with the core in the centre of the disc, we expect the
magnetization to be relatively homogeneously aligned along 90 °.

We emphasize here the difference in the non-local signal between the different mono-domain states
(I and III) and the corresponding vortex states (IT and IV) with the vortex core in the centre of the
disc is in both cases 100nV, demonstrating the symmetry of the switching.

Comparing state Ila with state II and then state IVa with state IV, we notice that the states
ITa (directly after the vortex nucleation) and II (with the vortex in the centre of the disc) differ by
100 nV while the two states IVa and IV are identical. This is a second very important result because
we gain information concerning the nucleation point of the vortex. For state Ila the vortex has been
nucleated at the right edge of the disc and by the reduction of the external field, the vortex moves to
the centre. By this vortex motion, as mentioned before, we expect the magnetization to be relatively
homogeneously aligned along 270°. Since the states IVa and IV are identical, is is possible that the
nucleation has occurred slightly further away from the edge of the disc at a defect, which leads to
a very similar magnetization configuration of state IVa and IV below the contact. However, by the
comparison of the states directly after nucleation and at zero field, we are able to draw conclusions
concerning the different nucleation points, caused by e.g. defects within the disc.

With the introduction of the first order reversal curve measurement scheme, we are now able to
understand the different switching events, determine the different vortex chirality and study the vortex
nucleation points. The detailed analysis for all field angles is shown in Section 3.3.3.
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Fig. 3.6. a) Full hysteresis curve with four abrupt changes in the non-local signal which can be identified as

mono-domain state to vortex state switching events and vice versa.

b) The external field is initially swept from 0mT to +60 mT and back to 0mT. No changes in the
non-local signal from the saturation level of —900nV are observed, indicating the mono-domain state
I is still stable at zero field. The average angle between the spin current and magnetization 6y is
144+1°. After this, the external field is swept to —20mT with an abrupt change of the signal at
—10mT (state ITa) and then back to OmT, indicated by II. At OmT, this state has a non-local
signal of —800nV with the vortex core in the centre of the disc, which results in an average angle
between spin current and magnetization 0y of 133+1°. For state IIa we determine the non-local
signal to be —700nV directly after the nucleation, resulting in an average angle between spin current
and magnetization 6y, of 123+1°.

c¢) First order reversal curve for positive external fields. The mono-domain state IIT is initialized
by a negative field of —150mT resulting in a non-local signal of +400nV. Then the external field is
reduced to 0mT without any observed changes in the non-local signal. The average angle between
the spin current and magnetization 6y is 36+1°. Next, a positive field up to +20mT is applied
and an abrupt change of the signal is observed at +8 mT (IVa). The average angle between the spin
current and magnetization, Oy = Oy, is 4741 ° for both states IV and IVa.

d, ) Schematic representations of the different magnetization states of the Py disc. The labels show
the direction of the external field (purple arrows) and the spin current (green arrows) and the average
magnetization of the probed area (blue arrow). The position of the vortex is drawn for state Ila
at the edge directly after nucleation and for state IT with the vortex core in the centre realised by
reducing the field to 0 mT. Since state IVa and IV show the same non-local signal and thus the same
magnetization below the contact, the nucleation has occurred close to the centre of the disc and no
change in the signal by reducing the field from +8 mT (the nucleation field) to 0mT is found.

To further understand the switching of the disc, we show the different hysteresis curves for different
field angles in Figure 3.7, Figure 3.8 and Figure 3.9. We determine the switching fields for each
individual jump for each curve and determine the magnetization orientation for each magnetic state.
When we check the curves shown in Figure 3.7 for field angles between 0/180 ° and 45/225 °, we notice
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that there are changes in the switching behaviour. For 15/195° there is hardly any hysteresis and no
jumps are observed. Also for neighbouring field angles, either a very high field is required to saturate
the magnetization of the disc (along 0°, more than 120mT are required) or no complete saturation is
found (along 30/210°) for the magnetization below the contact.

For 0/180°, we find the mono-domain state being aligned along 0° for all positive fields and no
continuous changes of the signal. By applying a negative field of —18 mT we observe a large jump
which can be understood as a vortex state with clockwise chirality. Since the probed part of the disc
is very small, this vortex nucleation drastically affects the magnetization of the disc below the contact
with a lot of magnetic moments pointing along 90 © and therefore the angle between spin current (which
is as mentioned before, always along 135 °) and the probed detector magnetization becomes on average
aligned along 50°. For —86mT we find a very small second jump which indicates the mono-domain
state and the magnetization of the disc is now oriented completely along 180° in order to minimize
the Zeeman energy. This jump of the signal is very small since for this mono-domain state, we expect
an angle of 45° between spin current and probed detector magnetization which is a very similar angle
after the first, large jump and therefore the relative angle, which we probe by the non-local signal, has
hardly changed.

By sweeping along positive fields again, we find a small jump first (yet of a very similar size as the
small jump for negative fields). This small jump is caused by a nucleation of the vortex core with
same chirality, yet nucleated at a different position within the disc. We find for increasing positive field
continuous changes of the signal as well as small jumps which can be probably attributed to vortex core
movement through the disc perpendicular to the field until the vortex core is pushed out completely
of the probed area for positive fields of +123 mT and higher.

As previously mentioned, we do not find any jumps and hardly any hysteresis for sweeping the
external field along 15/195°. Additionally we find a broken symmetry of the signal for field angles
between 15/195° and 45/225°. This is evident since the signals do not saturate for the applied fields
and we would e.g. expect that the saturated signal for angles of 45° and 225° would be the same as
we have seen it in Figure 3.3. The measurement shown in Figure 3.3 was the first measurement which
was performed directly when the sample was at 4.2 K while the angle dependent measurements have
been performed a few days later. For an unknown reason, the magnetic switching behaviour has been
changed during the warming up and cooling down of the system, and we do not saturate the samples
for angles between 15/195° and 45/225°, at least below the probed contact. As a result, we cannot
identify the magnetic states of the disc and also cannot identify the observed jumps seen for angles of
30/210° and 45/225°.
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Fig. 3.7. Field dependent magnetization switching curves for field angles between 0° and 45°.
a) Sweep along the 0/180 °-direction. Starting with positive fields and back to 0mT, we find the
mono-domain state being stable up to a field of —18 mT where a large jump in the non-local signal
occurs. A very small jump is determined at —86 mT. Returning to positive fields, we find a decrease
of the signal with an increase of the field and in total three small jumps at +22mT, +62mT and
4+100mT while a large jump to the mono-domain state is observed for +122mT.
b) Sweep along the 15/195 °-direction. Without any assisting applied current pulses, we do not ob-
serve a significant hysteresis indicating little change of the magnetic state in this field range.
c¢) Sweep along the 30/210 °-direction. We find a broken symmetry since we would expect for satura-
tion along 30° the signal to be lower (here the relative angle between spin current and magnetization
would be 105 °) than for the saturation along 210° since here an angle of 75 ° is expected. As men-
tioned before, we expect for smaller angles the signal to be higher.
d) Sweep along the 45/225°-direction. As in the 30/210 °-measurement, we are not able to sat-
urate the sample with the available field strengths and therefore we cannot identify the magnetic
configuration of the disc.
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Next we study external field sweeps for field angles between 60/240° and 105/285°, as shown in
Figure 3.8. Here we do not see any influence of chance of the switching paths and find the states at
saturation in full agreement with our expectations based on Figure 3.3.

However, we find for sweeps along 60/240° and 90/270° very similar hysteresis curves with one
large jump for each field direction and hardly any continuous changes of the signal with varying field.
These measurements indicate again that the magnetic behaviour of the disc is strongly affected by
defects which acts as nucleation points of the vortex core and cause the switching. As a result, similar
hysteresis curves are found for similar external field angles. However, for 75/255° for negative fields
and for sweeps along 105/285° we find clear differences for negative and positive fields which can be
connected to vortex core nucleation events partly below the contact.

Starting with positive fields along 75° (Figure 3.8b)), we do not find any changes of the signal by
reducing the field to 0 mT, indicating a stable mono-domain state with the magnetization being aligned
along 75°. We expect the angle between the probed magnetization for this state (M1) and the injector
magnetization Mjy; to be 60 °. However, for negative fields we observe large contentious changes of the
signal in the field range between 0 mT and —24 mT before we observe a large jump reducing the signal
at —25mT, which can be explained by a vortex nucleation with counter-clockwise chirality partly below
the contact. By the nucleation of the vortex, the magnetization below the contact is now, based
on the calculation, oriented along 280°. As a result, we determine the angle between and Mjy;
to be 145°. After the observed very small jump at —83mT and the observed increase of the signal,
indicating the mono-domain state with all magnetic moments aligned along 255 °, we expect the angle
between and Mjy; to be 120°. We find the mono-domain state oriented along 255 ° to be stable up
to an external field of +68mT where a large jump, indicating the mono-domain state pointing along
the 75 °-direction, is observed.

For this applied field angle, our model predicts the size of the two jumps correctly and also the
expectation that the first jumps leads to a large reduction of the signal while the second jump leads
to a small increase of the signal is in full agreement with the obtained data.

For 90/270°, no changes of the signal except the two jumps at —54m7T and at +65mT are found,
while for 105/285° we find one jump for negative fields (=76 mT) and one very large jump at +42mT
and a tiny jump at roughly +55mT. The large jump at +42m'T can be explained by a vortex nucleation
with clockwise chirality. Due to the vortex, we expect the average magnetization below the contact M2
to be aligned along 95 °, which results in an angle between M;,; and M2 of 40 °. For the mono-domain
state (at fields higher than +55mT) we expect an angle of 30 ° and therefore a (small) further increase
of the signal, which is however very tough to detect in the measurement. There is additionally a second
argument that the vortex state is present for this applied field angle, which is based on time reversal
symmetry. As mentioned before, we expect similar switching field for positive and negative fields.
Since here, the two switching fields differ drastically (=76 mT and +42mT), this asymmetry can be
explained by the vortex core nucleation. If the small jump at roughly +55mT is real, the difference in
the switching fields would decrease significantly.

From the size of the jump it is not clear if there is the vortex state present for positive fields but in
terms of symmetry, we would expect first a clockwise vortex state and then for larger positive fields
(+55mT and higher) the mono-domain state.
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Fig. 3.8. Field dependent magnetization switching curves for field angles between 60 ° and 105 °.
a) Sweep along the 60/240 °-direction. In contrast to the 30/210° and the 45/225° case, no field
dependent changes are observed. We find for each field direction one switching event at —48 mT and

at +56 mT, respectively.

b) Sweep along the 75/255°-direction. We observe one large jump at —25mT, caused by the nu-
cleation of a counter-clockwise vortex partly below the contact and a small jump at —83 mT, which
indicates the mono-domain state. This state is stable up to an external field of +68 mT where the
switching to the opposite mono-domain state occurs.
c) Sweep along the 90/270 °-direction. In total, two switching events are found, one at —54 mT and

the other at +65mT.

d) Sweep along the 105/285 °-direction. A gradual reduction of the signal by 1501V in the field range
between 20mT and —75mT is observed. Two large switching events are found for external fields of
—76 mT and +42mT and a small jump, indicating the mono-domain state, is found for +55mT.
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Finally we analyze the results for sweeps along external fields angles between 120/300 °© and 165/345°.
Here we find for 120/300° and 135/315 ° external field angles, in both curves one large switching event
for each field sweep direction, indicating either a mono-domain state to mono-domain state transition
or a vortex state with the nucleation occurring too far away from the probed area. Since we find for
an applied field angle of 135/315° no continuous changes of the signal with varying field and similar
switching fields (—46 mT/+26 mT), we assume this switching to be a mono-domain state to mono-
domain state switching. This is different for an applied field angle of 120,/300° since here we observe
for negative fields large continuous changes of the signal and the switching at —82m'T. This mono-
domain state pointing along the 300 °-direction is stable up to +16mT. As before, if the switching
fields for the two field sweep directions vary much as in this measurement, it is likely to be a vortex
state switching which can be however not detected.

For an applied field angle of 135/315° we do not find any continuous changes of the signal with
varying field and observe the two large jumps at similar fields (—47mT and +29mT). For this field
angle, either mono-domain state to mono-domain state switching is present or the vortex core nucle-
ation/annihilation events occur so far away from the contact that the probed magnetization below the
contact is not influenced.

For an applied field angle of 150/330°, we start as usual with positive fields and we do not find any
continuous changes of the signal, even at 0mT. For negative fields, we find a small jump with a change
of the signal of 2000V at —60mT. This jump can be explained by a nucleation of a clockwise-vortex
at the edge of the disc. After the jump, we find a continuous decrease of the signal and then the large
jump to the mono-domain state at —91m'T. This state is stable up to an external field of +41mT
where a large jump to the initial mono-domain state with the magnetization being aligned along 150 °.
Also here we find large differences between the switching fields, which can be attributed to vortex
nucleation/annihilation events.

In our last measurement we apply the external magnetic field along 165/345° and find for each field
sweep direction two distinct jumps and continuous changes of the signal with varying field. As drawn,
the first small jump for negative fields at —71m’T can be explained by a clockwise vortex and the
observed jump is very similar to the 150/330° measurement, which is also indicated by the non-local
signal which is in both cases —200nV before and —400nV after the jump. These measurements suggest
again that the nucleation of the vortex occurs for similar field angles at the same defect, leading to very
similar curves. As a result of the vortex nucleation, the magnetization below the contact is oriented
along 260 ° and, if we would drive a FORC measurement, we would expect an angle of 270° with the
vortex core in the middle. The large jump to the mono-domain state is found at —84mT" and we find
this state to be stable up to a positive field of +47mT where again a small jump, leading to a change
in signal of 200nV, is found. This jump can be explained by a vortex, nucleated at the same position
as the small jump for negative fields, yet with counter-clockwise chirality. The full mono-domain state
is received at +70mT.
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Fig. 3.9. Field dependent magnetization switching curves for field angles between 120 ° and 165 °.
a) Sweep along the 120/300 °-direction. A gradual reduction of the signal for negative fields is found,
followed by an abrupt switching at —82mT. For positive fields, an abrupt jump is measured at
+16mT.
b) Sweep along the 135/315 °-direction, where stable mono-domain states and two switching events
at —46 mT and at +29mT are observed. Here, the vortex core nucleation/annihilation events might
occur at positions far away from the contact that the probed magnetization below the contact is not
influenced.
c) Sweep along the 150/330 °-direction. In this measurement we find a stable mono-domain state
pointing in the 150 °-direction with small field dependent changes down to a field of —60 mT, before
an abrupt change in the non-local signal by 2001V occurs. In the range between —60mT and —90 mT
we find a further gradual reduction of the non-local signal of 300nV. The complete switching to the
mono-domain state is found at —91mT. For positive fields, we find one large jump at +42mT.
d) Sweep along the 165/345 °-direction, where two distinct jumps for both field sweep directions are
observed. We determine a field dependent reduction of the signal by 270nV and at —72mT, an
abrupt reduction of the signal of 2001V is found, followed by a gradual decrease of the signal and a
large jump at —84 mT. We find this mono domain state being stable up to an applied field of +46 mT
where the non-local signal changes abruptly by 200nV followed by a continuous increase of the signal.
The mono-domain state is found at a field of +72mT.
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From our detailed analysis of the different hysteresis curves, the different switching field and the
sizes of the jumps, a number of points becomes apparent:

a) The energy landscape of the magnetization of the disc depends crucially on the applied field angle
and can be broadly characterized by the number of switching events, which reveals the switching
pathway, e.g. whether the mono-domain state switches to the opposing mono-domain state by
vortex core nucleation/annihilation or by direct switching. Secondly, some measurements show
a field dependent change of the non-local signal within one state before switching to the quasi-
uniform state, which can be related to gradual changes of the vortex state, via e.g. a movement
of the vortex core until it is located away from the contact. Since the non-local signal only probes
the magnetization of the disc directly below the contact, motion of the vortex core sufficiently far
from the contact does not significantly change the magnetization below the contact. By the size
of the observed jumps, we are able to determine the chirality of the vortex states and also the
nucleation point with some precision depending on the location. As explained in Section 3.3.2
in detail, reversible and irreversible changes of the non-local signal, as well as the stability of
certain magnetic states at zero applied field, can be investigated via a first order reversal curve
measurement scheme.

b) We emphasize here, that the orientation of the diffusive spin current pulses in the conduit only
depends on the magnetization orientation of the injectors (which are fixed) and the polarity
of the charge current pulses. To have a favourable configuration that both CoFe injectors can
manipulate the magnetization switching of the mono-domain state of the disc, the chosen field
angle should be either close to 0/180° or close to 90/270°. In the alternative cases of 45/225°
or 135/315° field sweeps the injector magnetization is either aligned parallel or orthogonal to
the field sweep direction. In these situations, we expect that the spin transfer torque will be
maximized for one injector but for the second it will be minimal, since the spin current orientation
and the detector magnetization orientation will be collinear. This argument is supported by the

formula of the damping like spin transfer torque, which is given by [161]
F= 0 (N x I, x 1) (3.1)
T=—0 s i

with M as the magnetization of the disc and I, as the spin current orientation. It is mentioned that
due to present metallic contacts, the field-like torques are expected to be significantly smaller than
the damping like torques [161, |. Additionally the side of the disc where the vortex core nucleates
is relevant in determining whether the spin transfer torque can assist the nucleation. Depending on
the asymmetries and inhomogeneities of the disc which determine the core nucleation and spin current
absorption locations, the generated spin currents can efficiently manipulate the magnetic state of the
disc.

From this characterization for the cases without any assisting applied current pulses, both the field
sweeps along the 0/180 °-direction and along the 90/270 °-direction are promising for a more focussed
investigation. For the field sweeps along the 0/180 °-direction, we find in total four switching events,
which enables the study of the impact of the spin transfer torque on the switching from a mono-domain
state to the vortex state and vice versa. By sweeping the external field along the 90,/270 °-direction,
we observe two or three switching events. These switching events can be either connected to a mono-
domain state to mono-domain state switching path or with a vortex core nucleation close to the contact.
We will therefore study the hysteresis curves for different pulse polarities for field angles close to 0/180°
and close to 90/270°.

3.4. Current Assisted Switching For Field Angles Around 0° And 90°

In this section, the influence of 10 us current pulses between the injectors and the conduit on the field
assisted switching of the disc for field angles along 0/180 ° and along 90/270 © is studied. The employed
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current densities are 7.6-10'' A/m? (for the left injector) and 5.7-10'' A/m? (for the right injector).
The two directions of the applied external field are drawn for each measurement as brown arrows while
the orientations of the generated spin current pulses are drawn as red arrows for Pulse Generator 1
and as a blue arrow for Pulse Generator 2. When positive pulses are applied by Pulse Generator 1,
the orientation of the generated spin current is along 135° while for positive pulses applied by Pulse
Generator 2, the spin current is oriented along 45 °.

For each applied field angle of 165/345°, 0/180°, 75/255°, 90/270 ° and 105,285 °, we show in total
four curves which correspond to different pulses schemes as presented in Figure 3.10, Figure 3.11,
Figure 3.12, Figure 3.13 and Figure 3.14, respectively.

The blue curves are the measurements without any applied pulses. The red curves correspond to
measurements with positive current pulses of 7.6-10'! A /m? current density applied by Pulse Generator
1, while the orange curves are measurements with negative current pulses of 7.6-10' A /m? amplitude
by Pulse Generator 1. Finally we show the measurements with positive pulses of 7.6-10'! A /m? current
density applied by Pulse Generator 1 and positive pulses of 5.7-10'! A /m? amplitude applied by Pulse
Generator 2 in green. In these measurements, we only draw the average magnetization for the vortex
states without any pulses and with applied positive pulses from Pulse Generator 1, since the overall
shape of all curves with applied current pulses does not depend significantly on the pulse orientation
or on the number of used pulse generators. However, as is evident for all the sweep angles, there is
clearly a strong influence on the magnetic switching behaviour of the disc when the pulses are applied
as compared to the pure field induced switching case.

First, we study the influence of current pulses for a field sweep angle of 165/345°, as shown in
Figure 3.10. Comparing Figure 3.10a) with Figure 3.10b), Figure 3.10c) and Figure 3.10d), we clearly
see an influence of the current pulses not only on the four switching events but additionally on the
shape of the hysteresis curve. In Figure 3.10a), a gradual reduction of the non-local signal by 270 nV
in the field range between £0mT and —71mT is found and at —72mT, an abrupt change of the signal
of 100nV is observed. In the other three measurements, we do not find a gradual reduction before the
low field transition occurs but instead a stable mono-domain state up to a field of —8 m'T" where an
abrupt jump of the signal of 70 nV is found. This difference could be possibly be explained by a change
of the nucleation point of the vortex core.

In the measurement without any pulses, the vortex core nucleates relatively far away from the
detection point very close to the edge of the disc. The magnetization below the contact M1 is in
this measurement oriented along 80 °, which results in an angle between M;j,; and M1 of 55°. In the
pulse assisted measurements, the nucleation could be triggered slightly closer to the nucleation point,
which results in an average magnetization below the contact M1 of 100°. This slight change of the
magnetization orientation below the contact reduces the angle between M;,; and M1 and therefore the
signal after the jump is higher, since we expect for a smaller angle a larger signal.

However, by a further increase of the negative field, we find a continuous reduction of the signal
until the switching to the mono-domain state occurs. Since the initial non-local level in the measure-
ment shown in Figure 3.10a) is different from the initial non-local level measured in the three other
measurements (which indicates a different magnetization orientation of the detector), these states are
different and a quantitative comparison of the switching fields is difficult.

This is different for positive external fields: Here, in all four measurements the mono-domain state
is stable until the first jump occurs which is followed by a continuous, field dependent increase of the
signal and finally we observe the full switching to the opposite mono-domain state. Also the signal
before the jump occurs is in all measurements the same. We conclude that the nucleation occurs at
the same points for the measurements with and without pulses, which demonstrates the importance of
the exact nucleation point for the analysis of the switching fields. We emphasize again that all changes
in the non-local signal are due to changes of the magnetization of the disc, indicating that lateral spin
valves are a powerful tool to measure even small magnetization changes within the probed area.

However, in all measurements, the applied current pulses lead to a strong reduction of the first, small
jump switching fields for both sweep directions. In Figure 3.10b) and Figure 3.10c), measurements
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with the same current pulse amplitude but opposite polarities are shown. Here we find the switching
field of the low field transitions to be largely independent of the current polarity for both field sweep
directions and these high current densities. In general, we would expect the spin transfer torque to
support the switching when the spin current has parallel components to the external field (positive
pulses for positive fields and vice versa) and hinder the switching for antiparallel components (positive
pulses for negative fields and vice versa).

However, in the first stage of the two level switching, a nucleation of a vortex core and the transition
to the vortex state is observed which complicates this simple picture. Furthermore, depending on
defects, the vortex core will nucleate at one or the other edge of the disc, which will determine whether
or not the magnetization of the detector is changed significantly. The vortex core then moves across
the structure and is annihilated at the opposite edge at higher fields [222]. The independence of the
switching field on the applied pulse polarity demonstrates that the details and location of the nucleation
of the vortex core at the edge of the disc plays a critical role for the efficiency of the spin transfer torque
manipulating the switching behaviour. Since the spin diffusion length in Py is only a fewnm [152, 153],
the spin transfer torque will only act very locally on the detector magnetization with respect to the
injection point.

As a consequence, only for a nucleation below the contact, the spin transfer torque can effectively
manipulate the switching. As a surprising result we do not find any difference in the switching field
if additionally Pulse Generator 2 is used as shown in Figure 3.10d) where the first negative switching
field is also determined to be —8mT.

As shown in Figure 3.3 the spin signal from the right CoFe wire is significantly smaller than the spin
signal from the left CoFe wire for the same applied current. Nevertheless, the charge current densities
for the two injectors in these measurements are comparable. If Joule heating would be the dominant
effect, we would expect that the switching field of the measurement shown in Figure 3.10d) would be
significantly smaller than the switching field determined in Figure 3.10b) and Figure 3.10c¢) due to
additional heating from the second injector, which has not been observed here.

An equivalent device behaviour is seen for the first jump for positive fields, where we also observe
in all three measurements with applied pulses a switching field of +12mT, independent of the total
charge current density and the pulse polarity.

What does indeed differ for the different cases are the two second switching events. We find for
positive pulses the switching field at —44mT, while for negative pulses we determine the switching
field to be at —70mT. It turns out that for both external field directions, the second, large switching
events can differ significantly for nominally the same measurements with the same applied current
pulses. These differences in the switching fields are much larger than can be explained by statistical
fluctuations. A similar behaviour has been studied in literature [228, |- In Section 3.5.3 we study
these second switching events in detail.
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Fig. 3.10. Sweep along the 165/345 °-direction for certain applied pulse schemes. For this field sweep direction,

we find four different jumps indicating transitions of mono-domain states to the vortex state and
vice versa. Starting with positive fields, we stabilize the mono-domain state pointing along the
165 °-direction. The first, small jump for negative fields then indicates the nucleation of a vortex
core with clockwise-chirality while the second, large, jump in the non-local signal is the full switching
to the reverse mono-domain state. For positive fields we identify the first small jump at lower fields
as the nucleation of a counter-clockwise vortex (yet at a similar position as the vortex for positive
fields) and the large jump at higher fields as the switching to the mono-domain state.

a) Measurement without any applied current pulses. The four switching fields are determined to
be —72mT, -84 mT, +46 mT and +72mT. Prior to the first switching event at negative fields, a
gradual reduction of the signal by 270nV is found.

b) Measurement with positive applied current pulses by Pulse Generator 1. In this situation we find
the four switching events at —8 mT, —44mT, +12mT and +50mT.

¢) Measurement with negative current pulses applied by Pulse Generator 1. We measure the four
switching events at external fields of —8 mT, —70mT, +12mT and +70mT.

d) Measurement with positive current pulses applied in both injectors. We observe the four jumps
at fields of -8 mT, —44mT, +12mT and +70mT.

Next we discuss the measurements for an applied field angle of 0/180° and show the results in
Figure 3.11. As a first result, we find a reversal in the order of the large and small switching events
going from maximum positive fields to negative fields by the application of current pulses, which can
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be contributed to vortex nucleation events with difference chirality.

In Figure 3.11a), we find the large jump at —18 mT and the small jump at —86 mT. In the other three
measurements, we observe first the small jump and for higher negative fields the complete switching to
the mono-domain state. These measurements show that the overall reversal process including different
types of switching of the Py disc can be manipulated by current pulses. We note that in the three
latter measurements the first switching event always occurs at —10 mT. This result can be interpreted
as follows:

The spin transfer torque, together with local heating, can change the nucleation point and the
chirality of the vortex core depending on the nature of the defect. For a strong defect, it is likely for
the nucleation to occur at that side of the disc [222]. In the present situation, current pulses can assist
the nucleation to occur at a different point and as a result this leads to a change of the chirality. In
our measurements, we find for the situation without any assisting current pulses (Figure 3.11a)), the
nucleation to be occurring at an applied field of —18 mT and a clockwise chirality of the vortex, while
in the other measurements, the nucleation is found at —10mT with a counter-clockwise chirality of
the vortex. Due to the application of the current pulses, the position of the nucleation as well as the
chirality of the vortex changes, which leads to different sizes of the jumps.

By comparing the first of the low switching fields shown in Figure 3.11b), Figure 3.11c) and Fig-
ure 3.11d), we note that they are equivalent and independent of the total applied spin current and the
current polarity. As before this result indicates that the exact nucleation point and the chirality of the
vortex core are crucial for the size of the jump and will determine whether the switching behaviour
can be manipulated by the spin transfer torque. For the second switching event, we find comparable
switching fields of —40mT if only Pulse Generator 1 is used or —38m'T if both Pulse Generators are
used. Asin the 165/345 °-measurements, different switching paths occur for the second, large switching
events.

Interestingly, the total number of occurring jumps is different in these measurements. In Fig-
ure 3.11a), for positive fields in total four switching events are observed at +22mT, +62mT, +100mT
and +122mT. In Figure 3.11b) and Figure 3.11c), three jumps at fields of +8mT, +44and +52mT
and +8mT, 34mT and +50 mT are found, respectively. In Figure 3.11d) only two jumps for positive
fields at +6mT and at +80m'T are observed. Since the voltage levels for the first switching events
are equivalent, we can compare these jumps and identify them as levels with the vortex being partly
below the contact. The varying number of jumps indicates a different switching behaviour for the three
different scenarios, probably corresponding to different pinning sites of the vortex core as it traverses
the disc.

We treat the four measurements here as three scenarios since the second jumps in Figure 3.11b) and
Figure 3.11c) have the same non-local resistance level (which means the same detector magnetization)
and therefore are understood as equivalent. We also note that the second jump in Figure 3.11a) starts
from the same non-local level, which can be understood as follows:

In Figure 3.11a), the vortex core moves from defect to defect, which act as pinning centres until the
vortex core is annihilated at the other edge for +122mT. In Figure 3.11b) and Figure 3.11c), the vortex
core gets pinned at defects but the spin transfer torque together with Joule heating is strong enough
to completely depin and annihilate the vortex core for much lower fields. In Figure 3.11d), only two
switching events are found and no intermediate pinning centres are observed, which can be attributed
to the additional spin torque effect and Joule heating acting on the local magnetization of the disc.
Since the switching fields (of the second small switching event for positive fields) in Figure 3.11b) and
Figure 3.11¢) differ by 10 mT and the same Joule heating is present, this difference in depinning from
the defect can possibly be attributed to the spin transfer torque.

Since the results of the measurements for an applied field angle of 165/345 ° and of 0/180 ° are similar,
we conclude again that the energy landscape of the Py disc is mainly governed by inhomogeneities. As
a consequence, similar field angles lead to similar results because the nucleation of the vortex core is
triggered and controlled by similar inhomogeneities. Depending on the chirality of the vortex and the
exact nucleation point, the magnetization of the probed area changes differently for different applied



110 Chapter 3. Spin Current Assisted Magnetization Switching

field angles and a different number of jumps is observed.
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Fig. 3.11. Sweep along the 0/180 °-direction for certain applied pulse schemes. For this external field angle,
we observe reversibly different switching paths depending on whether current pulses are applied or
not. By the application of high current pulses, the nucleation position of the vortex core as well as
its chirality changes which leads to different magnetization orientations of the disc for the different
measurements which can be detected as different heights of the jumps. We expect the first small
jump at positive fields for each measurement to be caused by a clockwise vortex nucleation at the
same position since the signal before and after the jump is the same for all measurements.

a) Measurement without any applied current pulses. We find a large switching event at —18 mT
due to the nucleation of a clockwise vortex and a small jump at —86mT. For positive fields, we find
small jumps within a gradual decrease in signal at fields of +22mT +61mT and +100mT before
the large jump occurs at +122mT.

b) Measurement with positive current pulses applied by Pulse Generator 1. In this situation we find
the small jump first (due to the nucleation of a counter-clockwise vortex) at a field of —10mT and
the large jump at —40mT. For positive fields we find two small jumps (+8mT and +44mT) and
the large jump at +52mT.

¢) Measurement with negative current pulses applied by Pulse Generator 1. The small jump for
negative field is observed at —10mT and the large jump is found at —40mT. For positive fields, as
in b) two small jumps at +6mT and at +34mT are determined while the large jump is measured
at +50mT.

d) Measurement with positive current pulses applied in both injectors. Here we observe in total
four switching events which are determined to be —10mT, —38 mT, +6 mT and +80mT.
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We will now study the results for the four different cases with applied external field angles of 75/255°,
90/270° and 105/285°, as shown in Figure 3.12, Figure 3.13 and Figure 3.14. As before for the 0/180°
and the 165/345 °-direction (Figure 3.11 and Figure 3.10) we observe a similar switching behaviour for
similar field angles, emphasizing the role in angle dependent inhomogeneities for the determination of
the probed magnetization below the contact.

We first consider the results for an external field sweep direction of 75/255 °, as shown in Figure 3.12.
We note that we observe single step switching in those measurements with applied pulses while in
Figure 3.12a) we observe two jumps, one very large and one very small jump. As explained before,
the first, large jump can be explained by a counter-clockwise vortex core nucleation partly below
the contact while the second, very small jump, can be attributed to the full mono-domain state.
This is different for measurements with applied pulses. As shown in Figure 3.12b), Figure 3.12c) and
Figure 3.12d), the application of current pulses leads to abrupt jumps of the signal without any gradual
changes by varying field. We conclude that these jumps represent real mono-domain to mono-domain
switching events since the measured switching fields are very similar for the two field sweep directions
(—45/443mT, —45/4+42mT and —44/+42mT). We expect, as explained before, similar switching
fields for mono-domain state to mono-domain state switching due to time reversal symmetry. By
the application of sufficient strong current pulses, we are able to stabilize the mono-domain state
(no field dependent gradual reduction of the signal is observed) and find pure mono-domain state to
mono-domain state switching.
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Fig. 3.12. Sweep along the 75/255 °-direction for certain applied pulse schemes. By the application of strong
current pulses, we observe similar switching fields for the two field sweep directions, which is due to
time reversal symmetry a strong argument for mono-domain to mono-domain state switching.

a) Measurement without any current pulses. For negative fields, a reduction in signal is found
before the large switching event occurs at —25mT. This state can be attributed to the nucleation
of a counter-clockwise vortex partly below the contact. A very small jump, indicating the mono-
domain state is found at —83 mT. For positive fields, one large jump at +68 mT is observed.

b) Measurement with positive current pulses applied by Pulse Generator 1. Two large jumps are
found at —45mT and +43 mT, indicating mono-domain state to mono-domain state switching.

¢) Measurement with negative current pulses applied by Pulse Generator 1. Two switching events
are found for external fields of —45mT and +42mT.

d) Measurement with positive current pulses applied in both injectors. As in b) and c), we find for
each field sweep direction one large switching event. The determined switching fields are —44mT
and +42mT.

In the measurements with an applied field angle of 90/270° as shown in Figure 3.13, we can sum-
marize the results as follows:

In all four measurements, a switching from one mono-domain state to the opposite one is observed
for negative fields. With applied current pulses a reduction of the switching field by 13mT is found
which is independent of current polarity or Joule heating, since in all three measurements with applied
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pulses (Figure 3.13b), Figure 3.13c) and Figure 3.13d)), we observe the switching at —41mT. This is
different for positive fields. Here the switching field changes drastically by the application of current
pulses:

On reducing negative fields from —50 mT to 0 mT we find a reduction of the signal by 200 nV, while
in Figure 3.13a), where no current pulses are applied, no change of the signal has been found in this
region. The reduction of the signal can be explained by the nucleation of a vortex core with counter-
clockwise chirality at the bottom end of disc which is triggered due to the current pulses. Due to the
nucleation of the vortex, we find a massive reduction of the switching fields by the application of current
current pulses. In Figure 3.13a), we find the switching at +65m7T, while in the measurements with
pulses, we find the switching at +5/6 mT. Once again these results demonstrate that (small) changes in
the detector magnetization, due to vortex nucleation/annihilation events, can lead to drastic changes
of the switching fields.



Section 3.4. Current Assisted Switching For Field Angles Around 0° And 90° 115

a) No Pulses b) Pos. Pulses P1

‘ VaLInV] B VNL[nV] - BIMT
100 50 50 100 CIMT] 100 -50 50 _qo0_ BlmTl
M DO erddacitiinin 2P0
-400 -400
~600 ‘ggg
~800 -

1000 11000

) e 71200

e <1200 1400

180°
MInj

270° " 909
M1j

CO

c) Neg Pulses P1 d) Pos. Pulses P1&P2

-100

VNVl VnL[nV]
~50 50 100 BIMT] 100 -850 __ 50 100 oMM
o00. B9 100 50
~400 ~400
~600 ~600
-800 -800
-1000 -1000!
..=1200 o 21200
~1400 ~1400

Fig. 3.13. Sweep along the 90/270 °-direction for certain applied pulse schemes. For this applied field angle,

the application of current pulses reduces the switching fields along the 270 °-direction drastically,
which can be explained by the nucleation of a vortex core with counter-clockwise chirality at the
bottom edge of the disc.

a) Measurement without any current pulses. Two mono-domain state to mono-domain state switch-
ing fields are observed for external fields of —54mT and +65mT.

b) Measurement with positive current pulses applied by Pulse Generator 1. We find a small re-
duction of the signal by decreasing the field from —50mT to 0 mT which can be explained by the
nucleation of a counter-clockwise vortex core at the bottom edge of the disc. Two switching events
at —41mT and +6 mT are found which means a small reduction of the switching field for negative
fields and a very strong reduction of the switching field for positive fields compared to a) as the
situation without any assisting current pulses.

¢) Measurement with negative current pulses applied by Pulse Generator 1. Here the switching
fields are determined to be —41mT and +5mT.

d) Measurement with positive current pulses applied in both injectors. In this case, two switching
fields are observed for —41mT and +5mT.

Finally we study the results for an external field sweep direction of 105/285°, as plotted in Fig-
ure 3.14. Also for this field angle, the application of current pulses leads to changes of the initial
magnetization orientation, which leads to significant changes of the switching pathway and can be
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identified by small changes of the initial non-local level.

In Figure 3.14a) a field dependent reduction of the signal of 150nV in the field range between
£0mT and —75mT is found before the switching occurs at —76 mT. Furthermore, we note that the
non-local signal is —200 nV at zero field if the magnetization of the disc is aligned parallel to the positive
external field. In the other measurements where pulses have been applied, there is a small increase of
the signal of 50nV as the field is decreased from +30mT to £0mT indicating very small changes of
the detector magnetization by a reduction of the field. As a result, the initial detector magnetization
is different compared to the measurement without any applied current pulses. We then find in all
three measurements with applied pulses a very large jump at —11mT, which can be explained by a
nucleation of a counter-clockwise vortex partly below the contact. The full mono-domain state is then
however very difficult to exactly determine since the signal difference between the vortex state and the
mono-domain state is only 40-50nV. We can estimate that the full mono-domain state is found for
roughly —40mT.

This mono domain state is stable in the measurement without any pulses (Figure 3.14a)) up to
+26 mT where a vortex state with similar nucleation point, yet with clockwise chirality is found. For
the measurements with applied pulses, we find the same vortex state and observe a reduction of the
switching field to +6/7mT. As in the 75/255° and in the 90/270 °-measurements, the switching fields
for the two field sweep directions as well as the switching fields with and without current pulses differ
drastically if vortex core nucleation/annihilation events are triggered by the current pulses.
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Fig. 3.14. Sweep along the 105/285 °-direction for certain applied pulse schemes. The shape of the hysteresis

depends strongly on the initial detector magnetization orientation and can be manipulated by
applied current pulses.

a) Measurement without any applied current pulses. For negative external fields, we find one
switching event —76 mT. Prior to the switching, we find a field dependent reduction by 200nV in
the field range of 20mT and —75mT. For positive fields, we observe one very large jump at +26 mT
which can be explained by a nucleation of a clockwise vortex partly below the contact. The full
mono-domain state however is very difficult to determine. We observe a very small jump at +55mT,
which we connect to the mono-domain state.

b) Measurement with positive current pulses applied by Pulse Generator 1. We find one very large
jump at —11mT and one very small jump at —26 mT. For positive fields, one jump at +7mT is
observed. Here we do not see any differences for positive fields between the vortex state and the
mono-domain state.

¢) Measurement with current negative pulses applied by Pulse Generator 1. Here the switching
events are observed at —11mT, —26 mT and at + 6mT.

d) Measurement with positive current pulses applied in both injectors. The switching fields are
found at —11mT and —26 mT for negative fields and at +6 mT for positive fields.

To summarize the results shown in Section 3.3 and Section 3.4, we have shown that the lateral
spin valve geometry allows for a precise study of small magnetic elements, e.g. a Py disc, since the
non-local signal is very sensitive to magnetization changes within the probed area. By the application
of an external field in different directions, we are able to study different switching paths, e.g. mono-
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domain to mono-domain switching events or vortex state to mono-domain state switching events. The
exact details on the switching paths, transition fields and associated energy barriers for the different
processes crucially depend on the chirality of the vortex and on the exact nucleation and annihilation
points which are determined by defects within the disc or by edge roughness.

We have furthermore shown that the detector magnetization (which can be read out as the non-local
signal at zero field) and as a result, the switching behaviour, can be strongly modified by the application
of current pulses and the resulting spin transfer torque and Joule heating, which can lead to drastic
changes of the measured switching fields due to nucleation/annihilation of a vortex state. Since the
influence of the spin transfer torque depends very strongly on the exact magnetization configuration
below the contacted area due to short diffusion length of Py, we expect the spin transfer torque in
these measurements to have a modest but detectable influence.

To study the spin transfer torque in detail and distinguish between this effect and Joule heating,
we measure the mono-domain state to vortex state switching of the Py disc for an external field angle
of 351/171° which turned out to be particularly convenient. For this field angle, we do not observe
any changes of the initial detector magnetization orientation at zero field by the application of current
pulses as seen e.g. for field sweeps along 0/180°. This stability of the initial state as well as the
(meta)-stability of the vortex state at zero applied field plays a vital role in the switching behaviour,
which has also been confirmed by first order reversal curves and explained in detail before. For this
field angle, we show results for the current assisted mono-domain state to vortex state switching events
as a function of the current density (first, low field switching events) for the positive and negative field
sweep direction in Section 3.5.2. Finally, we study the second, high field switching events which can
be identified as vortex state to mono-domain state switching events in Section 3.5.3.

3.5. Switching Fields As A Function Of The Applied Current Density

For the measurements presented in this section, the external field is swept at an angle of 351/171° and
the four switching events are detected as a function of the current density and polarity. In general, in
the whole applied field angle range between 345/165° and 06/186 © a similar switching behaviour with
four or more distinct jumps has been observed. The field angle of 351/171 ° is chosen since for this field
angle, the measurements have shown the most robust and reproducible switching behaviour. We first
show in Figure 3.15 six representative plots with positive pulses of different current density from Pulse
Generator 1. These measurements have been repeated with identical pulse amplitudes several times
to achieve robust statistics and are shown to exhibit large differences between the nominally identical
measurements. This is in contrast to the previous measurements for no or large applied pulses, where
more reproducible switching paths were seen as presented and discussed in the previous sections.

We emphasize here again that although the curves show different switching fields, which can be
identified as different switching paths, the overall shape for this applied field angle is robustly similar.
In all measurements, there is a large probability that four or more jumps are observed in total. How-
ever, similar large differences in switching and depinning fields have been intensively studied in the
literature [228, —239]. In a simple model, such depinning (in our case the depinning of the vortex
core) experiments have been understood as resulting from thermal activation with the characteristic
activation time being described by an Arrhenius law, similar to the switching of a single magnetic
particle [240]. In such a simple model, the depinning/switching field distribution should show a single
peak [211]. Briones et al. however demonstrated that the depinning probability can be rather complex
and shows multiple peaks as also seen for the second (high field) switching path events in this study.
This is indicative of different potential switching pathways in addition to a thermal distribution in
switching fields.

We notice that in some measurements, three switching events for one field direction are observed and
in some measurements just two. If three switching events are found, the vortex core initially nucleates,
changing the magnetization partly below the contact. However instead of a continuous displacement by
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the field across the disc, it likely becomes pinned by a defect and subsequently depins to a new position
in a stepwise transition. In all six shown measurements, the large jump in the non-local signal (for
both sweep directions) at high fields indicates a transition from the vortex state to the mono-domain
state.

In the case of the curves shown in Figure 3.15a) and Figure 3.15b), we determine the switching
fields to be —27/—53/—69/+22/+52/+63 mT and —24/—53/—63/+15/+50mT, respectively. In these
measurements, no current pulses have been applied. These examples indicate that the switching field
for the first switching event for both negative and positive field values can vary significantly, although
the same initial configuration with the same stable mono-domain state is present. The variation of the
first, lower switching field is reduced for larger pulse amplitudes, as can be seen as smaller error bars
in Figure 3.16 and Figure 3.17.

If we compare the measured second switching fields, we note that these switching events to the
mono-domain state are found for either —69mT or —63mT. The positive switching events to the
mono-domain state are found for fields of +63mT and +50mT, indicating large variation in the
switching events. This becomes more evident in Figure 3.15d) and Figure 3.15e) where the results for
applied pulses corresponding to a current density of 4.3-10'* A/m? are presented. Here we determine
the switching fields to be —12/—80/48/+42/+56 mT and —12/—44/49/+41/+52mT. Although in
both measurements the same number of switching events is observed, the switching fields to the mono-
domain state differ drastically in the case of negative fields.

For very high current pulses, the situation is a bit easier. In these measurements only two jumps
are seen for one field sweep direction, suggesting a role of the spin torque or associated Joule heating
in helping to depin the vortex core, as exemplary shown in Figure 3.15f). Here we only find large
differences for the second jump for each field sweep direction, which is explained and analysed in detail
in Section 3.5.3. In order to take into account these differences, the analysis is performed as follows:

a) For each current density and polarity between four and six measurements are performed.

b) The first jumps for each field sweep direction are assumed to start from the same initial magneti-
zation configuration as set at high fields, since no changes of the non-local signal are determined
on reducing the field to zero. The errors are determined by the standard derivation. In general
this yields a relatively high statistical error for low amplitude current pulses and a small stan-
dard derivation for high amplitude current pulses. If no error bar is drawn, it means that for the
particular current density, all switching events are found in the same applied field range of 1mT
which is sometimes observed for high amplitude current pulses.

c¢) For the final transition to the mono-domain state, all large jumps are taking into account if
they do not differ by more than 5mT. Within this range, all jumps which belong to a certain
switching path are selected, while the jumps belonging to a second switching path show a much
higher /lower switching field which can not be explained by statistical fluctuations and therefore
are not selected. As later shown in detail, the low field switching path (for both positive and
negative external fields) results in switching fields of approximately +40 mT while the high field
switching path means switching fields of approximately 70 mT for high amplitude current pulses.
For current pulses below a certain threshold of roughly 5-10' A /m?, these two switching paths
are not observed. For a given path, the switching fields vary typically by £3mT or less for
a given current density, which means all relevant data points are taken into account with our
chosen range of 5mT. If no error bars are drawn, only one measurement curve belongs to the low
field switching path or all obtained switching fields are equivalent within our chosen field range
of 1mT.
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Fig. 3.15. Field Sweep curves along 351/171°. Measurements with the same applied current densities are
shown in the same colour.
a), b) Measurements without any current pulses. In case a) we find three jumps for negative fields
of —27mT, —53mT and —69mT and three switching events for positive pulses of +22mT, +52mT
and +63mT. In measurement b) three jumps for negative fields of —24mT, —53mT and —63mT
are observed while for positive fields, two jumps at +15mT and 50 mT are found.
¢) Measurement with applied current pulses corresponding to a current density of 2.9-10* A /m?.
Two jumps for negative fields are found at —21mT and —56 mT. For positive fields, we observe
three switching events at +14mT, +51 mT and +70mT.
d), e) Measurements with applied current pulses corresponding to a current density of 4.3-10*! A /m?.
Five switching events are observed for both measurements. In d) we determine the switch-
ing fields to be —12/-79/48/442/4+56mT. In case e) we find the switching events at
—12/—46/+10/+41/4+47mT.
f) Measurement with applied current pulses corresponding to a current density of 7.6-10'* A /m?.
In this situation four switching events at —10mT, —42mT, +7mT and +39mT are found.
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In this subsection, the results for the first switching events for both field directions are shown as a
function of the applied current density. In both Figure 3.16 and Figure 3.17 we present the results as
follows:

e In total four different plots for each figure are shown.

e The first plot a) of each figure shows the results with positive (negative) pulses applied by Pulse
Generator 1 in red (blue).

e The second plot b) shows the results with positive (negative) pulses applied by Pulse Generator
2 in green (orange).

e In the third plot ¢), the measurements with pulses of similar amplitudes but different polarities
are shown. The results for positive (negative) pulses applied by Pulse Generator 1 and negative
(positive) by Pulse Generator 2 are shown in purple (brown).

e In the fourth plot d) measurements are shown with a pulse amplitude ratio of about 35 % but
different polarities. As an example, Pulse Generator 1 applies a positive pulse corresponding
to a current density of 4-10'' A /m? and pulse Generator 2 a negative pulse corresponding to a
current density of 2.6-10'" A/m?. Pulses with positive (negative) polarity by Pulse Generator 1
and negative (positive) by Pulse Generator 2 are shown in grey (cyan).

As is evident by the negative first switching fields (Figure 3.16), for high amplitude pulse measure-
ments, a switching field of roughly 10mT is seen while for low pulse amplitude measurements, the
switching fields are found to be approximately 30 mT. Since only small differences between the plots
(which are different in terms of the current pulse polarity and therefore the spin current orientation)
for a given sub-figure are observed, we conclude that the spin transfer torque only has a modest but
in some cases detectable influence. Most of the reduction of the switching fields results from Joule
heating, which is independent of the current polarity. For the cases of spin current injection from just
one side (Figure 3.16a) and Figure 3.16b)) the different curves largely overlap within the error bars,
which means that the spin transfer torque is insignificant in these measurements.

However, for Figure 3.16c) where the strongest effect is expected due to the highest total charge
current density and simultaneous injection from both Pulse Generators, we find modest differences on
the reversal of pulse polarity at the highest current densities.

The purple curve, representing positive (negative) pulses applied by Pulse Generator 1 (2) shows a
lower switching field for a charge current density above 2.5-10'1 A/m?2. Additionally we note that the
brown curve is only plotted for current densities of 2.5-10'' A /m? and higher. Indeed, for lower current
densities only a direct switching from one mono-domain state to the other has been found for these
measurements. These results demonstrate again that the choice of current amplitude and polarity
plays a crucial role for the qualitative device behaviour, although the quantitative differences are only
modest.

In contrast to Figure 3.16¢), no effect is observed for the measurement with same current polarities
but lower amplitudes as shown in Figure 3.16d). Here we would expect to see for the grey curve (which
is analogous to the purple curve in Figure 3.16¢)) a lower switching field, but within the error bars,
both the grey and the cyan curve are equivalent. From the comparison of the measurements, it is not
clear why this is the case. In general, it could be due to an unfavourable resulting spin current angle
for the measurements in Figure 3.16d). However, since a vortex state has a complex spin structure
with many magnetization orientations present, it is also possible that the total spin current is too low
to see a significant effect.
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Fig. 3.16. Absolute values of the switching fields for negative field sweep directions as a function of the applied
charge current density and polarity.
a) Curves with positive (red) and negative pulses (blue) applied by Pulse Generator 1.
b) Curves with positive (green) and negative pulses (orange) applied by Pulse Generator 2.
c) Curves with positive pulses by Pulse Generator 1 and negative pulses by Pulse Generator 2
shown in purple and vice versa shown in brown. The same voltage has been applied, resulting in
similar pulse amplitudes for the two measurements. Modest differences between the curves, which
are outside of the error bars, are found for high current densities.
d) Curves with positive pulses by Pulse Generator 1 and negative pulses by Pulse Generator 2
shown in grey and vice versa shown in cyan. Here, the pulse amplitude of Pulse Generator 2 is 35 %
reduced compared to the pulse amplitude of Pulse Generator 1.

Next we study the results for the positive external field sweep direction, as shown in Figure 3.17. If
we compare the general trend with the results shown in Figure 3.16, we note that the overall reduction
of the switching field is approximately 50 % lower. In Figure 3.16, the reduction of the switching field
over the complete current density range has been found to be approximately 20 mT, while for positive
fields, a reduction of only approximately 10 mT has been observed. Since the spin transfer torque is
expected to be only modest in both measurements, the different reductions of the switching fields are
likely to be based on different Joule heating contributions.

In Section 3.3.2, where the first order reversal curves have been introduced, we have drawn the vortex
core for the different field sweep orientations with opposite chirality and different nucleation points.
The first small jump for negative fields was explained by a counter-clockwise vortex nucleation at the
right edge of the disc while the first jump for positive field was explained by the nucleation of a clockwise
vortex which could be nucleated slightly closer to the centre. These measurements agree well with this
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picture, since the overall reduction of the switching fields for the two field sweep directions different
which can be explained by different nucleation points of the vortex core or by different pathways of
the vortex core (e.g. different defects) after the nucleation before it gets annihilated.

If we now study the differences for the plots within the same sub-figure, we note again that the
curves largely overlap within the error bars. In Figure 3.17a), we find hints that for negative curves
(blue curve) the switching fields are slightly lower than for positive pulses (red curve) for high current
densities above 5.5-10'* A /m?. In Figure 3.17b), no differences of the two curves are observed which
is consistent with the lower spin signal generated by the right CoFe injector and the lower applied
current density.

If we compare Figure 3.17¢) with Figure 3.17d) we notice that in situation d) we observe modest
differences between the curves at least in the high current pulse regime above 3-10'1 A /m? while in c)
no differences are found at all, although here, the higher total current density has been used.

To sum our results up so far, modest differences for the different applied current polarities have
sometimes been found for high current densities, indicating an influence of the spin transfer torque on
the switching. However, about 90 % of the reduction of the switching field can be explained by Joule
heating, which is therefore the dominant effect and independent of the pulse polarity. Previous work
demonstrated that the spin transfer torque in a lateral spin valve is an efficient way to manipulate a
domain wall [14, 15] which can even depin a domain wall from a notch in the absence of a supporting
magnetic field. In this experiment, much larger spin currents are expected based on the non-local
signal, yet they do not as efficiently manipulate the vortex state. This can be connected to the non-
optimal and uncontrolled position of the nucleation of the vortex core, in contrast to the previous
studies where the transverse domain wall spin state has been carefully tailored. Furthermore, the
more complex vortex spin state is expected to have a more complicated relationship between the spin
current direction and the resulting torques than the previously studied relatively simple transverse
domain wall.

In the case where the vortex core nucleation occurs on the opposite side of the disc to the contact,
it is expected that the annihilation will occur at the same side as the position of the contact, since the
core moves perpendicularly to the field across the disc during switching [222]. Hence in this case the
annihilation of the core as seen in the final jump may be more likely to be affected by the spin transfer
torque.
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Fig. 3.17. Reduction of the switching fields for the positive field sweep direction as a function of the applied
charge current density and polarity.
a) Curves with positive (red) and negative pulses (blue) applied by Pulse Generator 1.
b) Curves with positive (green) and negative pulses (orange) applied by Pulse Generator 2. The
two curves are equivalent within the error bars.
c) Curves with positive pulses by Pulse Generator 1 and negative pulses by Pulse Generator 2
of similar amplitude shown in purple and vice versa shown in brown. Within the error bars, no
differences are found.
d) Curves with positive pulses by Pulse Generator 1 and negative pulses by Pulse Generator 2 with
a 35 % amplitude of Pulse Generator 2 shown in grey and vice versa shown in cyan. Slightly lower
switching fields for negative (positive) pulses applied by Pulse Generator 1 (2) are found compared
to the measurements with opposite current polarities.

In this subsection, we study the transition of the vortex state to the mono-domain state for both
positive and negative external fields. As previously mentioned, different switching paths are observed
for the same measurement where the switching fields can differ by more than 30 mT, as shown in
Figure 3.18. Here we study the low switching field path, since only this path has been observed across
the whole charge current density range. In contrast, the high field switching path has been only found
for current densities higher than 4-10'' A /m?, indicating a significant change of the switching for high
current pulses.



Section 3.5. Switching Fields As A Function Of The Applied Current Density 125

a) low field/low field b) high field/low field

VaL[nVi VnL[nV]
150-100 -50 50 100 150 °MTI
500
-1000
-150
. 180°
negM Pipos
270° 90°
BPOSOO
c) low field/high field d) high field/high field
VnL[nV]
—— i, 200 - VNL[nV]
~150-100 -50, 60 100 150 B[mT] ~150-100 .50 100 150 CIMTI
-400 1 400
-600 ~600
-800 | =800
-1000 -1000
-1200 12000~

Fig. 3.18. Measurements with positive applied pulses of 7.6:10*! A /m? by Pulse Generator 1. Two possible
switching paths can be found for each external field direction.
a) First possible switching path, where both second switching events occur at fields about £40mT.
b) Second possible switching path with the second switching event for negative fields at about
—70mT. For positive fields, the second switching event is found at about +40mT.
¢) Third switching path with the second switching found at low negative fields (—40mT). The
second switching for positive fields is found for large fields of about +70mT.
d) Fourth switching path with both second switching events at high fields of £70mT.

As before in Section 3.5.2, we plot the change in the switching fields with current pulse application,
using the same colours for the same current polarities and amplitudes. The results for the second
negative switching fields as a function of charge current density are shown in Figure 3.19. As before,
only modest differences between the two plots within one sub-figure are found, indicating that for

negative fields, the switching from the vortex state to the mono-domain state occurs relatively far
away from the contact.
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Fig. 3.19. Absolute values of the second switching field as a function of charge current amplitude and polarity
for negative field sweep directions.
a) Determined switching fields with positive pulses applied by Pulse Generator 1 shown in red and
negative pulses shown in blue.
b) Measured switching events with positive (negative) pulses applied by Pulse Generator 2 shown
in green (orange).
c¢) Switching events measured with synchronous pulses by both Pulse Generators. The results for
positive (negative) pulses by Pulse Generator 1 and negative (positive) pulses by Pulse Generator
2 are shown in purple (brown).
d) Switching events based on synchronous but 40 % reduced pulses by Pulse Generator 2 compared
to Pulse Generator 1. The results for positive (negative) pulses by Pulse Generator 1 and negative
(positive) pulses by Pulse Generator 2 are shown in grey (cyan).

We present the results for the second switching events for positive external fields in Figure 3.20.
In this situation we find larger differences between the two curves shown in each plot. Especially
in Figure 3.20c) we find a significantly lower switching field for negative pulses applied by Pulse
Generator 1 and positive by Pulse Generator 2 (brown curve) than vice versa (purple curve). Since we
have observed for negative fields with the same pulse polarities a statistically but significant smaller
difference between the two curves we conclude that also the two second switching events are dominated
by different defects resulting in different effective torques for different field sweep directions.

To sum it up, for both switching events the spin transfer torque is relevant, although due to an
unfavourable position of the vortex core nucleation, the effect is relatively small and the reduction
of the switching field is dominated by Joule heating. Nevertheless Figure 3.16¢), Figure 3.17d) and
Figure 3.20c) reveal a statistically significant lower switching field for the preferred current polarities
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compared to the unfavourable ones. Furthermore, thanks to our geometry which allows the simulta-
neous application of current pulses from both sides, the effect can be determined which has been not

easily possible with just pulses from one side.
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Fig. 3.20. Second switching events for positive field sweep directions for different charge current amplitude

and polarities.

a) Results for positive pulses applied by Pulse Generator 1 in red and negative pulses applied by

Pulse Generator 1 in blue.

b) Results for positive pulses applied by Pulse Generator 2 in green and negative pulses applied by

Pulse Generator 2 in orange.

¢) Measurement with synchronous pulses from both Pulse Generators with similar amplitude. The
results for positive (negative) pulses by Pulse Generator 1 and negative (positive) pulses by Pulse

Generator 2 are shown in purple (brown).

d) Switching events based on synchronous but 35 % reduced pulses by Pulse Generator 2 compared
to Pulse Generator 1. The results for positive (negative) pulses by Pulse Generator 1 and negative

(positive) pulses by Pulse Generator 2 are shown in grey (cyan).

Finally, we study the probability for the different second switching paths. As already mentioned,
only the low field switching path has been taken into account in the previous analysis since the high field
switching path only occurs for high amplitude current pulses. To shine light on this, multiple repeat
measurements with pulse amplitudes of 7.6-10'* A /m? for Pulse Generator 1 and 5.6-10'* A /m? for
Pulse Generator 2 have been performed. In these measurements, the polarities of the Pulse Generators
and the number of used Pulse Generators is varied. We mention here again, that only two different
switching paths for the second, large jump of the signal are observed for both external field sweep
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directions.

In Table 3.1, the probability for the occurrence of the low field switching path for negative external
fields is named “Neg. Low Field Probability”. The probability of the low field switching path for
positive external fields is named “Pos. Low Field Probability”. P is the pulse polarity with the plus-
sign indicating positive pulses and the minus-sign indicating negative pulses. The first symbol is the
polarity of the first Pulse Generator and the second symbol the polarity of the second Pulse Generator,
while 0 means no pulses from the particular Pulse Generator. From these measurements, we are able
to draw an important conclusion:

By the application of synchronous pulses, the probability of the low field switching path (for both
external field directions) can be strongly suppressed, which demonstrates that the low field switching
path cannot be caused by only thermal activation. If this was the case, we would expect that by
synchronous pulses and the resulting large total current density, the low field switching path would be
supported and not suppressed. Our work demonstrates that the switching behaviour depends crucially
on the process parameters and can be directly manipulated. The main findings of our study concerning
the different probabilities for the different Pulse Generator combinations are shown in a histogram in
Figure 3.21.

P | Neg. Low Field Probability [%] | Pos. Low Field Probability [%]| | # Measurements
+/0 71 80 21
—/0 61 71 21
0/+ 61 39 13
0/— 66 50 6
+/— 0 8 24
_/_|_ 0 0 22

Tab. 3.1. Probability of the low field switching path for different current polarities combinations of the two
Pulse Generators. In all measurements where Pulse Generator 1 has been active, the applied cur-
rent density is 7.6-10*' A/m?, while if Pulse Generator 2 has been used, the current density is
5.6-1011 A/m?2. The first two rows show the results when only Pulse Generator 1 is used, the two
rows in the middle present the results when only the second Pulse Generator is used and the last
two rows indicate the results for synchronous pulses from both Pulse Generators. P is the polarity
of the given Pulse Generator, with the +-sign indicating positive and the —-sign indicating negative
pulses. “Neg. Low Field Probability” indicates the probability for the low field switching path for
negative field sweeps, while “Pos. Low Field Probability” is the probability for the low field switching
path for positive field sweeps. Since for both field sweep directions, only two switching paths occur,
the probability for the certain high field switching path can directly be read out of the table.
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Fig. 3.21. Histogram of the different probabilities for the low field switching paths for the different current
polarities of the given Pulse Generators. The polarities of the certain Pulse for the certain mea-
surements is labelled in the bars, while the N and P stands for the negative and positive external
field sweep direction. We find a strong reduction of the probability for the low field switching path
down to 8 % for positive pulses by Pulse Generator 1 and negative by Pulse Generator 2 and do not
observe this path for the opposite polarity. Since for both field sweep directions only two switching
paths occur, the probability for the certain high field switching path can directly be read out of the
histogram.

3.6. Summary Of The Spin Current Assisted Switching Measurements

In summary we have studied the spin current assisted switching of a ferromagnetic Py disc as a function
of the charge current amplitude and polarity for different external field angles. Different switching
paths for different field angles have been observed, indicating a dominant influence of inhomogeneities,
which affect the details of the switching and lead to deviations from the nominally isotropic behaviour
for a perfectly symmetric disc. For some field angles, direct mono-domain state to mono-domain
state transitions are found while for other field angles, switching paths with the vortex state as an
intermediate state are present. The chirality of the vortex state can hereby by identified by the size of
the occurring jumps of the non-local signal. The disc has been characterised for a range of field angles
in order to determine suitable configurations to study the influence of the spin transfer torque on the
device. The indirect mono-domain to mono-domain switching of the disc via an intermediate vortex
state has been studied for a field sweep angle of 171/351°. For this field angle additional first order
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reversal curve have been performed in order to demonstrate the stability of the four different magnetic
states occurring during the reversal at zero external field. The first order reversal curves also have
demonstrated that the nucleation point of the two vortex states can be determined by a comparison
of the non-local signal directly after the nucleation and at zero field where the vortex is expected to
be in the centre of the disc.

For the current polarity and amplitude dependent measurements, although Joule heating dominates,
we nevertheless observe a statistically significant effect of the spin transfer torque in those measurements
with synchronous application of current pulses in both injectors, which is a particular possibility with
our optimized geometry. A further improvement of the device would be even a smaller contact area,
leading to an even more homogeneous magnetization below contact when the vortex state is present.
Additionally it would be useful to cause the nucleation, maybe be an artificial defect, beneath the
contact in order to increase the effect of the spin transfer torque due to the short spin diffusion length.
By doing so, it could even be possible to measure the spin transfer torque efficiency as a function of
the effective spin current angle, given by the ratio of the two spin currents, and the magnetization
orientation of the disc beneath the contact.



Chapter IV

Comparison of Spin Hall And Electric
Spin Signals

We present in this chapter the temperature dependence of the spin current generated by two different
spin current generation (and detection) methods. As the first method, we exploit the conventional
electric spin current injection and detection based on two parallel ferromagnetic wires bridged by a
nonmagnetic Cu conduit. As the second method, we either generate spin currents by the spin Hall
effect and detect them by conventional non-local detection or we generate spin currents by conventional
spin current injection and detect them by the inverse spin Hall effect.

Our multi-terminal Py-Pt-Cu lateral spin valve are based on an optimized kinked geometry where
the Pt stripe and the Py wires are fabricated perpendicularly to each other. This new geometry allows
us to link the detected signals with the magnetization orientation of the probed Py wires. In order to
compare the different signals, the conventional non-local signal and the (inverse) spin Hall effect signal
are studied in one single device.

We find differences in the temperature dependences of these two detection methods, which reveals
their importance for the temperature dependence of the signals which is therefore not only governed
by the spin transport and spin injection as previously claimed. We determine a different sensitivity of
the observed effects on the Py/Cu and Pt/Cu interfaces, which highlights the importance of the exact
current path in the device for the understanding of the device operation.

The EBL patterning of the samples in the chapter has been performed by myself as well as the
growth of the Py wires and the Cu bridge and the optimization of the in-situ etching prior to the Cu
deposition. The Pt deposition has been done by colleagues via sputter deposition. The data analysis
has been done by myself.

Prof. Kldui had the original idea of the study and he proposed the geometry. He additional gave
valuable input in order to understand the results.

Dr. Reeve gave a lot of valuable input and helped in great measure to understand the results and write
the publication [212].
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4.1. Motivation

As explained in the theory part of this thesis, the lateral spin valve geometry allows one to easily
generate pure spin currents based on electric spin injection with reduced Joule heating and Oersted
fields at the position of the manipulated magnetic state [11, |- In the most simple geometry, these
devices consist of two ferromagnetic (FM) electrodes which are spatially separated but are connected
via a nonmagnetic bridge (NM). By the application of a spin polarized charge current from the first
ferromagnetic electrode, the injector, through the FM;/NM interface, a spin current is generated at
this interface which diffuses in all directions including towards the second ferromagnetic electrode. At
the NM/FM,; interface, the spin current is absorbed and applies a spin transfer torque which can be
exploited in order to switch the magnetic state of the detector [12—15].

A second intensively used approach to generate pure spin currents in a lateral spin valve geometry
is the spin Hall effect (SHE) which arises in heavy metals (HM) with large spin orbit coupling. If a
charge current flows through a SHE material, a spin current is generated perpendicular to this charge
current. While in materials such as Pt [103, 104] and W [8] intrinsic contributions to the SHE usually
dominate, extrinsic effects are crucial to explain the SHE in heavy metal alloys such as CuBi [100, I,
Culr [108] or AuTa [109]. The reciprocal effect, the inverse spin Hall effect, converts a spin current
back into a measurable charge current.

As explained in detail in the theory of this thesis, the microscopic reason for the (conventional)
non-local signal is the non-equilibrium of the chemical potential of the NM at the FM;/NM interface.
If a spin accumulation persists at the NM/FMs interface after the spin current transport in the NM,
the chemical potential of FMy needs to be aligned at this interface due to continuity relations. The
associated shift in the chemical potential of the NM can be detected as a non-local voltage Vnr..

This is very different for the inverse spin Hall effect. Here, once the spin current enters the SHE
material, it gets absorbed and a charge current is generated which means properties such as the
electric conductivity of the NM spin conduit and the HM are crucial [107] since a large part of the
generated charge current in the HM can be shunted by the NM. The aim of our study has been
to understand if these very different injection and detection methods affect the device behaviour for
varying temperatures.

The temperature dependence of the (conventional) non-local signal has been intensively studied in
lateral spin valves [115, , |. When the temperature is reduced from room temperature, it is
observed that within a certain temperature range, the detected non-local signal increases. This result
can be well explained by the Elliot-Yafet mechanism [241, |, which connects the reduction of the
resistivity of the NM with an increase of the spin diffusion length. However, for very low temperatures
(typically around 30-80 K) a non-monotonic behaviour of the non-local signal is sometimes seen with an
explicit maximum of the signal and a downturn of the signal for a further decrease of the temperature.
Many different explanations have been put forward to explain this non-monotonic behaviour, e.g.
increased surface scattering [213] and magnetic impurity scattering as a manifestation of the Kondo
effect both at the interface [118] and in the bulk of the device [246]. All these explanations are focused
to explain the temperature behaviour on spin transport effects within the NM conduit and do not
consider effects concerning the spin current injection or detection.

In a previous work, we compared electrically generated and thermally generated spin signals and
we found significant differences in the temperature behaviour of the two signals [247]. Since in these
two approaches the spin current injection mechanism is different, while the spin transport and spin
current detection are the same, all appearing differences can be connected to the spin current injection
mechanism.

Next to these two approaches, the spin Hall effect is very promising in order to study pure spin
currents in lateral spin valves. Either a spin current is generated by the spin Hall effect and conventional
non-local detection is exploited to detect it or a spin current is generated via conventional spin injection
and detected via the inverse spin Hall effect [248; 219].

These two ingredients are the motivation for this study. From [217] we know that not only spin
transport but additional spin current injection needs to be taken into account to explain the temper-
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ature dependence. From the reciprocity between spin Hall and inverse spin Hall effect [248, |, we
know that if differences would be found in the temperature behaviour for the spin current generation
by the spin Hall effect, there should also be differences in the spin current detection by the inverse
spin Hall effect. The best method to determine such differences is to measure both the conventional
non-local signal and the (inverse) spin Hall effect in one single device, at varying temperatures.

4.2. Temperature Dependent Van Der Pauw Measurements

Before we show the results of the Pt-Py-Cu and later the CoFe-Cu spin valves, we show the resistivities
of the used materials as a function of temperature in Figure 4.1. For all curves, a thin film of the
material has been grown on a natural oxidized Si substrate and a Van der Pauw measurement [251]
has been performed during the warm-up of the cryostat. We find for all metals the expected curve
with a decrease of the resistivity with deceasing temperature and a saturation of the resistivity for low

temperatures.
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Fig. 4.1. Measured resistivities of different materials as a function of temperature which have been used to
fabricate the studied lateral spin valves. All measured thin films have been grown on natural oxidized
Si substrates while the lateral spin valve samples have been fabricated on sapphire substrates.
a) Resistivity curve of a 16 nm thick Pt thin film grown by sputter deposition.
Resistivity curve of a 31 nm thick Py thin film grown by UHV thermal evaporation.

b)
c¢) Resistivity curve of a 85 nm thick Cu thin film grown by UHV thermal evaporation.
d) Resistivity curve of a 27 nm thick CoFe thin film grown by UHV thermal evaporation.

The parameters to fabricate the samples in this chapter are as follows:

Pt stripe: The Pt stripe has been patterned using a single PMMA layer with 200 nm thickness. The used
EHT for the EBL is 30kV. The deposition has been done by magnetron sputtering without any
rotations of the substrate during the deposition.
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Py wires: The Py wires have been patterned using a single PMMA layer with 200 nm thickness. The used
EHT for the EBL is 10kV. The deposition has been done by UHV thermal evaporation without
any rotations of the substrate during the deposition.

Cu bridge: The Cu bridge has been patterned using a double MMA-PMMA layer with 450 nm total thickness.
The used EHT for the EBL is 10kV. The deposition has been done by UHV thermal evaporation
without any rotations of the substrate during the deposition.

More details concerning the sample fabrication such as the EBL patterning and the deposition condi-
tions including the in-situ etching prior to the Cu deposition can be found in Appendix A.1.

4.3. Sample Fabrication

Lateral spin valve samples with a kinked geometry as shown in Figure 4.2 have been fabricated on
a sapphire substrate by electron beam lithography (EBL) and lift-off-processes. In the first step, a
100 nm wide and 10 um long wire has been patterned together with alignment markers and 12nm of
Pt has been deposited by magnetron sputtering (blue stripe, contact 2 and contact 3). In the second
step, two 15 um long and 100 nm and 150 nm wide wires have been patterned perpendicularly to the
Pt wire and 35nm of Py (81 % Ni and 19% Fe) has been deposited by UHV thermal evaporation.
The different widths have been chosen to assure that the two Py wires have different switching fields,
with the left Py wire (green wire, contact 4 and contact 5) 100nm in width and the right Py wire
(green wire, contact 6 and contact 7) 150 nm in width. In the last step, in-situ argon milling is used
to clean the Pt and the two Py surfaces before the 100 nm wide and 150 nm thick Cu bridge (orange
wire, contact 1 and contact 8) is deposited, together with electric contacts.

Fig. 4.2. Scanning electron microscope image of a fabricated lateral spin valve which allows the study of the
(inverse) spin Hall effect and the conventional non-local signal in one single device. The sample
consists of one 12nm thick and 100nm wide Pt stripe which is drawn in blue, two Py wires which
are 100 and 150 nm wide and 35nm thick (drawn in green) and one 100 nm wide and 150nm thick
Cu bridge, which is drawn in orange.

4. 4. Results

4.4.1. Field dependence of the iSHE signal

To measure the inverse spin Hall effect signal at 4.2 K, the probe configuration as shown in Figure 4.3
has been used. An alternating current of 1.4mA amplitude and 2221 Hz frequency is generated by
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an applied alternating voltage of 7V and a used pre-resistor of 5000 €2 before the sample. Since the
resistances of our nanostructures (several hundred ) are small compared to the pre-resistor we assume
the same current for all measurements and all (small) variations of the sample resistance with varying
temperature are neglected. The alternating current is applied between the top end of the left Py wire
(contact 4) and the right end of the Cu bridge (contact 8). The inverse spin Hall voltage Vigyg is
measured simultaneously with two Lock-In Amplifiers between the top end of the Pt stripe (contact
2) and the left end of the Cu bridge (contact 1) and completely between the two ends of the Pt stripe
(contact 2 and contact 3). The inverse spin Hall effect resistance Rispyp is defined by dividing the
measured voltage by the applied current. For a better comparison of the plots, all hysteresis curves are
shifted to 0 m{2 for the high spin signal state. The error bars for the different temperature dependent
curves are calculated as A¢or = 1/(Aap)?2) + (Ap)? with Aapp as the standard derivation of the signals
for high and low spin signal states.

In order to measure Visgg, an external magnetic field Bext is swept parallel to the easy axes of the
Py wire, as shown in Figure 4.3. Since the generated charge current due to the inverse spin Hall effect

is given by
Jisur X Js X 0 (4-1)

the polarity of the generated charge current Jigyg changes sign by changing the orientation of the
absorbed spin current Js in the Pt. By sweeping the external magnetic field Beyt, the magnetization
orientation of the Py injector changes which results in a change of the pure spin current orientation
in the Cu bridge. As a result, the iSHE signal consists of two states which can be directly linked to
the magnetization orientation of the left Py wire, which is drawn as a green arrow above the plot in
Figure 4.3. The field is swept from 0mT to 150mT and back to 0mT without any changes of the
measured signal. For this state, the Py wire is magnetized parallel to positive external fields and we
shift this state to 0m$2 and name it the high spin signal state. However, at a field of —50mT a large
jump of the signal is found since the magnetization of the Py wire switches to align with the negative
field and we name this state (—0.08 m§2 for the blue curve and —0.06 m2 for the red curve) the low
spin signal state. This state is stable for all negative fields and also at 0mT. By the application of
a positive field of +100mT, the magnetization of the wire switches again and we find the high spin
signal state again.

In previous publications, the HM and the FM wires were often all patterned parallel and for such a
geometry, a field perpendicular to the easy axes of the FM was swept in order to generate the maximum
(inverse) spin Hall effect signal. One major advantage of our kinked geometry is that the maximum
signal is generated for a field parallel to the easy axes, which enables exact control of the magnetization
of the Py wires. Furthermore, much lower fields are required to generate the signal and both spin states
are (meta)-stable at remanence, which simplifies the interpretation of the results.

While the blue curve, measured between both ends of the Pt stripe (contact 2 and contact 3), is
the standard method to measure the iSHE, the red curve, measured between contact 1 and contact 2,
provides valuable information concerning the Cu/Pt interface. The signal shown in red is caused by
(partial) shunting of the generated charge current in the Pt by the very thick and highly conductive Cu.
This phenomenon has been previously accounted for theoretically by the implantation of a shunting
factor x in the 1D-diffusion model [252] or is automatically taken into account using 3D modelling [104,

|. Our work demonstrates this shunting experimentally.

We additionally note that the signal measured between contact 1 and contact 3 is 0.02m{2 which
means that the signal shown in blue is the sum of both signals. Additionally, we conclude that the
Pt/Cu interface is not perfectly homogeneous (otherwise both signals probing half the interface would
be the same). This inhomogeneity can be caused, for example, by an angle between the sample
normal and the Pt source and a consequent inhomogeneous growth. It can also be caused due to an
inhomogeneous in-situ argon etching before the Cu bridge is deposited. A third reason could be an
angle between the sample normal and the Cu source during the deposition. However, it turns out that
the inhomogeneous Cu/Pt interface will play an important role, since the inverse spin Hall effect is
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very sensitive to all sources of electrical conductivity inhomogeneities, varying the exact charge current
path across the interface.

-150 -100 -50

Fig. 4.3. Inverse spin Hall effect signal measured at 4.2K as a function of the applied external field. An
alternating current is applied between the top part of the left Py wire (contact 4) and the right end
of the Cu bridge (contact 8). The inverse spin Hall effect signal is measured either between the two
ends of the Pt stripe (contact 2 and contact 3) or between the top end of the Pt stripe (contact 2)
and the left end of Cu bridge (contact 1). A signal of 0.08 m$2 is found when measuring between the
two ends of the Pt stripe (blue curve) while a signal of 0.06 m is found when measuring between
the top end of the Pt stripe and the Cu bridge.

To measure the conventional non-local signal, the same current with the same frequency as for the
inverse spin Hall effect has been applied between the top end of the left Py wire (contact 4) and the
left end of the Cu bridge (contact 1). The non-local voltage is measured simultaneously either between
the top end (contact 6) or the bottom end (contact 7) of the right Py wire and the right end of the Cu
bridge (contact 8). The external field is swept as for the inverse spin Hall effect signal parallel to easy
axes of the Py wires.

In this measurement, first a negative external field is swept from 0mT to —150 mT and back to 0mT
without any changes of the non-local signal. This means that in this measurement, the magnetization
of both wires is aligned parallel to the negative external field as drawn as green arrows above the left
part of the plot. This state is shifted to 0 m{2 and is the high spin signal state. By the application of
+50mT we find an abrupt jump in the signal of —2.0 m{) which indicates the antiparallel spin state.
Since the right Py wire is wider than the left Py wire, it switches for lower fields which can also be
seen by a comparison of the inverse spin Hall effect and the non-local signal. We therefore can draw
the right green arrow, indicating the magnetization of the right Py wire, pointing along positive fields
while the left green arrow is still aligned parallel to negative fields.

By the increase of the external field to +100mT we find a second abrupt jump and the high spin
signal state is measured again. We now draw both green arrows, representing the magnetizations of the
Py wires being aligned with the positive external field. We mention here that the jump at a positive
field of +100mT is the same as for the iSHE signal which means that each wire can be identified by
its switching field. Furthermore we note that both determined non-local signals are the same and no
dependence on the probe configuration is found.

The differences in the two observed signals reflect the differences in the underlying detection mech-
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anisms. The non-local signal probes the shift in the chemical potential at the Cu/FMy interface.
Furthermore, the signal is independent of the probe configuration. For the inverse spin Hall effect, an
electric charge current is generated in the Pt stripe due to spin dependent scattering and this charge
current can be (partly) shunted by the Cu bridge. The measured signal is much smaller due to this
shunting and crucially depends on the current path through this interface. Therefore the signal is
highly sensitive to the properties of the detector element and the employed detection method.
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Fig. 4.4. Conventional non-local signal as a function of the applied external field at 4.2 K, with the magnetiza-
tion orientation of the two Py wires drawn as green arrows above the plot. An alternating current is
applied between the top end of the left Py wire (contact 4) and the left end of the Cu bridge (contact
1). The two non-local signals are measured simultaneously either between the top end (contact 6,
orange curve) or the bottom end (contact 7, purple curve) of the right Py wire and the right end
of the Cu bridge (contact 8). In this measurement scheme, the measured signal is 2.0m for both
possible probe configurations.

In order to study the reciprocity between the SHE and the iSHE, current injection and voltage detection
are reversed, as shown in Figure 4.5. The charge current is either applied completely through the Pt
stripe (brown curve in Figure 4.5) or between the top end of the Pt stripe and the Cu bridge (green
curve in Figure 4.5). The flowing charge current in the Pt stripe leads to a spin current in the Pt which
is perpendicular to the charge current. This spin current enters the Cu bridge with its orientation either
parallel or antiparallel to the magnetization of the left Py wire, acting as detector. Analogous to the
conventional non-local signal, a high spin signal is found for a parallel alignment between spin current
and detector magnetization, while for an antiparallel alignment a low spin signal is found. As also seen
in previous publications, we find a high noise level when the current flows completely through the Pt
stripe, which makes a proper determination of the SHE signal in the whole temperature range very
difficult [119]. However, it can be seen that the second probe configuration with the current flowing
partly in the Pt stripe yields a comparable signal (0.08 m$2 for the brown and 0.06 m$2 for the green
curve) with much less noise, which allows to measure the SHE signal in the whole temperature range
from 4.2 K to 200 K. We find for the SHE and the iSHE based signals the same temperature behaviour
in the whole temperature range, as expected from Onsager reciprocity [250]. The results are shown in
Figure 4.6.
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Fig. 4.5. Hysteresis curves based on the spin Hall effect at 4.2 K. A charge current is applied either completely
through the Pt stripe (brown curve) or between the top end of the Pt stripe and the left end of the
Cu bridge (green curve). The signal is measured between the top end of the left Py wire and the right
end of the Cu bridge. The signal generated by the current flowing completely through the Pt stripe
is 0.08+ m$2. The signal generated by the current partly flowing through the Pt stripe is 0.06+ m¢2,
yet with much lower noise compared to the first signal.
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Fig. 4.6. Normalized SHE (green curve) and iSHE (red curve) based spin signal. As expected from Onsager
reciprocity, we find within the error bars the same temperature dependence for both curves in the
whole temperature range between 4.2 K and 200 K.
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4.5. Temperature Dependence Of Signals For Different Detection
Methods

The main part of this work is to compare the temperature dependence of the normalized conventional
non-local signal and the normalized iSHE signal. As plotted in Figure 4.7, we find in the very low
temperature range between 4.2 K and 30K in both cases a constant signal. In the temperature range
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between 60K and 200K we find a linear decrease of the signals with decreasing temperature and
observe for both curves the same slope. However, in the intermediate temperature range between 30 K
and 60 K, the two signals differ with an evident shift of the onset of the reduction for the iSHE signal.

As previously mentioned, the temperature dependence of the conventional non-local signal [117,

) ) | and the iSHE signal [104, ) | has been intensively studied. For the non-local
signal, similar curves to the one shown were found, where the signal behaviour in the high temperature
behaviour between 60 K and room temperature is usually explained by the Elliot-Yafet theory [244,

|. In this model, the decrease of the resistivity of the NM with decreasing temperature leads to
a reduction of spin scattering in the NM during the spin transport. This leads to an increase of
the spin diffusion length of the NM, increasing the number of spins reaching the NM /FMj interface.
As a result, the measured signal is increased. However, many different explanations have been put
forward to explain the low temperature regime, e.g. increased surface scattering [243] and the Kondo
effect [118].

Strikingly, most of the previous explanation are based on the spin current transport in the FM and
do not consider possible influences of the spin current injection and detection. While we could show in
our previous work that also the spin current injection needs to be taken into account, the present work
clearly demonstrates that there is an additional contribution of the spin current detection mechanism.

A number of different factors need to be considered when describing the influence of temperature on
the signals. For both signals, the general trend can be explained by the temperature evolution of the
spin diffusion length in the conduit. The exact values depend crucially on the purity and growth of the
material. For Cu typically an increase of the spin diffusion length of nearly 100 % from around 500 nm
at room temperature to 900 nm at 4.2 K is observed |11, , |- This behaviour is also reflected in
our measurements and explains the large signal increase with decreasing temperature.

However, since the same Cu conduit has been used for both signals, such transport explanations can
not explain the differences in the temperature behaviour we observe. Another possible contribution to
the signal is thermal spin currents, which can arise due to the spin dependent Seebeck effect or spin
Seebeck effect. For our samples, the main heating is expect to arise at the injection Py/Cu interface,
which is the same for both measurements. In order to quantify such possible contributions, we tried
to measure the thermal spin current in the second harmonic probe as explained in [247]. However, no
signal within the noise level could be detected, which can be attributed to low heating from the low
resistive interfaces. These findings confirm that thermal spin currents as possible contributions are
negligible in this work.
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Fig. 4.7. Temperature dependence of the normalized inverse spin Hall effect signal (blue curve) and conven-
tional non-local signal (orange curve). For these measurements, the spin current injection mechanism
is the same while the spin current detection mechanisms are different. Differences in the temperature

dependence are observed, which reveal a contribution of the detection mechanism in addition to the
usually considered spin transport effects.

4.6. Analysis And Discussion

4.6.1. Possible contributions to the differences in the detection schemes

We now focus on possible contributions which are different for the detection scheme, e.g. a possible
temperature dependent spin polarization Ppy of Py and a possible temperature dependence of the spin
Hall angle 6y of Pt.

Ppy:  Previous studies, including our own work, found that the spin polarization of Py is only weakly
temperature dependent in the probed temperature region [117, 225, 243]. This can be explained
due to the high Curie temperature of Py of 850 K.

Osh: As shown before, we find a change of the resistivity from 61 p2 cm at 300 K to 36 42 cm at 4.2 K
which should lead to a change of the spin Hall angle of around 1% [253, 254].

The expected size of both these effects is not sufficient to explain the observed differences. However,
they could still partly contribute to our results. A third possible contribution could arise from Kondo
magnetic impurity scattering in the vicinity of the interface as a result of interdiffusion [216, 255].
This contribution could suppress the detection of the signal for the Py/Cu interface even up to room
temperature [118] but would not be present for the Pt/Cu interface. However, the size of such signal
suppression would be expected to be strongly temperature dependent in the here studied temperature
range, since the effect only emerges around the Kondo temperature of the system. In our measurements,
we essentially find a constant offset between the two normalized spin signals and we therefore exclude
this explanation as the dominant contribution.
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The effect we expect to be most relevant is the change of the charge current shunting by the Cu. As
mentioned before, a large amount of the generated charge current in the Pt gets shunted by the very
thick and highly conductive Cu. The shunting crucially depends on the changing resistivity ratio of
the two materials. We find a resistivity of 8 u€2 em for Cu at room temperature and a 50 % decrease
to 4 uf) cm at 4.2 K. Hence we expect the shunting to be more relevant for low temperatures since the
reduction in resistivity is for Cu stronger than for Pt, where the resistivity changes from 61 pu{2 cm at
room temperature to 36 2 cm at 4.2 K. The resulting ratio of Cu/Pt resistivity changes by over 15 %,
which is about the order of the size of the effect we find in our measurements.

To gain more information concerning the temperature dependent contributions of the different in-
terfaces, we performed further temperature dependent measurements with varying detection config-
urations, as shown in Figure 4.8. For the case of conventional non-local injection/detection and the
spin Hall effect based signals, where also conventional non-local detection is employed to detect the
signals, no differences in the temperature dependence are found, as can be seen in Figure 4.8a) and
Figure 4.8b), respectively. These results confirm the previous conclusions regarding the robustness of
the conventional non-local detection scheme. This is different for signals which are detected by the
inverse spin Hall effect, since here, depending on whether the whole Pt/Cu interface (blue curve in
Figure 4.8¢)) or just one side of the interface is probed (red curve in Figure 4.8¢)), differences are found.
This result suggests that the differences in the signals we found by the comparison of the signals for
conventional non-local injection/detection and the iSHE (Figure 4.7) can be attributed to effects at
the Pt/Cu interface. We can understand these findings as follows:

The conventional non-local detection is based on a generated voltage arising from chemical potential
differences between the detector and the end of the conduit. In contrast, the iSHE is a generated
current and therefore the signal depends crucially on the exact charge current path in the device and
associated shunting. The temperature dependence of the interface modifies thereby potential current
injection hotspots, which influences the iSHE signal more strongly than the conventional non-local sig-
nal. We therefore conclude that conventional non-local signals are more resilient compared to signals
based on inverse spin Hall effect detection.
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Fig. 4.8. Temperature dependence of the different effects for different injection and detection mechanisms.
a) Temperature dependence of the two normalized spin Hall effect signals measured on either side of
the spin conduit. No differences between the two signals are found.
b) Temperature dependence of the two normalized conventional non-local signals measured on either
side of the spin conduit. As in a), no differences between the two signals are observed.
¢) Temperature dependence of the two normalized iSHE signals with the signal measured either along
the whole length of the Pt stripe (blue curve) or to one side of the Pt stripe (red curve). Here we
observe modest, differences between the two curves in the low temperature regime.

4.7. Summary And Motivation For Further Experiments

In summary, multi-terminal Pt-Py-Cu based lateral spin valves with a special kinked geometry have
been studied. The pioneered geometry allows us to connect the switching of the magnetization of the
Py wires with the (inverse) spin Hall effect signal and the conventional non-local signal in one single
device. All different magnetic are stable at remanence, ruling out possible fields effects and furthermore
making the geometry more suitable for applications.

For the iSHE and the SHE, a signal is found which depends on the probe configuration which we
explain by significant shunting of the charge current in the Cu bridge. The dependence of this signal
on the used probe configuration shows that the device behaviour crucially depends on the different
interfaces. The temperature dependence of all three signals is studied in the temperature range between
42K and 200K. While we find for the iSHE and the SHE the same temperature dependence as
expected from Onsager reciprocity, differences are observed when comparing detection via the iSHE
and conventional non-local detection. These differences clearly demonstrate that for a full description
of the device both spin current injection and detection and not only spin current transport need to be
taken into account.

In the last section of this chapter we show additional unpublished data. We also find quite a
large iISHE signal when the right Py wire instead of the left Py wire is used as injector, as shown in
Figure 4.9. Taking into account the wide separation between the right Py wire and the Pt stripe and
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the fact that the right Py is 50 % wider than the left one, the observed signal implies that no significant
spin absorption occurs at the left Cu/Py interface.

~150 -100 -5

Fig. 4.9. Measured inverse spin Hall effect with the right Py wire acting as injector. In contradiction to
expectations, we find a relatively large signal which can be explained by a lack of spin current
absorption at the left Cu/Py interface.

This surprising result is in clear contradiction to previous measurements where the lateral spin valve
geometry has been used to study spin absorption [104, 106, 107, 154, 252]. In such studies, a lateral
spin valve with two FM wires and one HM/FM wire in between the two FM wires is used, as shown in
Figure 4.10. By the comparison of the measured non-local signal with and without the central absorber
wire, material parameters including the spin diffusion length A, the spin polarization Ppy; and the spin
Hall angle 65 can be determined. In our measurements, we do not find significant spin absorption,
calling for further investigation. Our surprising results based on Pt-Py-Cu spin valves, which allow
the measurement of the conventional non-local signal, the spin absorption signal and the (inverse) spin
Hall signal are shown in the next chapter.
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Fig. 4.10. a) Lateral spin valve geometry to study spin absorption by a HM metal, which is here a transition
metal (TM).
b) Results for the conventional non-local signal (shown in blue) and the spin absorption signal
(shown in red). A reduction of the signal of several hundred % is found by placing a HM/TM wire
between the two FM wires. Reprinted figure 1 with permission from [254]. Copyright (2015) by the
American Physical Society.
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Chapter V

Spin Absorption In Ferromagnetic Metals
And Nonmagnetic Heavy Metals

In this chapter we compare the non-local signal, the spin absorption signal and the (inverse) spin
Hall effect signal in multi terminal Pt-Py-Cu lateral spin valves for samples based on two different
recipes used to pattern the Cu bridge. For the sample based on the first recipe, we find a large
(inverse) spin Hall effect but no significant spin absorption is detected. For the sample fabricated
by the second recipe, strong spin absorption but a relatively low (inverse) spin Hall effect signal is
determined. Furthermore, we observe differences in the temperature dependence which cannot be
attributed to differences in the spin current injection/detection or spin current transport in the Cu
alone but rather are explainable by the Pt/Cu interface contributions. These large differences are not
apparent from conventional imaging and are not reflected in the electrical charge transport properties
of our devices, which are for samples based on the different recipes very similar. Rather, we employ
a special scanning electron microscope technique for buried interface imaging pioneered by Hirohata
et al [250, | revealing important details of the interfaces, which explain the spin transport results.
The work reveals the vital role of the interface quality for spin transport, which in turn is strongly
dependent on the employed fabrication method.

Additional measurements in CoFe-Cu spin valves with varying fabrication methods for both the CoFe
wires and the Cu bridge are performed in order to check the reliability and reproducibility of our results
measured for Pt-Py-Cu lateral spin valves. Also for these measurements, here with a very wide CoFe
absorption wire (a width of approximately 300 nm) we find the counter-intuitive relationship between
conventional non-local signal and spin absorption, i.e. the higher the conventional non-local signal is,
the lower the determined spin absorption is and vice versa. Also in these samples, the electric charge
transport properties across the interfaces are very similar and cannot explain the large differences in
the spin transport signals. Again, we rather connect the spin transport results with the fabrication
induced interface quality.

By temperature dependent studies of these samples, we observe the same temperature behaviour for
the conventional non-local and the spin absorption signal for samples with a higher interface quality.
For samples with a lower interface quality, significant differences in the temperature behaviour of the
two curves are determined. This is consistent with the previous results for the Pt-Py-Cu multi terminal
spin valves, demonstrating that the fabrication induced interface quality is a general property of the
recipes. As before, such interfacial spin transport properties are not reflected in either conventional
imaging nor in the electrical charge transport properties of the interfaces.

Prof. Kl&ui, together with myself had the idea about the experiments based on previous counter-
intuitive spin absorption results. He furthermore suggested in particular the focus of this work and to
discuss in detail the role of contributions such as spin memory loss and spin transparency.

Dr. Kelvin Elphick performed the buried interface imaging and the energy-dispersive X-ray spec-
troscopy measurements and determined the different regions of the images of the certain interfaces.
Dr. Reeve gave a lot of valuable input and helped in great measure to understand the results and write
the publication, which is currently (October 2019) under review.
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5.1. Motivation And Introduction

Based on the results shown in Chapter 4, which are only explainable by very low (or even absent) spin
absorption by the left Py wire, additional measurements with an optimized geometry are performed. As
mentioned before, spin absorption in a lateral spin valve geometry is one of the widely used techniques
for the determination of key transport parameters due to its simplicity. Here, all required parameters
to determine the spin Hall angle fsyy (or the spin polarization Ppy in the case of a ferromagnetic
absorber) and the spin diffusion length A\ of the absorber material are directly accessible from the
experiment.

A robust method to determine fgy as the dimensionless parameter describing spin to charge con-
version is of particular interest. Many different methods including spin pumping [258-260], spin Hall
magnetoresistance [261] and spin orbit torque measurements [262] are exploited to determine gy ex-
perimentally. However, even in the case of Pt, the typical spin Hall material, the determined spin Hall
angles differ considerably between 0.01 and 0.20 [103, , |, depending on the particular study
and the technique employed. One major origin of the discrepancies is the varying material parameters
of the different samples, depending on the growth mode and material purity. For instance, Sagasta
et al. demonstrated that depending on the resistivity of Pt, 6gg can be tuned between 0.02 and 0.01
due to varying contributions from intrinsic and extrinsic contributions [104]. Additionally the different
techniques for sy determination are based on different assumptions and therefore their validity and
applicability needs to be checked.

This is in particular valid for the spin absorption method in lateral spin valves since conventional
analysis assumes the spin current to be preserved across the interfaces. Therefore, the influence of
the transparency of the interface [123] and spin memory loss 260, —2041] across the interface are
often not considered. Spin transparency describes the relative transmission of different spin channels
across the interface based on the spin mixing conductance [163]. Spin memory loss describes the partial
depolarization of the spin current caused by spin flip events as the spin current traverses the relevant
interfaces. For a proper description of the spin transport through interfaces and the determination
of the key transport parameters, e.g. fgg and Apgy of the HM, it is required to understand these
contributions to the spin transport signals. Furthermore it is necessary to correlate the amplitude of
the spin signals with the quality of the interfaces, which in turn is governed by the fabrication process.

In this part of the chapter, we investigate the spin absorption method in Pt-Py-Cu multi-terminal
lateral spin valves. Two different types of devices are fabricated for which different processes have
been employed to pattern the nonmagnetic Cu bridge. These two different processes lead to different
interface properties and in particular to fabrication induced inhomogeneities, while the charge transport
properties are very similar. For samples based on both recipes, the conventional non-local signal, the
spin absorption signal and the (inverse) spin Hall effect signal are compared for varying temperatures.
For the sample based on the first recipe, we find a very large (i)SHE signal but no significant spin
absorption. For the sample fabricated by the second recipe, we observe a low (i)SHE signal but large
spin absorption. We discuss these counter-intuitive results in terms of the interface properties of our
devices which are imaged via a special SEM technique for buried interface characterization. Our results
highlight the sensitivity of spin transport to the interface properties that in turn strongly depend on
the fabrication method.

5.2. Sample Fabrication

Lateral spin valve samples with a kinked geometry as shown in Figure 5.1 are fabricated on a sapphire
substrate by electron beam lithography and lift-off techniques. In the first step, a 100 nm wide and 1 ym
long wire is patterned, together with alignment markers and 16 nm of Pt is deposited using magnetron
sputtering (red stripe in Figure 5.1). The Pt stripe has been fabricated with the same fabrication
process as the Pt stripe of the samples presented in Section 4.3. A 200 nm thick single PMMA layer
has been used and the chosen EHT for the EBL is 30kV. In contrast to the Pt stripe fabricated in
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Section 4.3, the Pt has been deposited for these samples with a rotating substrate during the growth.

In the second step, three wires, one 140 nm and two 180 nm in width, are patterned perpendicularly
to the Pt wire and 25 nm of Py is deposited by UHV thermal evaporation, as for the Py wires presented
in Section 4.3 (green wires in Figure 5.1). Here, the used resist is the same as for the samples presented
in Section 4.3, yet with 20kV instead of 10kV EHT for the EBL patterning. The different widths are
chosen to ensure that the Py wires have different switching fields, with the central Py wire 140 nm and
the left and the right Py wires 180 nm in width. After the deposition and the lift-off process of the Py
wires, the substrate has been cut in two 5-10 mm? pieces. For the patterning of the nonmagnetic Cu
bridge, two different recipes have been used.

Recipe 1: 300 nm of PMMA has been used and the EBL has been performed using 20kV EHT.

Recipe 2: The Cu bridge has been patterned the same as for the Cu bridges presented in Section 4.3
with a double MMA-PMMA layer with 450 nm total thickness and 10kV EHT.

For both recipes, the expired dose to achieve high quality low ohmic interfaces has been independently
optimized. The development has been performed for both recipes using one part of Methyl isobutyl
ketone (MIBK) diluted in three parts of IPA for 45 seconds. The Cu growth has been performed as for
the previous samples with the same in-situ etching conditions and the samples have been placed next
to each other with the same orientation with respect to the in-situ argon gun. Either a 170 nm wide or
a 190 nm wide Cu bridge (85 nm thick) has been deposited via UHV thermal evaporation for recipe 1
or 2, respectively, together with electric contacts (orange wire in Figure 5.1). The (slight) widening of
the Cu bridge for recipe 2 is connected to the larger undercut which is caused by the use of the double
layer resist compared to the single layer resist for recipe 1.

Fig. 5.1. Scanning electron microscope image of a fabricated lateral spin valve which allows a study of the
non-local signal, the spin absorption signal and the (inverse) spin Hall effect in one single device.
The samples consist of a 16 nm thick and 100 nm wide Pt stripe which is drawn in red and three Py
wires which are 140 and 180nm wide and 25nm thick (drawn in green). The width of the 85nm
thick Cu bridge, which is drawn in orange, is either 170 nm for samples based on recipe 1 or 190 nm
for samples fabricated by recipe 2.

5.3. Results

To measure the three different signals, i.e. the conventional non-local, the spin absorption and the
(inverse) spin Hall effect signal at a temperature of 4.2K, an alternating current of 1.0mA with a
frequency of 2221 Hz is applied. To generate this current, an alternating voltage of 5V amplitude has
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been applied and a 5000 Q pre-resistor has been used before the sample. Since the nanowires have low
resistances (some hundred 2), we assume the same current for all temperatures. The small variations
of the sample resistance with varying temperature which are on the order of 200 €2 for the central Py
wire and less than 40 Q2 for the left and right Py wire and the Pt stripe are neglected.

For the later studied temperature dependence of the signals for the sample based on recipe 2, a
pre-resistor of 1100 has been used in order to apply higher currents. However, since the probe
configuration has been changed, the left and right Py wire as well as the Pt wire act as injector
electrodes which have resistances below 120 at room temperature and less than 80 at 4.2 K. We
therefore assume also for these measurements the same current for all measurements.

As shown in the insets of Figure 5.2, to measure the conventional non-local signal for the sample
fabricated by recipe 1 (2), the current is applied between contact 6 (7) as the top (bottom) part of
the central Py wire and contact 1 as the left end of the Cu bridge. The non-local voltage is measured
between contact 9 (10) as the bottom (top) end of the right Py wire and contact 10 as the right end
of the Cu bridge. To measure the spin absorption signal, we apply the current between contact 6 (7)
and contact 10 and the non-local voltage is measured between contact 3 (2) as the bottom (top) part
of the left Py wire and contact 1.

To generate both the conventional non-local and the spin absorption signal, an external field is swept
between —100mT and +100mT parallel to the easy axes of the Py wires, as indicated in Figure 5.1. For
an antiparallel magnetization alignment of the two probed Py wires, we find a low spin signal while for
a parallel alignment we observe a large spin signal. The magnetization orientations of the different Py
wires are drawn as green arrows above the plots in Figure 5.2. As for the previous measurements, the
non-local resistance Ry, is defined as the measured non-local voltage, divided by the applied current.
The (inverse) spin Hall effect resistance R(jspr is defined as the measured (i)SHE voltage, divided
by the applied current. All hysteresis curves are shifted to 0m(Q signal for a parallel magnetization
alignment which allows a better comparison of the different plots. The error bars for the different
temperature dependent curves are calculated as Aot = v/(Aap)? + (Ap)? with Appp as the standard
derivation of the signals for positive and negative spin states, just as for the previous measurements.
The reduction of the spin signals via spin absorption is calculated as (1-(Raps/Rn1))-

Firstly, we compare the two conventional non-local signals for the samples based on the two different
recipes, as shown in Figure 5.2a). We observe a signal of 1.10+0.01 m2 for the sample based on recipe
1 (red curve) and a signal of 0.34£0.01m$ (blue curve) for the sample fabricated by recipe 2. We
find that samples fabricated by recipe 1 consistently yield a factor of 3 higher spin signals compared
to samples based on recipe 2. Since the electric interface resistances are very similar for samples
based on the two recipes (in the mQ-range), the differences in the signals cannot be explained by
different charge transport interface resistances. Additionally we emphasize that for all measurements
the different possible injector/detectors permutations have been checked, with at most 25 % variations
of the different signals for the different configurations within one device. In this chapter, the highest
measured spin signals are shown, which accounts for the different indicated probe configurations for
the different recipes.

Next we compare the spin absorption signals for the samples based on the two recipes, as shown
in Figure 5.2b). Here even larger differences for samples based on the two recipes are observed. For
the sample based on recipe 1, the spin absorption signal is 0.90£0.01 m€ (green curve) and thus
about 20 % smaller than the conventional non-local signal. Hence within our variations of 25% for
the injector/detector configurations, we do not determine significant spin absorption at the Pt/Cu
interface for the samples fabricated by recipe 1.

For the sample fabricated by recipe 2, however, we observe a spin absorption signal of 0.08+£0.01 mf2
(orange curve), resulting in a reduction of 76+3 % of the non-local signal from the case without the
intermediate Pt electrode and therefore a large spin absorption. The determined results for the sample
based on recipe 2 with a reduction of the signal of 76 % for Pt as an absorber material with large
spin orbit coupling agree well with findings in the literature, where the absorption of various spin Hall
effect materials including Pt [104, 154], CuBi [107] and AuTa [109] has been studied in lateral spin
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valves. However the lack of differences in the two signals for the samples based on recipe 1, despite
the very high non-local signal for an electrode separation of 1.1 um is unexpected and calls for further
investigation. In order to get further insight into the differences we compare in the next subsection
the spin absorption signals to the (inverse) spin Hall effect signals in the heavy metals.
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Fig. 5.2. Conventional non-local signal and spin absorption signal as a function of applied external field at
4.2K and the used probe configuration for the samples based on the different recipes. To generate
both signals the external field is swept along the easy axes of the Py wires and the magnetization
orientations of the probed wires are drawn as green arrows above the plots.

a) Conventional non-local signal. For the sample based on recipe 1, a signal of 1.10£0.01 m{2 is found
(red curve), while for the sample fabricated by recipe 2 a signal of 0.344+0.01 mf2 is determined (blue
curve).

b) Spin absorption signal. For the sample based on recipe 1, we find a signal of 0.90+£0.01 m2 (green
curve) while for the signal fabricated by recipe 2, a signal of 0.084+0.01 mS2 is found (orange curve).

As in Chapter 4, the inverse spin Hall effect signal is measured by applying the same current with the
same frequency as for the conventional non-local signal and the spin absorption signal in the central
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Py wire. Since the generated charge current in the Pt stripe Jispg is given as
Jisug X Js X 0 (5'1)

Jisur changes its polarisation by an reversal of the spin current orientation Js;. By sweeping the
external field Hgy the magnetization orientation and therefore the spin current orientation of the
injector reverses and we observe two levels in the iSHE signal. The results for the measurements at
4.2K are shown in Figure 5.3 for the sample based on recipe 1 in brown and for the sample based
on recipe 2 in purple. The magnetization orientation of the central Py wire is indicated with a green
arrow above the plot. We find for the sample fabricated by recipe 1 an inverse spin Hall effect signal of
0.40+0.01 mQ and for the sample based on recipe 2 an inverse spin Hall effect signal of 0.0840.01 m{).
It is emphasized that the size of the signal for the sample based on recipe 2 is the same as observed in
Chapter 4 where also recipe 2 has been used for the fabrication of the Cu bridge, demonstrating the
reproducibility of the measurements.

However, the difference of the iSHE signals in relation to the difference of the spin absorption signals
is at first sight counter-intuitive:

One would expect that a large reduction of the spin signal by absorption into the Pt stripe should
be connected with a large inverse spin Hall effect signal in the Pt, if both signals are based on the same
spin current. From these measurements, we conclude that the size of the so-called spin absorption
signal is not only related to the intrinsic properties of the Pt stripe. Rather the Pt/Cu interfaces
are of key importance. As a result, additional contributions, which reduce the spin current without
contributing to the inverse spin Hall effect, such as interface spin memory loss, need to be taken into
account [260, 262-26].

RiSHEy(mQ),RiSHEz(mQ) B(mT
2100 —50 Twéo 00 B(MT)
-0.2

0. b
203 | Gl

Fig. 5.3. Measured iSHE signals for the samples based on the different recipes at 4.2K by sweeping the
external field along the easy axis of the central Py wire. For the sample based on recipe 1, a signal of
0.440.01 m© is found (brown curve) while for the sample based on recipe 2, a signal of 0.08+0.01 m{2
is determined (purple curve).

To study the impact of contributions which reduce the spin current without contributing to the
(1)SHE, we probe the normalized temperature dependence of the spin Hall effect signal for the samples
based on the two recipes, as shown in Figure 5.4a). As mentioned before, the spin Hall effect has been
used since the Pt stripe has a very low resistance and therefore a pre-resistor with lower resistance
could be used in order to apply higher currents. Due to Onsager reciprocity, which has been explicitly
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checked again for the sample based on recipe 1 (Figure 5.4c)), varying the probe configuration does
not change the signal.

We find for temperatures between 50 K and 200 K a stronger decrease of the normalized spin Hall
effect signal measured for the sample based on recipe 1 compared to recipe 2. These differences
can be explained by a strong temperature independent reduction of the spin current, which partially
supersedes and thus masks the temperature dependent contribution. As a result, the decrease of the
spin diffusion length in the Cu bridge with increasing temperature as expected from Elliot-Yafet theory,
as explained in Section 4.5, is less dominant for the sample fabricated by recipe 2 compared to the
sample fabricated by recipe 1. If the two Pt/Cu interfaces for the samples based on the two recipes
are indeed significantly different (despite the very similar electric interface resistances) it is expected
that these differences should also affect the temperature behaviour of both the conventional non-local
and the spin absorption signal for samples based on the different recipes. This will be checked in the
next subsection.
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Fig. 5.4. (Inverse) spin Hall effect signals for varying temperatures for the samples based on the two different
recipes.
a) Normalized spin Hall effect signal as a function of temperature for the sample based on recipe 1
(brown curve) and recipe 2 (purple curve). We find for the sample based on recipe 1 a much stronger
decrease of the signal with increasing temperature.
b) Probe configuration for the two signals shown in a).
¢) Normalized spin Hall effect (brown curve) and inverse spin Hall effect (black curve) signal as a
function of temperature for the sample fabricated by recipe 1. As expected from Onsager reciprocity,
we find the same temperature behaviour.
d) Probe configuration for the two signals shown in c).
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In this subsection, we compare the temperature dependence of the conventional non-local and the spin
absorption signal for the samples based on the two recipes, as shown in Figure 5.5. As expected from
the measurements at a temperature of 4.2 K, the two signals, measured in the sample based on recipe
1, are equivalent within the error bars (red and green curve). This is different for the signals measured
in the sample fabricated by recipe 2, where we observe a significant stronger reduction of the spin
absorption signal for increasing temperatures.

In previous publications, differences in the temperature behaviour during the spin transport have
been usually attributed to spin transport effects such as increased surface scattering [115, 243] or the
Kondo effect [148]. Since here, the Cu conduit and the Py/Cu interfaces are the same for a given
recipe, all changes between the non-local and the spin absorption signal must be connected to the
additional Pt/Cu interface.

These large differences, combined with the equivalence of the signals for the sample based on recipe
1, support our findings concerning the (inverse) spin Hall effect signals. A significant amount of the
generated spin current in the sample based on recipe 2 is thus lost due to spin flip events at the
interface and does not contribute to the (i)SHE signal. To understand the origin of the different
behaviour one needs to characterize the interfaces. Conventional structural imaging using scanning
electron microscopy techniques do not allow for imaging interfaces. Consequently, a technique for
buried interface imaging by employing a decelerated electron beam has been used to reveal important
details of the relevant interfaces, as explained in detail in [256, |. The analysis of the buried
interfaces is shown in the next subsection.
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Fig. 5.5. Temperature dependence of the normalized conventional non-local and spin absorption signal for the
samples based on the different recipes.
a) Temperature dependence of the conventional non-local signal (red curve) and the spin absorption
signal (green curve) for the sample based on recipe 1. Within the error bars, the two curves are
equivalent.
b) Probe configuration of the two studied signals for the sample based on recipe 1.
c¢) Temperature dependence of the conventional non-local signal (blue curve) and the spin absorption
signal (orange curve) for the sample fabricated by recipe 2. In the temperature range between 50 K
and 200K we find a stronger decrease of the spin absorption signal with increasing temperature.
d) Probe configuration of the two studied signals for the sample fabricated by recipe 2.

In this subsection, images of the buried Pt/Cu and Py/Cu interfaces are shown in Figure 5.6, which
allow for a direct comparison of the size of the obtained spin signals with the interface quality for
samples based on the different recipes. While we did not image the exact same samples used for the
spin transport experiments, samples with nominally identical conditions grown on the same chip have
been imaged. Given the good reproducibility of the transport results for samples fabricated with the
different recipes, the results will be representative.

Individual SEM images have been taken using different acceleration voltages which are selected based
on the results of a “CASINO” electron trajectory simulation [265]. The selected voltages for analysing
the Cu/Py interface are 4.8 keV and 5.1 keV, while for analysing the Cu/Pt interface, voltages of 4.9 keV
and 5.1keV have been used. An upper electron detector has been used in order to maximize the back-
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scattered electron signal, which provides depth information of the sample and material dependent
contrast, as described in Section 2.1.2. The images, taken with different acceleration voltages, have
been compared using a “MATLAB” script. In this manner, the contrast and the alignment of the
images has been re-adjusted and a processed image is generated.

Within this thesis, representative images of the Pt/Cu and the central Py/Cu interfaces are shown,
since the left and right Py/Cu interfaces show analogous results to the central one. As is evident in
Figure 5.6a) and Figure 5.6b), significantly less inhomogeneities are observed for the sample fabricated
by recipe 1 compared to the sample based on recipe 2, which can be quantified via the “effective defect
free interface area” EA. These effective areas, marked by red boxes, can be understood as the area
without significant detectable inhomogeneities, divided by the total area. It is emphasized that the
effective areas should not be mistaken with the contact area of the interfaces, since the non-local signal
scales reciprocally with the contact area [266] which is not the case for the described EA. Rather the EA
corresponds to interface regions where efficient spin transport is expected. Within a clean area, single
defects are marked as green circles. The areas marked in yellow are related to the varying thickness
of the Pt and Py wires, caused by the in-situ milling procedure which decreases the thickness of the
previously exposed parts of the Pt stripe and the Py wires prior to the Cu bridge deposition.

For the sample based on recipe 1 much more homogeneous Pt/Cu and Py/Cu interfaces are observed,
resulting in an effective area of 73% for the Pt/Cu and 70% for the central Py/Cu interface. In
particular for the sample fabricated by recipe 2, we observe a shadow region at the top edge of the
Pt/Cu and the Py/Cu interface which are marked as blue boxes in the plots. This shadow region
is also observed for the left and the right Py/Cu interface. Due to these shadow regions, the EA is
significantly reduced down to 60 % for the Pt/Cu and 50 % for the central Py/Cu interface. As a
result, significantly more spin relaxation at the interfaces may be expected to occur for samples based
on recipe 2. This is consistent with the spin transport results where both a lower (i)SHE signal and
a larger reduction of the non-local signal is found, compared to samples fabricated by recipe 1 which
have better interfaces.

The worse interface quality in general for samples fabricated by recipe 2 compared to samples based
on recipe 1 is further supported by EDX measurements, as shown in Figure 5.6¢). While for samples
fabricated by recipe 1 the EDX results are as expected based on the sample design, we find for samples
based on recipe 2 some additional Cu content at the Py/Cu and the Pt/Cu edges, which is marked
with yellow ellipses in the plot. As a result, recipe 2 leads to Cu content at undesired positions, which
is consistent with the lower quality of the interfaces for samples based on recipe 2.
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Fig. 5.6. a), b) Imaging of buried Pt/Cu and Py/Cu interfaces of samples based on the two different recipes.
Regions marked by the red boxes indicate an effective area with a low amount of defects. Single
defects within the red areas are marked by green circles. We find for samples based on recipe 2
shadow regions (marked by the blue boxes) at the top edge of the Cu/Pt and the Cu/Py interfaces,
reducing significantly the effective defect free interface area EA. The yellow marked areas indicate the
variation of the thickness of the Pt stripe and the Py wires, caused by the in-situ milling procedure.
c¢) Performed EDX measurements for the Cu content of the samples based on the different recipes.
For samples based on recipe 2, additional Cu content at the edges of the Cu wire is found (marked
by the yellow ellipses), consistent with the lower quality of the interfaces of samples based on recipe
2 compared to samples fabricated by recipe 1.
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5.4. Analysis And Discussion

As explained in Section 2.3, double-layer resists are usually employed to ease the lift-off procedure for
thick deposited films. However, the work presented in this chapter clearly demonstrates that the device
performance depends significantly on the used patterning process and deposition conditions since they
lead to different interface qualities. These different interface qualities are neither detectable by charge
transport measurements of the devices nor by conventional SEM imaging. However, these results have
direct consequences for the determination of key transport parameters such as fgy and Agy. This
is evident by the different estimates of both parameters for the different samples. In order to firstly
determine Ay, we use the formula for ARaps/ARNL, which is given by [104]

ARapbs _ ZQPt [S(a) + 2pr6a + 2Ql%‘yea}
RO (LA_cid> +2Qpy - 5(a) - 3&) 4 2Qp, - s(a) + 4QpyQpie® + 2Qpye - s (%) +20Qp, e +4Q%, Qree
(5.2)
with a =: L/Acy, ¢ =: cosh and s =: sinh. We furthermore define
Rp Rp
Qry =5+  Qpi= 5.3
Y RCu ' RCu ( )
with Rpy, Rpy and Rcy, as the spin resistances, defined as
A A A
Rey = CupCu, RPy _ Py PPy . Rp = Pt PPt (5. 4)
weutcu wawCu(1 - PPy) WptWey tanh (tpt )
Pt

PCu,Py,Pt>; ACu,Py,Pt; WCu,Py, Pt and tcy,py are the resistivities, spin diffusion lengths, widths and thick-
nesses of the materials. Ppy is the spin polarisation of Py, Lis the distance between the Py electrodes
while d is the distance between the Py electrode and the Pt stripe. Assuming Acy to be 900nm,
Apy to be 5nm and Ppy to be 0.35 at 4.2K the spin diffusion length of Pt, Apg, is the only free
parameter and thus can be determined for the samples based on two recipes. We determine (assuming
ARabs/ARNL = 0.8) Ap¢1 to be 19nm for the sample based on recipe 1, while for the sample fabricated
by recipe 2 we determine Apg2 to be 3nm. Analogously we use [251]
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in order to determine the spin Hall angle g1 of Pt. In Equation 5.5 I is the effective spin current
contributing to the iSHE in Pt. The spin Hall conductivity ogy is then given as [267]

o511 = TPt (Is> ARisHE (5.6)
zpy \ e
with 2A Rjspr as the observed iSHE signal and xp; the shunting factor which has been described in
Chapter 4. zpy takes into account the shunting of the generated charge current in the Pt by the highly
conductive Cu. The shunting factor xp is assumed to be 0.36 since the present situation is very similar
to the situation described in [252] where the shunting factor has been determined to be 0.36+0.08. By
the determination of ogp, we are able to calculate the spin Hall angle fsp as follows

OSH
Osg = — (5.7)

Opt
and determine Ogg; to be 1.6 % for the sample based on recipe 1 and fsys to be 0.16 % for the sample
fabricated by recipe 2. Hence again depending on the interface quality, there is an order of magnitude
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difference in the determined key transport parameters, similar to the spread seen in the reports from
different groups in the literature [103, ) |-

To explain the strong reduction of the spin absorption signal together with the low (i)SHE signal
measured in the sample based on recipe 2, we consider different possible contributions. One possibility
is that residual resist is present at the interface and the contamination and associated disorder in those
regions (which are marked by the blue boxes) lead to enhanced spin flip scattering, leading to spin
memory loss. Furthermore the structural disorder could modify the bond-modelling and related spin
transparency of the interface.

However, the situation is different for the sample based on recipe 1. For recipe 1, we find that
the interfaces are of significantly higher quality and additionally, no differences in the temperature
behaviour of between the conventional non-local and the spin absorption signal have been seen. These
results reveal strong differences depending on the interface homogeneity. As a result, spin transparency
and spin memory loss must be taken into account to explain the surprising high (i)SHE signal and the
surprising low spin absorption. The results suggest that there is little spin memory loss at the Pt/Cu
interface for the samples based on recipe 1. Consequently, there is no significant reduction of the spin
absorption signal compared to the conventional non-local signal, in contrast to the sample based on
recipe 2. However, it is emphasized that little spin memory loss does not necessarily lead to a large
(1)SHE signal, which additionally crucially depends on the transparency of the interface. As evident,
due to the finite spin diffusion length in Pt, only the spin accumulation that has passed across the
Pt/Cu interface and is not reduced by spin memory loss can be scattered and consequently contribute
to the (i)SHE.

As evident from the strong variation of the effective transport parameters, the spin absorption
method faces challenges due to its strong sensitivity to the different interfaces, which crucially depend
on the fabrication method. As a result, strong variations of the determined spin transport parameters
are possible. Experimental methods which are based on thin films and do not require a multi-step
lift-off process, e.g. spin pumping [258, , |, spin torque ferromagnetic resonance [123] or spin
orbit torque measurements [202] might be more suitable for an accurate spin transport parameter
determination. While also in these measurements contributions such as spin transparency and spin
memory loss need to be considered, possible problems with residual resist and other fabrication related
inhomogeneities at the interfaces are less relevant.

We can furthermore conclude that in addition to the intrinsic properties of Pt (fsy and Apy), which
are relevant to explain the device behaviour, interface contributions such as spin transparency and spin
memory loss play a decisive role. For a proper characterization of the interfaces, both temperature
dependent spin transport and buried interface characterization are necessary, since the subtitle differ-
ences leading to very interface different spin transport properties are not revealed by charge transport
measurements or by conventional imaging. Especially the correlation between the fabrication method
and the resulting interfaces characterized by buried interface imaging and spin transport measurements
provides invaluable insights into the device performance. In particular it reveals the strong sensitivity
of the spin transport properties to the fabrication recipe. In order to maximize the spin signals, in
addition to a careful tailoring of the relevant interfaces, material combinations with minimized spin
memory loss and maximized spin transparency, e.g. by suitable band structure matching [269] are
promising.

5.5. Motivation For Further Experiments

Up to now in this chapter of the thesis, multi terminal Pt-Py-Cu lateral spin valves have been studied
which allow for a comparison of the (inverse) spin Hall effect signal with the size of the spin absorption
signal for two fabrication recipes of the Cu bridge. Samples based on the different fabrication recipes
show very similar interface charge transport properties. However, very different spin absorption and
(1)SHE are found for samples based on the different recipes.

For the sample based on the first recipe (single PMMA layer), a large (i)SHE signal is determined
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but no significant spin absorption is found. Within the error bars, the temperature dependence of the
conventional non-local signal and the spin absorption signal is equivalent.

For the sample based on the second recipe (dual MMA /PMMA layer), a low (i)SHE signal is found
but a reduction of the spin signal of 76+3 % is observed. Significant differences in the temperature
dependence of the conventional non-local and the spin absorption signal are found, with a much stronger
reduction of the spin absorption signal with increasing temperature.

These large differences of the signals are explained by interface spin memory loss and spin relaxation
at the Pt/Cu interface due to the varying interface quality. By performing direct imaging of the buried
Pt/Cu and Py/Cu interfaces, we observe significantly higher quality interfaces for samples based on
recipe 1 compared to recipe 2. Thus we are able to directly link the obtained spin signal with the
imaged structural interface quality, which in-turn is determined by the fabrication method.

The results clearly demonstrate that for a full understanding of spin transport through interfaces, not
only the electric charge transport properties but additionally the interface spin transport properties are
crucial. One prominent example in the work presented in this chapter is the fact that strongly varying
effective transport parameters are determined depending on the sample and thus on the fabrication
method. While for recipe 1 the spin Hall angle Ogp; is determined to be 1.6 %, for recipe 2 the spin
Hall angle is determined to be fsgz =0.16 %. For the spin diffusion length, Ap¢, values of 19 nm (for the
sample based on recipe 1) and 3nm (for the sample based on recipe 2) are determined. It is concluded
that the widely used spin absorption method is not robust due to its strong sensitivity to the interface
quality, which is not revealed in conventional imaging or by electrical interface characterization.

In order to check the extent to which our results are valid for different systems, in particular the
correlation between the size of the signals and the absence or presence of spin absorption by a FM/HM
absorber and the used fabrication method, we have performed additional spin absorption measurements
in CoFe-Cu lateral spin valves, as presented in the next sections.

5.6. CoFe-Cu Lateral Spin Valves

In the fabricated CoFe-Cu samples, we have varied the EHT for the CoFe patterning (10kV, 20kV
and 30kV) but the same 200 nm thick PMMA resist has been used. For each value of the EHT for
the CoFe patterning, the two different recipes for the Cu bridge have been used. A SEM image of
the studied devices is shown in Figure 5.7. We note here that the two 30kV EHT samples (with
36 nm thick CoFe wires) have been patterned on the same chip, while the other four samples have been
patterned on a second chip (with 25 nm thick CoFe wires). However, all important process parameters
such as development time, in-situ etching time, sample position in the deposition chamber etc. have
been chosen to be the same as far as possible in order to minimize their potential influence. Details
of the fabrication processes for both the Pt-Py-Cu samples and the CoFe-Cu samples can be found in
Appendix A.1.

The different widths for the different recipes are presented in Table 5.1. Variations of approximately
10% in the widths of the different samples are determined, since both the CoFe and the Cu bridge
exposure doses have been varied in order to achieve low ohmic CoFe/Cu interface resistances. We
note here that the required exposure dose to fabricate a low ohmic CoFe/Cu interface resistance is
significantly higher than that necessary to pattern a low ohmic Py/Cu interface resistance. For recipe
1, the required dose to pattern the Cu bridge on the Py nanowires is 580 uC/cm?. Patterning of
the same Cu bridge onto the CoFe nanowires requires an electron dose of 860 uC/cm? to achieve low
ohmic interfaces. This can be explained by the different secondary electron yield for the two materials,
leading to changes in the required dose to fully develop the Cu bridge. Interestingly, the Cu bridge
is intact for much lower doses. However, if the exposure dose has been chosen too low, the interface
resistance can be as high as 1000 Q2 or higher, which demonstrates that the optimization of the charge
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transport properties is a necessary but not sufficient criterion in order to fabricate high quality lateral
spin valves.

Fig. 5.7. SEM image of one of the fabricated CoFe-Cu spin valves. The CoFe wires are 36 nm thick for 30 kV
EHT and 25nm thick for 10kV and 20kV EHT. The Cu bridge is for all six combinations 85 nm thick.
The third wire (approximately 200nm in width) is used as the injector, while the first and fourth
wire are approximately 250 nm wide and are used as detectors. The second wire acts as absorber and
is approximately 300 nm wide.

| EHT CoFe | Cu Rec. | inj. w. [nm] | det. w. [nm] | abs. w. [nm] | Cu br. w. [nm] |

30 kV 1 150 220 280 180
30 kV 2 180 220 270 160
20 kV 1 200 260 340 160
20 kV 2 210 260 330 210
10 kV 1 200 250 300 200
10 kV 2 180 220 330 220

Tab. 5.1. Overview of the different injector widths (inj. w. [nm)]), detector widths (det. w. [nml]), absorber
widths (abs. w. [nm]) and Cu bridge widths (Cu br. w. [nml]) for the different CoFe EHT (EHT
CoFe) and Cu bridge recipes (Cu Rec.).

The plots of the different signals at a temperature of 4.2 K for the samples based on the different
EHT combinations and recipes are shown in Figure 5.8. The results are summarized in Table 5.2.
Compared to the previous Pt-Py-Cu samples, where variations of the signal of approximately 25 %
for the different injector/detector configurations have been observed, we find very low variations (less
than 5 %) of the signals for the CoFe-Cu samples. As a result, we only show the signals for one probe
configuration to keep the plots clear.

As evident, we find for all samples for a given EHT for the patterning of the CoFe Wires higher spin
signals (both Rgq and Ryt) if the Cu bridge has been patterned with recipe 1 compared to samples
fabricated by recipe 2. As before, we explain these results on the fabrication induced lower quality of
the interfaces by recipe 2.

Secondly, we find very different reductions of the signals by spin absorption for the different samples,
depending on the EHT of the CoFe wires and the fabrication recipe of the Cu bridge. As before, these
variations cannot be explained by the small variations of the wire widths. Similar to the Pt-Py-
Cu samples, we find the counter-intuitive relation between the spin signals (Rgq and Ryp,) and spin
absorption, i.e. that for high spin signals there is a relatively low spin absorption (meaning a high
spin absorption signal Raps), while for low spin signals there is much stronger spin absorption. Hence
as before, different fabrication methods lead to different interface qualities. These results support
our previous findings that for a proper determination of spin absorption by HM electrodes or by FM
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electrodes, not only the intrinsic properties of CoFe (Acore and Pcope) are relevant to describe the spin
transport, but additionally contributions such as interface spin memory loss and spin transparency are
crucial and need to be taken into account.

In contrast to the previous measurements, some spin absorption by the CoFe is also seen for the
high quality interfaces, which can be connected to the very wide CoFe absorption wire. From the
measurements of the high quality interfaces, which show the smallest reduction, we can give an upper
boundary for the contribution of the intrinsic spin absorption by the absorber CoFe electrode. If
the high quality interfaces would be perfect, in particular showing no interface spin memory loss and
maximum spin transparency, all reduction of the spin current would be caused by the intrinsic spin
absorption. This means that for the samples with low quality interfaces, the majority of the spin
current loss is not caused by the intrinsic properties of the CoFe absorber electrode but rather by the
interface properties, demonstrating again that contributions such as interface spin memory loss and
spin transparency are crucial for an understanding of the device performance.
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Fig. 5.8. Measured spin signals at 4.2 K in samples based on the different CoFe EHT and Cu bridge recipe
combinations. The brown curves in the plots are termed short distance signals Rgq. The red curves
in the plots are termed non-local signals Ryr,, while the green curves are termed spin absorption
signals Raps. The probe configuration for the different signals is shown in g) and h).
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EHT CoFe | Cu Rec. | Rsqa [mQ] | Ryt [mQ] | Raps [mQ] [ 1-(Rnw/Rabs) [%] ]

30 kV 1 12.0 4.8 24 50
30 kV 2 1.6 0.6 0.2 67
20 kV 1 8.0 3.4 2.3 32
20 kV 2 5.0 1.9 1.2 37
10 kV 1 3.0 1.2 0.35 68
10 kV 2 2.0 1.2 0.2 83

Tab. 5.2. Overview of the three different signals (short distance signal Rgq, conventional non-local signal Rnr,
and spin absorption signal Rans) measured in samples which are fabricated by different EHT for
the CoFe wires (EHT CoFe) and different recipes for the Cu bridge (Cu Rec.).

Motivated by our previous results measured in Pt-Py-Cu samples, where significant differences in the
temperature behaviour have been observed for the samples based on the different recipes, also the
CoFe-Cu samples have been measured at varying temperatures. We note here that, as for the Pt-Py-
Cu samples, for those combinations which have shown a very low signal, current injection and voltage
detection have been switched in order to apply higher currents.

We compare the normalized non-local signal Ryy, (red curves in the plots) and the spin absorption
signal Raps (green curves in the plots) for the samples based on the different CoFe EHT and Cu bridge
recipes, as shown in Figure 5.9. As is evident, we observe a clear correlation between the size of the
absorption and differences in the temperature behaviour. For those EHT and Cu bridge recipes, which
lead to high quality interfaces, resulting in low spin absorption (30kV and recipe 1; 20kV and recipe
1; 20kV and recipe 2), we find hardly any differences between the normalized non-local signals and the
spin absorption signals and the curves largely overlap within the error bars.

On the other hand, those fabrication recipes which lead to low quality interface and consequently
show large spin absorption also show large differences in the temperature behaviour (30kV and recipe
2; 10kV and recipe 1; 10kV and recipe 2;). As a result, the temperature behaviour directly reflects
the signal behaviour and interface quality and our previous findings concerning the Pt-Py-Cu samples
are strongly supported. For high quality interfaces, even a 300 nm wide CoFe absorption wire leads to
relatively low spin absorption (between 32% and 50 % at 4.2K) and the absorption is (nearly) tem-
perature independent. These results indicate that the spin polarization Pcore is (nearly) temperature
independent in this temperature range. Furthermore we conclude that the spin diffusion length Acore
is either (nearly) temperature independent or so short that within the thickness of the CoFe wires
(25/36nm), any possible temperature dependence does not play any role.

We now study those curves where significant differences in the temperature behaviour are observed.
As for the previous measurements, we observe that if a significant reduction of the spin signal is
present, always the spin absorption signal to decrease stronger with increasing temperature. Usually
the Elliot-Yafet theory is sufficient to describe the temperature behaviour for Cu based spin valves
between 50 K and room temperature. In these measurements, the additional CoFe/Cu interface needs
to be taken into account to explain the temperature behaviour.

In order to explain the maximum of the signal and the subsequent decrease of the signal with
decreasing temperature, different explanations such as the Kondo effect and increased surface scattering
have been proposed in the literature [115, , , , |. In our measurements, we find for samples
based on some EHT /recipe configurations an explicit maximum in both signals at 50 K while for some
configurations, no explicit maximum of the signal but rather a constant signal between 50 K and 4.2 K
is observed. Our results suggest that the maximum of the signal can be suppressed if low quality
CoFe/Cu interfaces are present (both signals for 30kV EHT and recipe 2; the spin absorption signal
for 10kV EHT and recipe 2).
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As aresult, the appearance of an explicit maximum in the non-local signal contains valuable informa-
tion concerning the interface quality. In this particular system (CoFe-Cu samples fabricated by a two
step lift-off process), only for high quality interfaces, contributions such as the Kondo effect need to be
taken into account to explain the maximum of the signals. For low quality interfaces, possibly residual
resist and other inhomogeneities, which are present at the interface, suppress the interdiffusion of the
magnetic impurities into the conduit. Consequently the Kondo effect is suppressed and no explicit
maximum of the spin signal is determined. Previously it could be demonstrated that the strength of
the Kondo effect crucially depends on the purity of the material to grow the NM bridge [246] and on
the growth mode, i.e. if shadow mask evaporation or a two step lift-off process has been used [270)].
Our work implies that additionally for a given purity of the material to grow the NM and for a given
growth mode, additionally the patterning process and consequently the homogeneity of the interfaces
plays a decisive role if the Kondo effect is present, leading to an explicit maximum of the spin signal at
a certain temperature and a consequent downturn of the signal by further decrease of the temperature.
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Fig. 5.9. Temperature dependent normalized conventional non-local and spin absorption signals measured in

samples fabricated by the different EHT and Cu bridge recipe combinations.

For samples with

high quality interfaces (30kV EHT and recipe 1; 20kV and recipe 1; 20kV and recipe 2), hardly any
differences between the two signals for varying temperatures are observed. If samples with low quality
interfaces are measured (30kV EHT and recipe 2; 10kV and recipe 1; 10kV and recipe 2), the spin
absorption signal decreases significantly faster with increasing temperature than the conventional
non-local signal. The probe configuration for the different signals is shown in g) and h).
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5.7. Summary Of The Chapter

In summary, we have studied the impact of different fabrication methods on the spin transport across
HM/NM and FM/NM interfaces in Pt-Py-Cu and CoFe-Cu lateral spin valves.

For the Pt-Py-Cu samples, we have compared the (1)SHE signals and the spin absorption signals for
samples based on two different recipes for the Cu bridge fabrication. For the sample fabricated by the
first recipe (based on a single PMMA layer), a large (i)SHE signal but no significant spin absorption
has been determined. For the sample fabricated by the second recipe (based on a dual MMA /PMMA
layer) spin absorption of 76+3 % but a low (i)SHE signal is determined. These counter-intuitive results
are explained by the varying quality of the interfaces which is neither evident from the charge transport
properties of the interfaces nor from conventional imaging. By direct buried interface imaging, we find
significant differences for the interfaces of the samples based on the different recipes, in full agreement
with the temperature dependent spin transport measurements. In particular the role of contributions
such as spin transparency and interface spin memory loss, leading to a loss of spin accumulation without
contributing to the (i)SHE, is emphasized, which is in conventional analysis often disregarded. Our
results clearly indicate that the widely used spin absorption technique is not robust due to its strong
sensitivity to the interfaces which is also mimicked in the strong variation of the determination of the
effective transport parameters for samples based on the different recipes.

In order to check the correlation between fabrication process and strength of the spin absorption
for different systems, additional temperature dependent measurements in CoFe-Cu lateral spin valves
with a very wide CoFe absorber have been performed. Also in these samples, using the first recipe for
the Cu bridge fabrication leads to significantly higher quality interfaces compared to samples based
on the second recipe and thus to high spin signals and low spin absorption. In contrast to the Pt-
Py-Cu samples, due to the very wide absorption wire and the low variations of the signal for different
injector/detector configurations, we are able to estimate the intrinsic contributions of the CoFe absorber
wire and compare it to the interface contributions such as spin transparency and spin memory loss.
While for samples with expected high quality interfaces, spin absorption between 30 % and 50 % is
found, the spin absorption increases significantly to values between 70 % and 80 % for samples with
expected low quality interfaces. While the reduction of spin current for high interface quality samples
is mainly based on the intrinsic properties of the absorber wire, contributions such as spin transparency
and interface spin memory loss are the major contributions for samples with lower quality interfaces.

The significance of the quality of the interfaces also plays a decisive role for the temperature de-
pendence. While the normalized non-local and spin absorption signals measured in samples with high
quality interfaces show no differences in the temperature behaviour within the error bars, a signifi-
cantly stronger reduction of the spin absorption signal is found for increasing temperature in samples
with low quality interfaces. As a result, we link these changes in the temperature behaviour to the
properties of the additional CoFe/Cu interface. We conclude that the strength of the Kondo effect
depends on the fabrication, in addition to the purity of the material to grow the NM and the deposition
method, which have been previously studied. In particular we assume that by residual resist or other
inhomogeneities present at the interface, the interdiffusion of nonmagnetic and ferromagnetic atoms is
sufficiently suppressed.

Finally, the work presented in this chapter suggests new possible spin valve systems, which could be
studied. As emphasized, our work clearly demonstrated that spin memory loss and spin transparency
play a very important role in order to optimize spin transport across interfaces. Recently, Lidig. et
al. could demonstrate by spin transport measurements that in CosMnSi/Ag interfaces, highly spin
polarized surface states are present [269]. These highly spin polarised surface states could lead to a
significant increase of the possible injected spin polarization into Ag compared into materials such as
Cu. This can be understood by the CoaMnSi/Ag interface (which can be grown epitaxially) having
a higher spin transparency than the CooMnSi/Cu interface. This is in particular interesting, since
CooMnSi itself is a highly spin polarized material [1582], however if its intrinsic high spin polarisation
is not preserved across the FM/NM interface, there is only limited use for potential devices. The
next chapter is about the fabrication of CooMnSi-Cu and CooMnSi-Ag lateral spin valves. While
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unfortunately no spin signal could be detected in the particular batch of samples as discussed later,
nevertheless significant progress concerning improving the homogeneity of the etched wires and the
electric interface resistance could be achieved.



Chapter VI

Fabrication of CooMnSi Based Spin Valves

In this chapter, the fabrication of CooMnSi based lateral spin valves is presented. Unfortunately,
no spin signal has been seen for these samples. Nevertheless, a motivation for the fabrication of
these devices is provided and furthermore, the fabrication for samples based on thin films has been
significantly improved and opens a route to potentially produce lateral spin valves with high spin signals
based on the findings and improvements. Additionally, ideas for an optimized stack are presented. More
details of the fabrication, especially all parameters for the process steps including spin coating, EBL,
development, IBE and residual resist removal are presented in detail in Appendix A.2.
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6.1. Motivation

As explained in Chapter 5, lateral spin valves are ideally suited to study spin transport across HM /NM
and FM/NM interfaces, which is a key component of many device concepts but currently poorly
understood. As demonstrated in Chapter 5, in particular contributions such as spin transparency and
interface spin memory loss, which are often disregarded in lateral spin valves and similar devices, play
a decisive role and need to be understood and optimized in order to optimize the device performance.

One attractive possibility to maximize spin signals is to use CooMnSi as ferromagnetic material due
to its extremely high spin polarization at the Fermi-energy even at room temperature [182]. CoaMnSi
is furthermore promising since it could be shown by spin transport measurements that by an epitaxial
growth of a CooMnSi/Ag interface, a very high spin polarisation injected into the Ag is possible, which
is ideal for devices [269]. In a previous work, we could demonstrate that in CooMnSi-Cu lateral spin
valves, the effective spin polarization injected in the Cu is significantly higher than for lateral spin valves
which are based on conventional 3d-ferromagnets [217]. However the injected spin polarisation was not
very large which is caused by a relatively high interface resistance in the order of 52 and additionally
not optimized band-structure matching. We therefore expect that by an optimization of the fabrication
conditions, in particular the removal of the residual resist, a significant enhancement of the spin signal
is possible due to a lower interface resistance. Furthermore we expect that by suitable band structure
matching, i.e. an epitaxial grown CooMnSi/Ag interface and the resulting higher spin transparency,
significant improvements of the spin signals are possible since the injected spin polarisation in the Ag
can be significantly higher compared to the injected spin polarisation in Cu.

6.2. Characterization Of The Fabricated Samples

In total, samples based on a 30C02MnSi/20Cu/2Ta/4Pt and on a 30Co2MnSi/30Ag/2Ta/4Pt thin film
have been patterned. The numbers are the thicknesses of the certain layers in nm. After developing
a suitable recipe for the patterning and development and finding a suitable etching sequence, a lot
of effort has been invested to remove the residual resist without attacking the wires. Many different
organic removers including AR 300.76 and AR 300.70 have been tested [271]. However, for all organic
solvents, a perfect removal of the resist, resulting in high quality low ohmic metallic interfaces could
never be achieved. Even worse, it has been observed that these organic solvents reduce the thickness of
nanowires (although not of marker crosses) and therefore only acetone is recommended as the organic
solvent. For acetone it has been checked that no reduction of the thickness of the wires occurs, even
when the sample is in acetone for several days. To remove the residual resist without damaging the
nanowires, the treatment by oxygen plasma has been optimized. It is emphasized here that several
different parameters for the oxygen plasma have been tested. The best results have been found for a
power of 300 W and an oxygen pressure of 1.2 Torr. After determining optimal ashing conditions, the
different stacks, especially with Ta and Pt as possible capping layers have been checked and the results
are shown in Figure 6.1.

In Figure 6.1a), the XRR measurement of a 14nm Ta thin film is shown in green while the same
film, treated by oxygen plasma is shown in orange. Significant differences between the two films are
observed. More evidence that Ta is not a suitable capping layer for oxygen plasma treated samples
is shown in Figure 6.1b), where the XRR measurement of an as grown 30 CoFeB/20Cu/2Ta film is
shown in brown while the same film treated by oxygen plasma is shown in purple. Significant differences
between the two curves are determined.

However, as shown in Figure 6.1c), the situation is different when Pt is used as a capping layer. The
XRR measurement of an as grown 30 CoFeB/20Cu/2Ta/4Pt thin film is shown in green while the same
film treated by oxygen plasma at a very high position within the asher for 30 (60) seconds is shown in
red (blue). Hardly any differences in the thickness of the stack are observed. Only the roughness is
slightly increased, indicating that Pt is a suitable capping layer.

Further strong evidence that Pt is a suitable capping layer for oxygen plasma treated samples is
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presented in Figure 6.1d). Here, the XRR measurement of a formerly 14 nm Pt film, etched via the in-
situ argon gun in the UHV thermal evaporation chamber for 60 minutes is shown in blue. A reduction
of the film thickness to approximately 8.5 nm is found. The XRR measurement of the same film which
has been fully processed (spin coated, baking of the resist, etched via IBE, resist removal via acetone
and the full oxygen plasma treatment) is shown after the final in-situ etching in the UHV thermal
evaporation chamber. By the treatment, the Pt film becomes slightly rougher but does not change
thickness nor resistivity. Due to the results of these measurements, 4 nm of Pt have been deposited on
the CooMnSi films, which have been previously just capped with 2nm of Ta.
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Fig. 6.1. XRR measurements of either Pt or Ta thin films or films with either Pt or Ta as a capping layer.
a) XRR measurement of an as grown 14nm Ta film shown in green and the same film treated by
oxygen plasma shown in orange. Differences between the two curves are observed, indicating a change
of the thickness and of the roughness of the Ta film by the oxygen plasma treatment.
b) XRR measurement of an as grown 30CoFeB/20Cu/2Ta film shown in brown and the same film
treated by oxygen plasma shown in purple. As in a), differences are observed for the two curves,
indicating that Ta is not a suitable capping layer for oxygen plasma treated samples.
¢) XRR measurement of an as grown 30CoFeB/20Cu/2Ta/4Pt film shown in green, 30 seconds oxygen
plasma treated film shown in red and 60 seconds oxygen plasma treated film shown in blue. Hardly
any differences of the XRR measurements are observed, indicating that Pt is a suitable capping layer
for oxygen plasma treated samples.
d) XRR measurement of an as grown 14nm Pt film etched for 60 minutes in the UHV thermal
evaporation chamber shown in blue and the same film completely processed (spin coated, baking of
the resist, IBE, acetone removal and oxygen plasma treatment) and etched at the same time shown
in red. No differences in the thickness and only slight differences in the roughness are observed by
the processing of the film.
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As explained in detail in Appendix A.2, it is expected that the 2nm Ta capping layer (of the film)
leads to an increase of the thickness of the nanowires by 8nm. Analogously, it is expected that the
4nm Pt of the capping layer (of the film) lead to an increase of the thickness of the nanowires by 8 nm.

Consequently the fabricated and resist free CoaMnSi wires have been etched via IBE in order to
decrease the thickness of the capping layer. This step is necessary since the idea is to deposit the Cu
via UHV thermal evaporation onto the in-situ grown Ag/Cu. If the capping is too thick (and especially
Ta has a very low etching rate), the Cu would have been deposited onto the Ta and not on the Ag/Cu.
Therefore, the two samples have been etched under an angle of incidence of 90° for 70seconds to
completely remove the Pt and to have 2.5 nm of Ta left, followed by the standard procedure to pattern
the Cu bridge based on recipe 1, as explained in detail in Appendix A.1. After the complete fabrication,
the samples have been finally etched via IBE for additional 70 seconds to make sure that the applied
current flows in the highly resistive CooMnSi and is not shunted by the low resistive Ag/Cu. The
different expected thicknesses and the different material compositions for the different process steps
are schematically shown for the Cu based sample in Figure 6.3.
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Fig. 6.2. SEM images of the fabricated CooMnSi nanowires, bridged by a Cu bridge.
a) SEM image with a tilting angle of 0°.
b) SEM image with a tilting angle of 52°.
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Fig. 6.3. Schematic illustration of the different expected thicknesses and material compositions of the fabricated
Cu based CoaMnSi nanowires. Further details concerning the fabrication can be found in detail in
Appendix A.2.

a) By the nanowire processing, the 2nm of the original Ta stack lead to an increase of the thickness
of the nanowires by 8 nm. Analogously, the 4nm Pt of the original stack lead to an increase of the
thickness of the nanowires by 8 nm.

b) After 70seconds of IBE under standard conditions, the 8nm of the Pt are completely removed
and the thickness of the Ta is reduced to approximately 2.5 nm.

c¢) By the in-situ etching procedure of the developed parts, the Ta is completely removed. The in-situ
etching procedure stops in the Cu layer.

d) 260 nm of Cu are grown via UHV thermal evaporation and deposited onto the developed parts.
e) By a final IBE step, the residual Cu and the residual Ta of the undeveloped parts onto the CooMnSi
wires are removed in order that the current flows in the Co,MnSi and is not shunted in the Cu/Ag.
f) By the final IBE step, the thickness of the Cu bridge and the contacts grown by UHV thermal
evaporation is reduced from 260 nm to approximately 230 nm.

The resistances of the different wires together with the interface resistances are summarized in
Table 6.1. The resistance Rip of e.g. the very left CoaMnSi/Cu interface is measured by applying a
current between contact 3 and contact 10 while measuring the voltage between contact 2 and contact
1. Tt is mentioned that after the oxygen plasma treatment, the Ag based samples looked “corny”
which could be easily detected by the optical microscope. By leaving the sample in acetone overnight
and using ultrasound for several minutes the next day, these “corns” could be significantly decreased
and it has been possible to contact the Ag based wires. However, in comparison to the Cu based
samples, not all wires showed electrical contact, yet those which were successfully contacted showed
interface resistances comparable to the Cu based samples. Furthermore the two point resistances are
significantly higher for the Ag based nanowires. It is noted that by comparing the two-point resistances,
approximately 20 € need to be subtracted due to the resistance of the measurement wires.
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’ Stack ‘ Contacts ‘ R|Q] ‘ Rir [mQ] ‘

CoaMnSi/Ag 1-4 0445
CoaMnSi/Ag 1-5 6599
CoaMnSi/Ag 4-5 12023 140
Co,MnSi/Ag 1-6 5224
CooMnSi/Ag 1-7 6158
CooMnSi/Ag 6-7 11364 240
CoaMnSi/Cu 1-2 1027
CoaMnSi/Cu 1-3 1333
CoaMnSi/Cu 2-3 2334 190
CooMnSi/Cu 1-4 1406
CooMnSi/Cu 1-5 1288
CooMnSi/Cu 4-5 2668 220
CooMnSi/Cu 1-6 1364
CooMnSi/Cu 1-7 1772
CooMnSi/Cu 6-7 3107 260
Co2MnSi/Cu 1-8 728
CoaMnSi/Cu 1-9 1198
CooMnSi/Cu 8-9 1898 70

Tab. 6.1. Overview of the two-point and interface resistances of the Cu based and Ag based CosMnSi samples.
While the Ag based wires have significantly higher resistances, the interface resistances are very
similar.

Since no spin signals for both samples could be detected above the noise level, possible reasons for
the low signal are discussed in this subsection. A first possible reason is the worse interface quality
compared to the previous measured lift-off based samples. In lift-off samples, the interface resistances
are typically in the 1-10 m€2 range while here interface resistances in the 100 m{2 range are determined.
However, since in a previous work relatively large spin signals have been seen with similar lateral
dimensions and an interface resistance of approximately 5 [217], it is unlikely that no spin signal at
all is present just due to the higher electric interface resistance.

A second reason could be that due to the etching process, the wires are inhomogeneous in height.
Since the etching times are chosen assuming a homogeneous thickness, a significant part of the wires
has been etched either too short, which means that Cu has been deposited on Ta instead of Cu (Ag)
for the Cu (Ag) based wires.

To check this, AFM measurements of the two samples have been performed, as shown in Figure 6.4.
In Figure 6.4a) an overview AFM image of a Cu based sample with Cu contacts is shown while in
Figure 6.4b) an overview AFM image of the Cu based CoaMnSi nanowires is shown. Both images
have been taken after the final IBE step. The corresponding line scans for the Cu based samples are
shown in Figure 6.4c) and Figure 6.4d) in red while the line scans for a Ag based sample are shown
in Figure 6.4e) and Figure 6.4f) in blue. As evident from Figure 6.4c) and Figure 6.4e), the thickness
of the Cu contacts without any CooMnSi wire below is approximately 230nm, as also described in
Figure 6.3f. For both the Cu based and the Ag based sample, the thickness of the CooMnSi wire below
the contact is approximately 50nm, which fits well with our expectations since the UHV thermal
evaporation grown Cu has been planned to be deposited onto the in-situ grown Cu/Ag. When we
compare the thicknesses of the undeveloped parts of the CooMnSi wires as shown in Figure 6.4d) and
Figure 6.4f), we find the Cu based sample to be approximately 35 nm thick while the Ag based sample
is around 25 nm thick. This difference in the thickness can be explained due to the higher etching rate
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of Ag compared to Cu. It additionally explains why the Ag based CosMnSi wires have a significantly
higher resistance than the Cu based CosMnSi wires. As evident, the thickness of the wires is not
uniform but varies by approximately 5nm, which shows that parts of the wires could possibly contain
Ta which in turn could lead to significant spin dependent scattering since Ta is a material with large
spin orbit coupling.
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Fig. 6.4. AFM Images and line scans of the fabricated CooMnSi samples after the 70seconds final IBE Step.

a) AFM image of a Cu based Co,MnSi sample, together with the Cu contacts grown via UHV thermal
evaporation.

b) AFM image of a Cu based CoeMnSi sample without contacts.
c¢) Line Scan across a Cu contact with a Cu based CosMnSi nanowire below. The thickness of the

contact is determined to be 230 nm while the thickness of the nanowire is found to be approximately
50nm.

d) Line Scan across a Cu based CooMnSi nanowire. A thickness of approximately 35nm is deter-
mined.

e) Line Scan across a Cu contact with a Ag based CooMnSi nanowire below. As for c), the thickness
of the contact is determined to be 230 nm while the thickness of the nanowire is found to be approx-
imately 50 nm.

f) Line Scan across a Ag based CooMnSi nanowire. A thickness of approximately 25nm is deter-
mined.

As a possible third reason, it is assumed that by the etching of the Pt and the Ta capping layer,
Pt and Ta atoms are implanted into the stack of the wire, leading to impurities which could be the
source of a lot of spin flip events. To check this, EDX measurements have been performed by Anja
Dion in our group, with the results shown in Figure 6.5. In Figure 6.5a), the EDX spectrum of the
substrate is shown with the characteristic Mg and O peaks, while in Figure 6.5b) the spectrum of an
alignment cross is shown. The Si, Co and Mn peaks are clearly visible, however neither Cu nor Ta
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nor Pt is found. Finally the EDX scan of a CooMnSi nanowire with the Cu bridge on top is shown
in Figure 6.5¢). Here, none of the constituents (Co, Mn, Si) is identified which demonstrates that our
EDX setup is not sensitive enough to detect them. Hence, there is little chance that the potential very
low Pt or the very low Ta content could be identified.
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Fig. 6.5. a) EDX spectrum of the substrate which helps to identify the C, O and Mg peak.
b) EDX spectrum of a CooMnSi alignment cross. All three components are clearly identified.
¢) EDX spectrum of a CooMnSi nanowire with the Cu bridge patterned onto the nanowire. It is no
longer possible to identify the components of the nanowires.

As a result of the analysis of the lack of the spin signal, possible improvements of the stack, based on
the improvement of the etching and residual resist procedure achieved in this thesis, are proposed.

The original reason for choosing Ta (and later Pt) was that it is known that capping layers such
as AlO, are attacked by organic solvents such as AR 300.70. However, within the framework of this
thesis, a procedure could be established which allows for high quality low ohmic metallic interfaces
using just acetone as the organic solvent and an oxygen plasma treatment. Therefore, it is suggested
to change the capping layer to AlO, as a material with very low spin orbit coupling. This would also
minimize the influence of the varying thickness of the wires which is difficult to avoid. The future steps
would be the following:

a) Find out how thick the AlO, capping layer must be in order to avoid changes in the XRR
measurement of the original stack and to avoid changes of the resistivity of the stack by the
oxygen plasma treatment. Typical, the AlO, capping layer thickness is approximately 2nm. It
should, however, be checked whether this is sufficient to avoid any changes of the stack by the
oxygen plasma treatment. For the next points, it is assumed that AlO, is a suitable capping
layer.

b) Do not use silver paste to glue the sample to the holder for the deposition but rather use PMMA.
As shown in the AFM image, there are relatively many particles on the substrates which is either
due to the cutting of the substrate or due to the silver paste. Also, directly deposit the stack on
5-10 mm? substrates.

¢) Deposit 30C0o2MnSi/40Cu/xAlO, for the Cu based and 30Co2MnSi/5Ag/40Cu/xAlO, for the
Ag based samples. By the use of these stacks, it is expected that after the AlO, removal by the
in-situ sputter gun, the UHV thermal evaporation grown Cu is deposited for both chips on the
in-situ grown Cu. Differences in the spin signal can then directly be attributed to the differences
of the CoaMnSi/Cu and the CoaMnSi/Ag interface.
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Summary And Outlook

In summary, we have studied both the fundamental properties of lateral spin valves including pure
spin transport across metallic interfaces and the performance of an optimized device geometry, which
allows for the study of spin current assisted magnetization switching of small magnetic elements.

To exploit lateral spin valves as possible devices for efficient magnetization manipulation by spin
currents, we have studied the spin current assisted switching of a Py disc as a function of the applied
charge current amplitude and polarity for different external field angles. For different field angles,
different switching paths have been observed, which indicate a dominant influence of inhomogeneities,
which strongly affect the switching behaviour. For some applied field angles, we observe direct mono-
domain to mono-domain state transitions while for other field angles, switching paths with the vortex
as an intermediate state are present. From the size of the occurring jumps of the non-local signal, the
chirality of the vortex state can be identified. In order to study of the influence of the spin transfer
torque on the device, the indirect mono-domain to mono-domain state switching via an intermediate
vortex state has been studied in particular for a field sweep angle of 171/351°. For this particular field
angle, additional first order reversal curve measurements have been performed indicating the stability
of the four different magnetic states at zero external field and maximum applied current pulses.

Although Joule heating is significant, thanks to our optimized geometry which allows for the syn-
chronous application of current pulses in both injectors, we are able to observe a statistically significant
effect of the spin transfer torque in assisting the switching via current polarity and amplitude dependent
measurements.

To study the fundamental properties of lateral spin valves, i.e. the pure spin transport across
HM/NM and FM/NM interfaces, Pt-Py-Cu based devices with a special kinked geometry have been
investigated. By the geometry that was pioneered here, we are able to connect the switching of the
magnetization of the Py wires with the (inverse) spin Hall effect signal and the conventional non-local
signal in one single device. For the iSHE and the SHE, a signal is determined which depends on the
probe configuration, which can be explained by significant shunting of the charge current in the Cu
bridge. These signals depend crucially on the used probe configuration which indicates that the device
behaviour is strongly dependent on the different interfaces. By the study of the temperature behaviour,
differences of the normalized conventional non-local and the inverse spin Hall effect are found, which
demonstrate that for a full description of the device spin current injection and detection and not only
spin current transport need to be considered, as previously claimed.

Since no significant spin current absorption in these devices is found, in contradiction to most
literature reports, optimized Pt-Py-Cu and CoFe-Cu lateral spin valves are fabricated, which allow a
study of the spin transport across HM/NM and FM/NM together with the spin absorption by either
Pt or CoFe. For the Pt-Py-Cu samples, the (i)SHE signal and the spin absorption signal are compared
for samples based on different recipes for the Cu bridge fabrication. For the first recipe, which is based
on a single PMMA layer, a large (i)SHE is determined but no large spin absorption is found. For the
sample fabricated by the second recipe, very large spin absorption of 76 % is determined but only a
low (i)SHE signal is determined. We explain these counter-intuitive results by the fabrication induced
varying quality of the different interfaces, which is neither evident from the charge transport properties
of the devices nor form structural imaging using conventional techniques. Rather we employ buried
interface imaging and find significant differences for the interfaces of the samples based on the different
recipes. These significant differences of the interfaces are also seen in the strongly varying temperature
behaviour for the samples based on the different recipes. In particular the role of contributions such
as spin transparency and interface spin memory loss, leading to an absorption of spin accumulation
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from the Cu at the interface to Pt but at the same time not leading to a large spin current in the
Pt because the spin information is largely lost when going across the interface. This mechanism that
reduces the spin current in the Cu without contributing significantly to the (i)SHE is emphasized,
which is in conventional analysis often disregarded. Our results indicate that the widely used spin
absorption technique is not robust due to its strong sensitivity to the quality of the interfaces. This is
also mimicked in the strong variation of the determination of the effective transport parameters of Pt
for samples based on the different recipes.

In order to check the correlation between the fabrication induced quality of the interfaces and the
strength of the spin absorption, additional temperature dependent measurements in CoFe-Cu lateral
spin valves with a very wide CoFe absorber have been performed. As for the Pt-Py-Cu samples, also
here we observe significant larger spin signals for samples based on the first recipe compared to samples
based on the second recipe. Due to the very wide absorption wire and the low variations of the signal
for the different injector/detector configurations, we are able to estimate the intrinsic contributions
of the CoFe absorber wire and compare it to interface contributions such as spin transparency and
interface spin memory loss. While in samples with high quality interfaces a low spin absorption between
30% and 50 % is determined, we calculate values for the spin absorption between 70 % and 80 % for
samples with low interface quality. These results indicate that for high quality interfaces the spin
absorption is mainly based on the intrinsic properties of the absorber electrode. Contributions such
as spin transparency and interface spin memory loss are in particular important for samples with low
quality interfaces.

The significance of the fabrication induced quality of the interfaces also plays a decisive role for the
temperature dependence. For samples with expected high quality of the interfaces, the normalised
temperature dependence of the conventional non-local and the spin absorption signal are equivalent
within the error bars. For the samples with low expected quality of the interfaces, a significantly
stronger reduction of the spin absorption signal with increasing temperature is seen. These results
suggest that the temperature dependence is governed, in addition to the spin current injection/detection
and spin current transport mechanisms, also by the interface properties. This becomes in particular
evident for the presence of the maximum spin signal at a certain temperature, which is seen for samples
with high expected interface quality. Conversely, no maximum spin signal is seen for samples with low
expected interface quality. We assume that in addition to the purity of the material to grow the NM
and the deposition method, additionally the fabrication induced interface quality plays a decisive role
for the strength of the Kondo effect, which is the recently put forward explanation for the presence
of a maximum signal at a certain temperature due to the varying concentration of impurity atoms,
suppressing the interdiffusion of magnetic and nonmagnetic atoms in the conduit.

For an outlook we first refer to the work presented in Chapter 6, where significant advances in the
fabrication of lateral spin valves based on a prior grown metallic thin film are presented and explained.
Since materials with interesting properties such as Heusler materials with exceptionally high intrinsic
spin polarization are typically grown epitaxially with annealing steps, a reproducible recipe to achieve
homogeneous, residual resist free nanowires is of great importance and could be established. As
discussed in detail, as the next step one could try to try the presented procedure with an optimized
stack geometry and check if a spin signal can be determined and if differences between a CooMnSi/Ag
and a CooMnSi/Cu interface can be observed. If this would be successful, it would be possible to go
one step ahead and try a full Heusler based stack, i.e. also use a nonmagnetic Heusler as the spin
conduit to achieve even a better band structure matching, resulting in a higher spin transparency of
the interface and consequently higher spin signals. In particular the effect of the spin transparency
of the interface, which, together with interface spin memory loss, has often been disregarded could be
determined in such devices. Furthermore, the interfaces could be studied via buried interface imaging,
which would potentially allows one to disentangle fabrication induced inhomogeneities such as residual
resist and intrinsic interface properties such as the spin transparency of the interface. However, since
lateral spin valves are attractive geometries for the study of spin transport across of either metallic
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interfaces or across tunnel barriers, many fascinating experiments could be realised in these devices.



A.Appendix

Sample Fabrication Parameters

In this part of the appendix, all relevant information for the fabrication of the nanowires produced in
this thesis is provided, including the treatment of the substrates, the patterning of the nanostructures
via EBL, the material deposition via sputter deposition or UHV thermal evaporation, the in-situ
etching conditions prior to the deposition of the Cu bridge and the etching of nanowires and alignment
crosses out of a thin film via IBE. Furthermore, all known and relevant etching rates both for the
in-situ etching procedure and for the IBE are provided.
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A.1. Fabrication Of The Pt-Py-Cu Samples and CoFe-Cu Samples

In the first step, the 10-10 mm? sapphire substrate is cleaned and spin coated as described below, in
preparation for the EBL patterning for the Pt stripes and the alignment markers, the Py wires and the
CoFe wires. For the patterning of the Cu bridge, two different recipes have been used, as explained in
the main part of the thesis.

a) Recipe 1: The same procedure as written in Table A.1 has been used, the only difference is the
rotation speed for the PMMA spin coating which has been chosen to be 3000 rpm for 60 seconds
with an acceleration of 3000 .

b) Recipe 2: For this recipe, instead of directly spin coating PMMA firstly a 150 nm thick MMA
EL6 layer has been spun onto the substrate with the same settings as for recipe 1. After spin
coating, there is a 300 seconds long pause and then the sample is baked at 180 ° for 90 seconds,
followed by a 300 seconds pause and then the PMMA A4 950 K is spun as for recipe 1.

The PMMA 950K A4 used is a mixture obtained from either Stefan Kauschke or Tobias Reimer
based on PMMA 950K A1l (which is obtained commercially) diluted in anisole and therefore the
exact PMMA concentrations can vary be a few %o. However, the thicknesses claimed here are based
on [272]. The MMA EL6 is obtained commercially. The used spin coater is “Siiss MicroTec‘s LabSpin
Platform” [273].

] Step Equipment \ Time [seconds] \ Remark
1: Acetone Wet Bench 60
2: Isopropanol Wet Bench 60
3: Hy0 Wet Bench 60
4: Ny Blow Dry Wet Bench 10
5: Water Removal Hot Plate 60 Minimum 120°C
6: Pause Wet Bench 60

7: Pre Spin PMMA Spin Coater 2 500 rpm; 500 Acc
8: Spin Coat PMMA Spin Coater 60 4000 rpm; 4000 Acc;
9: Pause Wet Bench 300
10: PMMA Bake Hot Plate 90 180°C
11: Pause Wet Bench 300
12: Spin Coat AR PC 5090.02 | Spin Coater 2 500 rpm; 500 Acc
13: Spin Coat AR PC 5090.02 | Spin Coater 60 3000 rpm; 3000 Acc;
14: Pause Wet Bench 120
15: AR PC 5090.02 Bake Hot Plate 120 90°C

Tab. A.1. Different steps for the cleaning and spin coating procedure for PMMA on an insulating substrate
such as MgO and Als0s.

Next, all relevant parameters for the electron beam lithography (EBL) are presented. The used
system is the commercial “Pioneer” EBL system from “Raith”, which is explained in detail in the main
part of the thesis. The dose to deposit the Cu bridge onto the Pt stripe is the same as for the deposition
of the Cu bridge onto the Py wires. The exact doses vary depending on the speed of dropping the
resist and starting the spin coater. Typically the dose used is approximately 5-10 % higher than the
required minimum dose. It is emphasized that a significantly higher exposure dose is required to achieve
high quality low ohmic CoFe/Cu interfaces compared to the required dose to achieve high quality low
ohmic Pt/Cu and Py/Cu interfaces. For all exposures, the working distance has been chosen to be
approximately 8.5mm. For the patterning of all nanostructures and alignment crosses, the chosen
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aperture is 15 um while for the patterning of the contacts, either the 60 um or the 120 ym aperture has
been used. All structures have been patterned via the “Meander” mode.

‘ Material ‘ EHT [kV] ‘ Step Size [nm] ‘ Exposure Dose [1C/cm?| ‘
Pt stripes 30 10 450
CoFe wires 30 kV 30 10 450
CoFe Wires 20 kV 20 10 350
CoFe Wires 10 kV 10 10 250
Py wires 20 kV 20 10 350
Py wires 10 kV 10 10 250
Cu bridge Recipe 1 on Pt 20 2 580
Cu bridge Recipe 2 on Pt 10 10 300
Cu bridge Recipe 1 on CokFe 20 2 860
Cu bridge Recipe 2 on Coke 10 10 540
Cu contacts 20 37.5 200

Tab. A.2. Relevant parameters for the EBL patterning for the different material and recipes.

For all PMMA based nanostructures, the development has been performed as follows:
a) AR PC 5090.02 is washed away by dipping the substrate in HoO for 45 seconds.

¢) The development is stopped by dipping the substrate for 30 seconds in IPA.

)
b) The resist is developed for 45 seconds in one part of MIBK diluted in three parts of TPA.
)
d) The IPA is washed away by dipping the substrate for 15seconds in HoO.

Next the mounting of the samples for the in-situ argon milling procedure is shown in Figure A.la).
The samples are always mounted on the same position on the sample holder with the same orientation
with respect to the in-situ argon gun. The samples are grounded via the screws touching the resist
covered substrate. During the in-situ etching procedure, also the deposition chamber is grounded.
¢o=0° is defined with the orientation of the “nose” of the sample holder pointing towards the window
of the chamber. The argon beam is parallel to the exposure of the nonmagnetic Cu bridge. During
the in-situ etching, the position of the sample holder is as follows:

e 7: 322mm
e y: bmm
e x: 20mm
® Qetch: 85°
The parameters of the in-situ argon gun are chosen to be:
® Dotch: 6-7- 10 °mbar
o Ig: 10mA
e Up: 1000V

With these parameters the emission current is approximately 15 yA and the rates of several materials
are as follows, determined via XRR measurements:

e Py: 3.5nm/h
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e CoFe 2.5nm/h

e Pt: 5.5nm/h

Ta: 2nm/h

Cu: 9nm/h

Ag: 17nm/h

b)

Fig. A.1. a) Photograph of the sample holder with the mounted samples, which are orientated such that the
exposure of the Cu bridge is parallel to the “nose” of the sample holder. During the in-situ etching
procedure the sample is orientated such that the argon beam is parallel to the nose of the holder
and therefore parallel to the exposure of the Cu bridge.

b) SEM image of a patterned sample indicating the orientation of the Cu bridge during the in-situ
milling procedure and the subsequent Cu deposition.

The Py-Pt-Cu samples have been etched in-situ for 60 minutes prior to the Cu deposition, while the
CoFe-Cu samples have been etched in-situ for 90 minutes prior to the Cu deposition.

Next, the growth parameters of the different materials are presented in Table A.3. In Table A.3, py
is the base pressure of the chamber while pqep is the pressure during deposition. The chamber termed
“Small Sputter” is the sputter chamber in room 423 of the Institute of Physics building. The chamber
termed “Singulus” is the commercial sputter chamber from Singulus housed in the basement of the
same building. The Pt deposition from the “Singulus” has been done with a rotation of the substrate
of 60 rpm. while all other materials have been deposited without any rotations of the substrate. The
chamber termed “UHV Thermal” is the UHV thermal evaporation chamber in room 123, also in the
Institute of Physics building.
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Material | Chamber | pp [mbar]| | paep [mbar]| | rate [nm/min] |
Pt Small Sputter 2.107° 0.01 4.5
Pt Singulus 31078 6-1073 5.3
Py UHV Thermal | 3-107° 51077 0.25
CoFe UHV Thermal 3107 5107 0.25
Cu UHYV Thermal 3-10~8 5-1078 1.5

Tab. A.3. Overview of the deposition parameters of the different materials grown via UHV thermal evaporation
or via sputter deposition.

It is recommended to cut the substrate, if this is necessary due to e.g. limitations of the sample
holder size of the measurement setup, prior to the Cu patterning. Cutting AloO3 substrates after the
Cu deposition has led to destruction of the Cu bridges. Therefore all substrates have been cut in
10-5mm? pieces before the Cu patterning.

It is emphasized that the lift-off works fine by leaving the substrate in acetone for approximately
120 minutes and then using ultrasound for a few minutes. No other organic solvents expect acetone,
IPA and H30 are recommended. It is further recommended to spin coat a thin PMMA A2 layer prior to
the AR PC 5090.2 layer when samples patterned on insulating substrates will be imaged via SEM. Some
materials, e.g. CoFe, are attacked by the conductive AR PC 5090.2 layer. However, protecting the
structures with a thin PMMA A2 layer does not significantly decrease the image quality but protects
nanowires based on all materials which have been grown within the framework of this thesis.

A.2. Fabrication Of The Coo;MnSi-Cu And The Co,MnSi-Ag Samples

The fabricated CoaMnSi-Cu and CooMnSi-Ag samples have been processed from thin films via ion
beam etching with the recipe as described in Table A.4. For these samples, the substrates have been
directly cut in two 10-5mm? pieces prior to any processing. It is strongly recommended that only
acetone (and IPA and HyO) should be used to remove the residual resist after etching. Other organic
solvents may attack the wires and reduce the thickness, even with Ta or Pt as a capping layer. The
used recipe leads to a thickness of the photoresist of approximately 130 nm [181]. The etching rate of
the resist under standard conditions and a 90 ° angle of incidence is around 5nm/min, so for very thick
material stacks a thicker resist might be required. Since the photoresist is a mixed match resist and
therefore also sensitive to ultraviolet radiation, it is recommended to store the sample with the spun
resist should on top in a black box. Furthermore, it is recommended to turn all screens off during the
transfer in the different UHV chambers.

Step Equipment \ Time [seconds] \ Remark
1: Acetone Wet Bench 60
2: Isopropanol Wet Bench 60
3: Hy0 Wet Bench 60
4: Ng Blow Dry Wet Bench 10
5: Water Removal Hot Plate 60 Minimum 120 °C
6: Pause Wet Bench 60
7: Pre Spin ARN 7520.073 | Spin Coater 2 500 rpm; 500 Acc
8: Spin Coat ARN 7520.073 | Spin Coater 60 3000 rpm; 3000 Acc;
9: Pause Wet Bench 300
10: Resist Bake Hot Plate 60 85°C

Tab. A.4. Different steps for the cleaning and spin coating procedure for ARN 7520.073 as a negative resist.
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Next all relevant parameters for the electron beam lithography for the negative resist are presented.
For all structures, the used aperture is 10 um with 30kV EHT and the step size is chosen to be 4nm.
As before, the working distance is approximately 8.5 mm. The exposure dose for the alignment markers
is 170 uC/cm? while the dose of the patterning of the nanowires is 280 4C/cm? for the wide nanowire
and 360 uC/cm? for the narrow nanowires. The Cu bridge on top of the etched wires is patterned as
explained before using recipe 1.

The development of the ARN 7520.073 resist has been performed as described in the following,
while emphasizing that the development time can be strongly changed by varying the ratio between
the developer and H»0:

a) Four parts of AR 300.47, diluted in one part of HyO, are dropped on the sample for 23 seconds.

b) The development is stopped by dropping H20 on the substrate for 30 seconds.

To fabricate the wires and the crosses out of the thin film, the substrates have been etched in the com-
mercial (reactive) ion beam etch system “lonSys500” from “Meyer Burger”, as described in Section 2.4.
The general etching parameters are chosen as described in detail in the main part of the thesis and are
only repeated here. However, the recipe to reduce side wall-deposition is here presented in detail. In
the last step, reactive IBE with a 3sccm flow of oxygen has been used. To achieve stable conditions,
the oxygen flow needs to be set for a short time to 5sccm before etching for 15seconds with an oxygen
flow of 3scem under an angle of incidence of 80 °.

e PBN: argon flow of 4sccm
e IBS: argon flow of 5sccm
e HBSC: pressure of 2mbar
e MW-Power: 250 W

Vg: 300V

Vace: 200V
e In: 100mA

These parameters lead to a beam current of approximately 55mA and a beam current density of
approximately 290 4C/cm?. When an additional gas flow of 3 sccm oxygen is used, the current density
is increased to around 360 uC /cm?.

Step | Angle of incidence [°] | Time [s] | Remark
1: Load sample 900 Pressure in chamber 6-10~° mbar
2: Etch 80 20
3: Close shutter
4: Etch 10 20 Leave shutter open
5: Etch 10-80 12 Leave shutter open
6: Etch 80 20

7: Close shutter

8: Repeat the steps 2 to 7 | until etched under 80 ° for 200s

9: Etch 10 20 After etched for 200s under 80 °
10: Close shutter
11: Etch 80 15 Use additional 3 sccm oxygen

Tab. A.5. Argon etching procedure for the fabricated Co2MnSi samples.

To remove the residual resist after IBE, the sample is processed as follows:
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a) Leave the substrate in acetone overnight.
b) Put the sample the next day in acetone into the ultrasound bath for approximately 5minutes.

¢) Put the sample at the lowest possible position in the oxygen plasma in a Petri dish for 60 minutes.
The power of the plasma is chosen to be 300 W and an oxygen pressure of 1.2 Torr is chosen.
These parameters are highly recommended since with e.g. a lower oxygen pressure and a lower
plasma power, significantly worse results are achieved.

d) Put the sample at a very high position in the asher (height of the 1000 ml beaker glass and the
height of the smallest Petri dish) and use the same oxygen plasma conditions as before for two
times 30seconds. Do a pause of approximately 60 seconds between the two ashing procedures.

To check if the treatments, especially the etching and the argon ashing procedure, do not change
the attributes of the stack, XRR measurements have been performed, as shown in Figure A.2. In
Figure A.2a) the XRR measurement of an as grown 14nm Ta thin film is shown in green, while the
same thin film processed in the oxygen plasma is shown in orange. As clearly visible, the thickness
of the film is reduced (and the resistivity has changed), making Ta an unfavourable capping layer
for samples which are treated by oxygen ashing. This becomes also evident in Figure A.2b) where
the XRR measurement of an as grown 30CoFeB/20Cu/2Ta film is shown in brown, while the oxygen
plasma treated thin film is shown in purple. Clear differences in the XRR measurements are observed,
indicating again that Ta is not suited to be a capping layer material.

This is different for the case shown in Figure A.2c). Here the XRR measurement of a
30CoFeB/20Cu/2Ta/4Pt film is presented. Hardly any differences between the as grown film (green
curve), the film which has been ashed for 30seconds at the top position in the oxygen plasma (red
curve) and the film which has been ashed for 60 seconds (blue curve) are found. Further strong evidence
that Pt is an excellent capping layer for oxygen plasma treated samples is presented in Figure A.2d).
The blue curve shows the XRR measurement of a formerly 14 nm Pt film, etched via the in-situ argon
gun in the UHV thermal evaporation chamber for 60 minutes. A reduction of the film thickness to
approximately 8.5nm is found. The red curve shows a formerly 14nm Pt film, which has been fully
processed (spin coated, baking of the resist, etched via IBE, resist removal via acetone and the full
oxygen plasma treatment) and finally etched in the UHV thermal evaporation chamber with the same
conditions. By the treatment, the Pt film becomes slightly rougher but does not change thickness or
resistivity, indicating that Pt is a perfectly suited capping layer. Due to these measurements, 4 nm of
Pt have been deposited on the CooMnSi samples, which have been previously just capped with 2nm
of Ta.
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Fig. A.2. XRR measurements of either Pt/Ta films or films with either Pt or Ta as a capping layer.
a) XRR measurement of an as grown 14nm Ta film shown in green and the same film treated by
oxygen plasma shown in orange. Differences between the two curves are observed, indicating a
change of the thickness and of the roughness of the Ta film by oxygen plasma treatment.
b) XRR measurement of an as grown 30CoFeB/20Cu/2Ta film shown in brown and the same film
treated by oxygen plasma shown in purple. As in a), differences are observed for the two curves,
indicating that Ta is not a suitable capping layer for oxygen plasma treated samples.
¢) XRR measurement of an as grown 30CoFeB/20Cu/2Ta/4Pt film shown in green, 30 seconds oxygen
plasma treated film shown in red and 60 seconds oxygen plasma treated film shown in blue. Hardly
any differences of the XRR patterns are observed, indicating that Pt is a suitable capping layer for
oxygen plasma treated samples.
d) XRR measurement of an as grown 14nm Pt film etched for 60 minutes in the UHV thermal
evaporation chamber shown in blue and the same film completely processed (spin coated, baking of
the resist, IBE, acetone removal and oxygen plasma treatment) and etched at the same time shown
in red. No differences in the thickness (8.5nm) and only slight differences in the roughness are
observed by the processing of the film.

Next, AFM line scans across certain nanowires based on the described etching recipe are shown in
Figure A.3. Here the material stacks are varied in order to find out the increase of the thickness of
the wires based on the original thickness of the Pt and the Ta in the grown stack. The three studied
stacks with all numbers given in nm are:

a) AlyO3/30CoFeB/20Cu/2Ta/4Pt
b) AlyO3/30CoFeB/20Cu/2Ta/16Pt
¢) Al,O3/30CoFeB/20Cu/10Ta,/4Pt
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For stack a), a thickness of 95nm is determined while for stack b) (“Pt stack”) a total thickness of
120 nm is observed. An increase of the thickness of the Pt in the stack of 12nm leads to an increase
in the thickness of the nanowires of 25 nm. Therefore the thickness of the wires based on the original
stack is expected to be 8nm Pt. For stack c¢) (“Ta stack”) with 10nm Ta, a total thickness of 130 nm is
observed which means that an increase of the Ta thickness by 8 nm increases the thickness of the wires
by 35nm. As a result, the wires of the original stack are expected to have approximately 8 nm Ta.
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Fig. A.3. a) AFM line scan across a nanowire based on the original stack. The thickness is determined to be

95 nm.

b) AFM line scan across a nanowire based on a stack with additional 12nm of Pt compared to the
original stack (“Pt stack”). The thickness is determined to be 120 nmn.

c) AFM line scan across a nanowire based on a stack with additional 8 nm of Ta compared to the
original stack (“Ta stack”). The thickness is determined to be 130 nm.

In the next step, the wires have been etched via IBE for 120 seconds under an angle of incidence
of 90° in order to compare the expected thicknesses with the measured thicknesses. The expected
thicknesses are based on the etching rates of thin films, measured via endpoint detection or via XRR.
For Pt, the rate is 16 nm/min, for Ta the rate is 8nm/min and for Cu the rate is 24nm/min. The
results of the AFM measurements for the three types of wire are shown in Figure A.4. For the Pt
stack, it is expected that the total thickness of the wires of 110 nm is comprised of a certain thickness
of CoFeB and Cu with 8 nm of Ta and 32nm of Pt. By etching for 120 seconds it is expected that the
Pt is completely etched away and the resulting thickness should be approximately 88 nm. As shown in
Figure A.4b) the thickness is determined to be 86 nm, in very good agreement with the expectations.
For the Ta stack (Figure A.4c)), analogously a reduction of the thickness from previously 130nm (a
certain thickness of CoFeB and Cu with 32nm of Ta and 8 nm of Pt) to 110 nm is expected since it
takes 30seconds to completely remove the 8 nm Pt and in 90 seconds, 12nm of Ta are removed. As
shown in Figure A.4c), also this measurement is in very good agreement with the expectations.

For the original stack (95nm thick consisting of CoFeB and Cu with 8nm Ta and 8nm Pt) a
resulting thickness of 67 nm is expected after 120 seconds of IBE under an angle of incidence of 90 °.
The reduction of the thickness by 28 nm is based on the expectation that it takes 30 seconds to remove
8nm of Pt and 60seconds to remove 8 nm of Ta. Consequently 12nm of Cu should be removed in
30seconds. The measured thickness however is 38 nm and therefore significantly lower than expected.
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Fig. A.4. AFM line scans across nanowires etched out of the different material stacks after additional

120 seconds IBE with an angle of incidence of 90 °.

a) The thickness of the original stack, which was 95nm before the etching, has been reduced to
approximately 38 nm. A thickness of approximately 67 nm has been expected. The huge discrepancy
between expected and measured thickness is not understood.

b) The thickness of the nanowires based on the Pt stack, which was 120 nm before the etching, has
been reduced to approximately 8 nm. 16 nm of Pt in the stack lead to an increase of the thickness of
32nm for the nanowires. As a result, a reduction of the thickness of 32 nm has been expected since
Pt has a etching rate of 16 nm/min. The expected thickness is 88 nm while the measured thickness
is 86 nm, resulting in a very good agreement.

c) The thickness of the nanowires based on the Ta stack, which was 130nm before the etching, has
been reduced to approximately 110nm. 10 nm of Ta in the stack lead to an increase of the thickness
of 40nm, as a result a reduction of the thickness of 20 nm has been expected. To remove the 8 nm of
Pt takes 30seconds and in the remaining 90 seconds 12nm of Ta are removed. As for the Pt stack
very good agreement between the expected thickness and measured thickness is obtained.

In order to check if Cu has a significantly higher etching rate if nanowires are etched compared to thin
films (which might explain the unexpected low thickness of wires based on the original stack), AFM
measurements on old, already measured samples with Cu used for the nonmagnetic bridge and the
contact pads, have been performed. The as grown Cu contacts are 130 nm thick while after 70 seconds
IBE with an angle of incidence of 90 °, the thickness has been reduced to approximately 100 nm in full
agreement with our expectations, since the etching rate of Cu is 24 nm /min.

In order to check the reliability of the significantly increased etching rate of Cu, once Ta and Pt are
etched away, the previously 120 seconds Pt stack and the Ta stack has been etched for an additional
90 seconds. While the thickness of the nanowires based on the Ta stack has been reduced by approx-
imately 12nm, in full agreement with the expectations, and is therefore not shown, the thickness of
the nanowires based on the Pt stack is reduced to approximately 35nm, as shown in Figure A.5¢).
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Fig. A.5. a) AFM line scan across a Cu contact. The thickness of the Cu contact is determined to be approx-

imately 130 nm.

b) AFM line scan across a Cu contact after 70 seconds of IBE. As expected, the thickness of the Cu
contact is reduced to approximately 100 nm.

¢) AFM line scan across a nanowire of the Pt stack after additional 90 seconds of IBE under an angle
of incidence of 90°. The thickness of the nanowire is determined to be approximately 35nm.
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